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/. PARAMETERS AND PROBES

We will now begin a derailed discussion of the applica-
tions of flow cytometry by considering the parameters, i.e.,
what can be measured, and the probes, i.e., the reagents that
may be needed nccessary to make the measurements.

In Chapter 1 (p. 2), I mentioned that the term parame-
ter is used in several different senses in cytometric jargon. It
is helpful to differentiate berween the physical parameters,
such as clectrical impedance, light scattering and fluores-
cence, that are detected and quantified by the instrument,
and the cellular parameters, such as cell size, cyroplasmic
granularity, and DNA content, values of which we derive, or
hope to derive, from measurements of the physical parame-
ters. | will consider the physical parameters first.

7.1 PHYSICAL PARAMETERS
Electrical Parameters

DC Impedance (Coulter Volume)

Electronic volume measurement by the Coulter princi-
ple”™”" is perhaps the most common flow cytometric tech-
nique for ccll size determination; there are many more clec-
tronic cell counters in use worldwide than there are oprical
flow cytometers. The measurement is described on p. 10 and
pp- 182-3; in brief, passage of a nonconductive particle, such
as a cell, through the saline-filled orifice of a Coulter volume
measurement circuit with a constant (DC) current applied
across the orifice produces a voltage pulse with an amplitude
thac should, theoretically, be proportional to the volume of
the particle.

Deviations from ideal behavior in Coulter orifice meas-
urements arc typically caused by particles passing through
the orifice in close proximity to the walls, or through other
regions of the orifice in which the electric field is nonuni-
form; problems may also occur when particles are asymmet-

ric. Observation of a bimodal red blood cell volume distri-
bution motivated Mack Fulwyler to build his first flow
sorter, and thus to identify measurement artifacts as the
source of the bimodality. The orifice must be longer than it
is wide in order to produce a uniform electric field in the
central region. The diameter of the orifice must be at least
several times the parricle diamerer to keep the field in the
region of a particle relatively uniform, but, if the orifice di-
ameter is much larger than the particle diamerer, the change
in impedance produced by particles’ traverse of the orifice
will be small, decreasing signal-to-noise ratio and sensitiviry.
Electronic volume measurements are sensitive to changes
in the conductivity of cells; thus, cells with intact mem-
branes, which have very low conducrivity, will have a larger
apparent volume than cells of the same physical size with
damaged membranes, which have higher conducriviry.
Volume sensing orifices have been and are incorporated
into a number of laboratory-built and commercial flow cy-
tometers, including current models from NPE and Partec.
Wietzorrek ct al™ have described a flow cytometer, capable
of measuring DC impedance, fluorescence, and light scatter-
ing, thart also includes provision for video imaging in flow.
Electronic volume measurement using appropriately
sized orifices was employed some years ago to detect and size
particles as small as bacteria™ and viruses™ ™"
report by Saleh and Sohn™" describes the use of a microfab-
ricated “Coulter counter on a chip” to detect and size colloi-
dal particles as small as 87 nm in diameter using orifices
with lateral dimensions of only a few micrometers. Detatled

discussions of the theory and methodology of electronic cell
90821111

. a recent

volume measurement appear elsewhere

AC Impedance (Electrical Opacity); Capacitance

Cells’ impedance has resistive and capacitive or dielectric
components. When direct current (DC) or low frequency
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alternating current (AC) is applied across the orifice, cell
impedance is determined primarily by the dielectric proper-
ties of the plasma membrane. As higher frequencies are ap-
plied, the dielectric properties of the cell interior become
more important in determining impedance.

Coulter and Hogg " developed apparatus in which both
DC resistance and radio frequency (34 MHz) AC imped-
ance were measured, and defined opacity as the ratio of AC
impedance to DC resistance. Leif et al ™, using the apparatus
built by Coulter and Hogg, found that various fractions of
human erythrocytes scparated on the basis of buoyant den-
sity differed in opacity but not in volume; opacity measure-
ments are also said to be capable of discriminating among
different types of leukocytes. Hoffman and Britt”” studied
impedance of CHO cells at a lower AC frequency (1 MHz)
and found the DC and AC impedance signals to be well
correlated, although they did note substantial differences in
the ratio of DC and AC signals between cells and plastic
spheres.

Bulk physical separation of different cell types, presuma-
bly on the basis of dielectric properties, has been done using
applied AC ficlds, and it seems likely that cell types separable
in bulk by dielectrophoresis will also be found to be distin-
guishable on the basis of opacity measurements. If, however,
the same underlying structural differences, e.g., in cytoplas-
mic granularity, underlie differences in cclls’ internal dielec-
tric properties as are responsible for differences in light scat-
tering behavior, the utility of opacity measurements will be
considerably less than the utilicy of dielectrophoresis.

AC impedance measurements are not, as far as [ know,
provided for in any commercial fluorescence flow cytome-
ters; however, both DC and AC impedance measurements
are used in hematology instruments. Kraai et al™' reported
that hematopoietic stem cells, normally detected by im-
munofluorescence measurements of CD34 antigen, ap-
peared in the “immature” region defined by AC and DC
impedance measurements in a Sysmex hematology counter.

Sohn er al™ measured capacitance of SP2/0 mouse
myeloma cells in a microfluidic flow system, and reported
that the histogram of capacitance values tracked the histo-
gram of DNA content as measured by fluorescence flow
cytometry. The CV of the capacitance histogram was much
higher than one would expect or accepr in a fluorescence
measurement, but there is presumably some room for im-
provement.

Acoustic Measurements of Cells in Flow

Changes in cellular structure change the mechanical and,
therefore, the acoustic properties as well as the optical and
electrical properties of cells. In order to achieve the same
spatial resolution with acoustic measurements as is achieved
using visible light, equivalent wavelengths are required; these
correspond to acoustic frequencies of several GHz. Acoustic
microscopy on fixed and living cells has been done using
apparatus operating at these high frequencies™”. In 1984,
Sweet, Fulwyler, and Herzenberg ™ reported making “zero-

resolution” measurements of cells in a flow system at much
lower acoustic frequencies (25-150 MHz). Apparently, the
gain wasn't worth the pain; they thereafter remained with
the stain.

Optical Parameters: Light Scattering

Almost all fluorescence flow cytometers, and many he-
matology counters, measure light scattering at small and
larger angles to the incident beam, which we have come to
know as forward scatter and side scatter. 1 have already
cautioned (p. 5) against acceptance of the oversimplified and
erroneous notion that forward scatter intensity is a measure
of cell size. The simplified concept of side scatter intensity as
an indicaror of internal granular structure is somewhat more
defensible, bur the fact is thar light scartering is a complex
phenomenon.

Scattering: The Mueller Matrix Model

A general model for dealing with light scattering by par-
ticles, accounting for scattering of light of all polarizations at
all angles, is based on the Stokes vector and the Mueller
matrix "', The Stokes vectors describe incident and scat-
tered light; each has four components representing intensity
and the degrees of linear and circular polarization. The
Mucller matrix characterizes a scattering particle; it has six-
teen elements, each of which is a function of the scattering
angle. The Stokes vector for scattered light is the product of
the Stokes vector for incident light and the Mueller matrix.
In principle, if you know all the elements of the Mueller
matrix, you have completely characterized the light scatter-
ing behavior of a parricle but, in general, you can’t compute
the sixteen elements of the Mueller matrix simply by know-
ing the four elements of the Stokes vector for incident light
and measuring the four elements of the Stokes vector for
light scarttered by the particle. However, the number of in-
dependent elements in the Mueller matrix is generally less
than sixteen because of symmetry.

In the case of spherical particles, the Mueller matrix has
four independent elements, which can be calculated as a
function of particle radius according to Mie theory. For par-
ticles with a plane of symmerry, there are seven independent
elements in the Mueller matrix, and you have a shot at find-
ing them by making measurements of the intensity and pola-
rization of scattered light. This, if you will, is the Holy Grail
long sought by the knights of Los Alamos’ round table, who,
beginning in the late 1960’s, measured scattering by plastic
particles and by cells over a large range of angles, wave-
lengths, and linear polarizations. This took a lot more hard-
ware than you'll find in the flow cytometers at the general
store. The question remains as to whether the benefit, in
terms of the information obrained about the biological parti-
cles under study, is worth the cost.

Knowing all 16 elements of the Mueller matrix, which
tells you everything there is to know about scattering, leaves
you with only half the information you'd ger from Los Ala-
mos’ old 32-angle scatter measurement system, but that’s
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The histograms in Figure 7-1 show forward scatter in-
tensitics for polystyrene beads of various diameters, as meas-
ured using two popular benchtop flow cytometers. The trace
on the top is from a BD Biosciences FACSCalibur, and the
one on the bottom is from a Beckman Coulter EPICS XL.
Both instruments use low-power, air-cooled 488 nm argon
ion laser light sources. The relationship berween forward
scatter intensity and bead diamerer indicated by the top his-
togram is not monotonic, that is, the signals from bigger
beads are not necessarily bigger than the signals from smaller
beads. The bottom histogram looks a little more promising,
but I can tell you that there is no way to draw a calibration
curve that relates forward scatter signal intensity to the first,
second, or third power of particle size in any believable way,
thus excluding the possibility thar the forward scatter signal
intensity is proportional to particle diameter, cross-sectional
area, or volume. And these are beads; their diameters can be
and have been measured accurately by clectron microscopy,
and their refractive indices are pretty much all the same, so
we can't find any way to wiggle ourt of accepting the fact that
forward scatter does not measure size.

This need not engender despair on the part of flow cy-
tometer uscrs. Like many of the other relatively rough meas-
urements made by scientists, forward scatter measurements
are good enough for many, and perhaps even most, of the
purposes for which they are used. It is ignorance of and/or
blind faith in techniques that gets experimenters into trou-
ble.

After the first edition of this book came out, a reviewer
of a manuscripr cited my statement, printed in boldface on
the previous page, as invalidating calculations of cell surface
antigen density based upon ratios of fluorescence and for-
ward scatter measurements. The measurements in question
were made on cells in different stages of the cell cycle, and
DNA content was also mcasured. In this case, knowing that
S and G, phase cells are bigger than G, phase cells, it was not
illogical to treat their forward scacter signals as roughly in-
dicative of area, particularly since nobody has convincingly
demonstrated that other parameters, such as refractive index,
change drastically during the cell cycle. In other circum-
stances, ¢.g., granulocyte stimulation, changes in forward
scatter signals may be influenced by changes in granule mor-
phology as well as by swelling due predominandy to water
movements, with accompanying changes in refractive index;
it is thus hard to determine the extent to which a change in
forward scatter signals reflects a change in size. It is always
risky to assume that small (say 2 to 5%) differences in for-
ward scatter signals precisely reflect small differences in size.

Forward Scatter and “Viability”

In general, “dead” cells, i.c., cells with sufficient mem-
brane damage to render them permeable to dyes such as
propidium. which normally does not enter intact cells, have
lower forward scatter signals than live cells. McGann, Wal-
terson, and Hogg'™" measured forward and side scatter and
Coulrer volume of osmotically stressed and frozen-thawed

cells. Osmotic swelling increased volume and decreased scat-
ter signals, while membrane damage from freezing and thaw-
ing decreased scatter signals, but not cell volume. Scherer et
al™ noted that changes in membrane lipid packing such as
those that occur in apoprosis can affect forward scatter sig-
nals in the absence of apparent changes in cell volume or
refractive index. In general, care is required when drawing
conclusions about changes in scatter values. Care may also
be required when drawing conclusions about relationships
berween dye uprake and cell death, but we'll open that can
of worms later.

Side Scatter and Cytoplasmic Granularity

The group at Los Alamos set the pace for flow cytomer-
ric measurement of laser light scattering ac multiple angles,
as they had set the pace for forward light scattering meas-
urements. The most elaborate of the instruments built at Los
Alamos for this purpose’' incorporated a sectoral solid state
detector that measured 32 different signals, each represent-
ing the intensity of light scattered over a different range of
angles from the incident beam. A dedicated minicompurer
was required for data handling; while this apparatus was
used to demonstrate differences in 32-parameter multiangle
scatter signatures among, different subpopulations in a vari-
ety of cell samples, it was difficult to determine whether a
few and which few of the 32 scattering angle regions from
which measurements were taken might contain the informa-
tion most useful for cell discriminacion™""™"”,

In 1975, Salzman et al showed'” that unfixed, unstained
blood lymphocytes, monocytes, and granulocytes could be
distinguished from one another by using measurements of
forward and orthogonal (90°) scatter (now almost always
called side scatter). Most of the informaton required for
this discrimination is obrained from the side scatter signal,
which is low for lymphocytes, higher for monocytes, and
highest for granulocytes. The granular structures in the cy-
toplasm of granulocytes obviously present many more op-
portunities for scatering of incident light than does the
more uniform cytoplasm of lymphocytes, and the higher
intensity of light scattered at large angles to the incident
beam probably represents some combination of multiple
reflections and the summation of single scattering events
from individual granules.

Whether or not theory can provide a complete explana-
tion for the effect, it is reproducible and useful. After learn-
ing of the work at Los Alamos, | convinced my colleagues to
incorporate side scatter measurement channels into Block’s
Cytomar-H differential counter prototypes and Cytomat-R
research apparatus””, where they proved useful enough in
discriminating lymphocytes from monocytes and granulo-
cytes to render our patented three-dye staining process
largely unnecessary (see pp. 253-4).

Lymphocyte Gating: Forward Scatter Aside

When monoclonal antibody reagents became available,
in the late 1970’s and early 1980's, forward and side scatter



measurements were used to identify lymphocytes and set a
gate for immunofluorescence analyses in antibody-stained
samples from lysed whole blood or buffy coat, following a
procedure established by Hoffman et al'™"™*”. Two-angle
scatter gating of lymphocytes eliminated the time-
consuming and labor-intensive process of enriching samples
for mononuclear cells by centrifugation over a discontinuous
density gradient using Ficoll-Hypaque or other separation
media; it was also desirable because the separation procedure
could lead to differential loss of lymphocyte subpopulations,
e.g., the CD8+ (cytotoxic/suppressor) T cells™”. It was not
long, however, before trouble came to Paradise.

It was first noted that the advantages of two-angle scatter
gating might not be realized if windows were improperly
set™™. In the mid-1970’s, when the rechnique was first
described, there was no better way to establish the extent to
which lymphocytes and monocytes might cross-contaminate
one another’s gates. In 1990, Loken at al"””' described the
technique of back-gating, in which a sample stained with
anti-CD14 and ani-CD45 antibodies (lymphocytes have
high CD45, and monocytes high CD14) is used to allow
determination of the fraction of the total lymphocyte popu-
lation excluded from, and the fraction of other cell types
included in, a particular lymphocyte gate. Widespread appli-
cation of back-gating helped make it feasible for large num-
bers of laboratories to deal consistently with T cell subset
analyses in HIV-infected patients.

While back-gating represented an improvement over
simple two-angle scatter gating, it has substantial limitations.
Once a scatter gate has been established by back-gating, sub-
sequent analyses do not explicitly identify cells within the
gate as lymphocytes or other cell types. If, for example, an
experimenter wanted to determine levels of an antigen that
was found on activated, but not resting, lymphocytes, and
which was also present on other cell types, it would not be
possible to know precisely which antigen-bearing cells in the
scater gate were and were not lymphocyrtes.

As more monoclonal antibodies and labels for them be-
came available, making threc-color immunofluorescence
measurements feasible for routine clinical use, back-gating
has largely been replaced by more specific gating procedures.
T-garting, which identified T lymphocyrtes as lying in a gate
drawn on a plot of side scatter vs. CD3 antibody im-
munofluorescence (as in Figures 1-14, 1-15, and 1-16, pp.
31-32) was described by Mandy et al'™". While it improved
the accuracy with which CD4- and CD8-positive T lym-
phocytes could be identified, T-gating did not allow an es-
timate to be made of the size of the total lymphocyte popu-
lation, which is often of clinical relevance.

Current practice, as described by Nicholson, Jones, and
Hubbard™* defines a lymphocyte gate on the basis of high
CD45 antigen expression and low side scatter, as illustrated
in Figure 1-17 (p. 34). T cells in the lymphocyte gate are
then identified by the presence of CD3 antigen. A four-color
immunofluorescence  measurement  using  antibodies to

CD45, CD3, CD4, and CDS8 allows CD3'4'8, CD3'48’,
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CD3'48, and CD3'4'8" populations to be identified in a
single tbe (Figure 1-19, p. 38). An additional point in favor
of more specific gating comes from the knowledge thar dif-
ferent lymphocyte subsets are not uniformly distributed
within the forward vs. side scatter gate but, rather, tend to
have different median values of forward and side scat-
ter 7 A tightly set scarter gare will, therefore, selec-
tively exclude one or more lymphocyte types.

Other Applications of Side Scatter

Changes in the side scatter signals of neutrophils occur
in association with degranulation and membrane ruffling
following activation™™'; side scatter signal amplitude also
decreases on storage of anticoagulated blood samples, mak-
ing it advisable to do gated immunofluorescence measure-
ments on whole blood within 24 hrs or less following collec-
tion of samples.

The combination of forward and side scatter measure-
ments was used, alone or in combination with measurements
of lectin binding, autofluorescence, or immunofluorescence,
in the earliest successful attempts to enrich hematopoietic
cell populations by sorting“ "™, and to discriminate cell
subpopulations in samples from a variery of sites "

Forward and side scatter signals have also been used to
assess nuclear morphology of prostate™ and bladder (J.
Coon, personal communication) cancer cells. Papa et al"™
reported that side scatter signal intensity from nuclei de-
creases as chromatin is decondensed by lowering ionic
strength or by releasing histone H1 at low pH. Zucker «t
al"™™ and Nusse et al™™ showed that, when ccrtain prepara-
tive steps are employed, mitotic nuclei can be discriminated
on bivariate displays of DNA content (propidium fluores-
cence) vs. side scatter,

Scatter signals may be profoundly influenced by inclu-
sions in cells, particularly if these contain material with a
refractive index markedly different from that of the cyto-
plasm. For example, Dubelaar et al™ found marked differ-
ences in forward and side scartter signals berween cyanobacte-
ria containing and lacking gas vacuoles.

Nordstrom et al™” report that increased side scatter pro-
vides a good indication of whether or not insect cells have
been infected with recombinant baculoviruses, eliminating
the need for and cost of a fluorescent marker.

Extrinsic cellular parameters can be measured with ap-
propriate reagents using side scatter signals. For example,
Bohmer and King™ labeled lymphocytes with antibodies
conjugated to colloidal 40-nm gold particles; the gold
label produced increased side scatter signal amplitudes more
than tenfold and did not interfere with fluorescent antibody
labeling.

The orthogonal design of most laboratory-built and
commercial laser source flow cytometers has made it rela-
tively easy to measure forward scarter, and to utilize the col-
lection optics also used for fluorescence to measure side scat-
ter. It requires at least a litle bit of instrument modification
to make measurements of light scattered over other angular






polarizing filters (see p. 157). The technique requires no
reagents, and represents the easiest way to count and sort
eosinophils from a wide range of species (I.. Terstappen,
personal communication). The sorter manufacturers won’t
tell you abour it, because it is the subject of a patent now
held by Abbott and used in that company’s Cell-Dyn hema-
tology instruments. The birefringence of eosinophil gran-
ules, which is responsible for the cells’ higher depolarized
scatter signals, was noted decades ago; one could very likely
use polarized and depolarized extinction signals to count or
sort eosinophils without infringing on anybody’s patent.

In 1999, Mendelow ct al™ reported that a population of
cells with relatively low polarized side scatter values and high
depolarized side scatter values appeared when the peripheral
blood of malaria patients was analyzed in a Cell-Dyn in-
strument. It was suggested that these cells were monocytes
containing the malaria pigment hemozoin, which is known
to be birefringent. Nordstrom et al”" subsequently con-
firmed this by cell sorting.

Many bacteria have birefringent cell walls, which sug-
gests that polarized and depolarized scatter measurements
might be useful in discriminating among genera or species.
However, depolarized scatter signals, even from eukaryotic
cells, are typically of much lower intensity than polarized
scatcer signals, suggesting that depolarized signals from bac-
teria could be too weak to permit precise measurements.

Multiple Wavelength Scattering Measurements

Any apparartus that incorporates a lamp instead of a laser
as a light source for light scattering measurements will, obvi-
ously, measure light scattered over a larger range of wave-
lengths than will a laser source instrument. Technicon’s
older blood cell and differential counters™®, the Cytomat
arc source instrument”, the apparatus (Skatron Argus, Bio-
Rad Bryte, etc.) developed by Lindmo and Steen'™”, and the
old B-D FACS analyzer all fell into this category.

The Technicon Hemalog D apparatus was noteworthy
for its utilization of measurements of light scattering at dif-
ferent wavelengths for cell classification. In this system, ba-
sophil leukocytes were stained with a blue basic dye, which
imparted a blue color to their specific granules. The granules
therefore absorbed red light; however, their absorption was
nort high enough to permit unequivocal discrimination be-
tween basophils and other cells on the basis of absorption,
especially since the number of granules per cell is highly
variable. Satisfactory discrimination was achieved by making
separate mcasurements of the scattering of red and near-
infrared light by the cells. Since basophils, which contained
the blue dye, absorbed more red light than infrared light, the
ratio of red scatter amplitude to near-IR scatter amplitude
was lower for the basophils, which could thus be discrimi-
nated from other cell types in the two-dimensional meas-
urement space.

While developing the Block differential counter, we
measured forward and 90° scartter signals from fixed and
unfixed, unstained leukocytes ar different laser wavelengths
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(325 and 441 nm from a helium-cadmium laser, 488 and
515 nm from an argon ion laser, and 633 nm from a he-
lium-neon laser), and were somewhat surprised to find that
ratios of scatter intensities at different wavelengths were dif-
ferent for different cell types, to an extent that allowed us to
obrain differential counts of lymphocytes, monocytes, neu-
trophils, and ecosinophils in unstained blood samples. Our
enthusiasm for further work along these lines was tempered
when we found that slight alterations in the geomerry of the
optical system used for forward scarter measurements could
produce large changes in the relative positions of cell clus-
ters. I was thus not surprised to read others’ repores™ "
that laser light scattering ar different wavelengrhs (351/363,
457, 488, and 515 nm, all from argon lasers) provided in-
formation that could discriminate different types of blood
cells.

A principal problem with studies of this type lics in the
difficulty of making sure that the optical geometry is the
same at the different wavclengths used. Even in the case in
which UV and visible light are emitted in the same collinear
beam by the same argon laser, the beam diamcters are apt to
be different, and the focusing lens, unless custom made for
the purpose, will not have the same focal length at both
wavelengths. This makes it hard to determine the extent to
which apparent differences in scattering at different wave-
lengths may be due to small bur significant differences in
such factors as beam size and collection angle. Others have
reported that UV scateer signals, obtained from the B-DD
FACS using an argon laser source, werc less satisfactory than
signals at 488 nm for cell discrimination. Using the Block
instruments, we usually obtained better discrimination from
the UV scarter signals than from signals at 488 nm. This
may represent another instance among many in which each
of scveral groups gets its best results when using the meth-
odology with which it is most familiar.

From Russia with Lobes

A few pages back, I said we'd get back to the complex
stuff about scatter; by now, you probably think the Mucller
matrix has been sent to Siberia. Well, it has, quirtc literally,
and I am happy to report that it is alive and well there, in
Valeri Maltsev's lab at the Institute of Chemical Kinetics and
Combustion.

Over the years, a few attempts have been made to apply
relatively sophisticated multiangle scattering measurements
to cell sizing and characterization. Since Mic's theory of scat-
tering, which forms the basis for attempts to measure cell
size measurement by forward scatter, uses a model in which
particles are spherical and homogeneous, we might reasona-
bly expect that, however bad our results might be with
spherical cells, they would ger worse when we tried to size
asymmetric cells. This presented a problem to people con-
cerned with the most common and most profitable type of
cell volume measurements, i.e., the manufacturers of blood
cell counters for clinical laboratories, because erythrocyres
are normally not spherical. Technicon’s H-1 hemartology
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Optical Parameters: Extinction

Extinction is a convenient term that describes light loss
from the incident beam regardless of the mechanism in-
volved. If a detector is placed where the beam stop used for a
forward scatter measurement would normally be (see Fig. 1-
21, p. 51), the passage of a cell through the mcasurement
system will result in the detector signal decreasing in propor-
tion to the total amount of light absorbed by the cell or scat-
tered out of the field of view of the detector. Axial extinction
or light loss signals are relatively easy to measure; photodi-
odes are typically used for the purpose. Like absorption sig-
nals, extinction signals are more sensitive to source noise
fluctuations than are scatter and fluorescence signals. Al-
though extinction measurements do not seem to be available
in current commercial systems, Ortho’s System 30 and Sys-
tem 50 instruments, made between the late 1970's and the
late 1980’s, featured an extinction measurement; the light
source was a very low power (0.8 mW) He-Ne laser with
very low RMS noise (0.05%). Stcinkampm described noise
compensation circuitry that allowed fairly precise light loss
measurements to be made using somewhat noisier argon
lasers. It is now possible to achieve very low noise levels in
diode lasers, which could be economical light sources for
extinction measurements should anyone still be interested in
doing them.

Returning for the moment to the subject matter of Fig-
ure 7-4 (previous page), Ost et al™™" pointed out that, unlike
forward scatter measurements, extinction measurements in
the violet beam would not have been able to discriminate
crythrocytes from other cell types, because, while the eryth-
rocytes absorb more light and scatter less light than the other
cell types, the toral light losses from the beam are approxi-
mately equal for erythrocytes and other cells. To generalize,
extinction measurements are not particularly good for quan-
tifying amounts of stuff in or on cells or particles. So why
should anyone still be interested in doing them?

The answer is that extinction rneasurements are useful
for sizing particles; pulse widch, rather than pulse height or
area, is the critical characteristic. [ will say more about this in
the discussion of measurement of intrinsic cellular parame-

ters (pp. 285-8).

Other Transmitted Light Measurements

Progress beyond van Leeuwenhoek’s level in the micro-
scopy of living, unstained biological materials has largely
been made in this century with the development of dark
ficld, polarized light, phase contrast, and interference con-
trast techniques. From the 1930’s on, the newer methods of
microscopy were, in their turn, adapted to quantitative
measurement. The apparatus originally builc™ for interfer-
ometric dry mass determinations and phase-based optical
path length measurements was cumbersome and difficulc
to use. but did yield accurate results, and was applied to a
reasonable range of biological specimens.

Flow cytometry has benefited tremendously from the
phenomenal pace of technological growth since the 1960’s,
which gave us lasers, vastly improved detectors and imaging
devices, integrated circuits, microprocessors, and the elec-
tronics and computational methods required to store, man-
age, and process the bewildering mass of data we can gener-
ate. We can easily implement the entire range of microscopic
measurement techniques with which our predecessors strug-
gled. Turned on by technology, and surrounded by its cor-
nucopia of gadgets, we tend to forget that, even with genetic
engineering, we're basically looking at the same animalcules
that fascinated van Leeuwenhoek.

By the 1920, dark field microscopy could be used to
visualize viruses and other particles below the resolution
limit of transmitted light microscopy, as well as to examine
the structural derails of unstained cells; the obvious utilicy of
the technique led to the development of the first flow cy-
tometers, designed to detect and count particles based on
light scartering, by the 1940’s. The range of light scattering
measurements available in modern flow cytometers essen-
tially encompasses the subject material of dark ficld micros-
copy, and has expanded into polarized light microscopy.

Interference and Phase Measurements

The technology exists for making flow cytometric meas-
urements of optical path and dry mass corresponding to
those done with much greater difficulty by an older genera-
tion of phase and interference microscopes™'. Again, it’s
harder to do these measurements than to do our bread-and-
butter scatter, extinction, and fluorescence mcasurements.
Work in this direction will probably yield a couple of pa-
rameters corresponding to things we can observe, at least
some of which may be measurable more easily by other
methods. and a whole bunch of data, which nobody will be
able to interpret, but which will be just interesting enough
to keep another generation of investigators funded. That’s
science. If we want to learn from history, however, we
should note that biological microscopy has been advanced
far more by the discovery, use, and refinement of staining
methods than by the improvement of techniques for obser-
vation of unstained specimens, and that the primary path of
devclopment of analytical cytology has, similarly, been in the
direction of measurement techniques using reagents, which
have enabled us to characterize cells” chemistry and function
with amazing sensitivity, specificity, and precision using
relatively pedestrian measurement techniques.

There are instances, however, where the increased com-
plexity of the instrumentation needed to make a measure-
ment without using a reagent are offsct by the porential dis-
advantages associated with use of the reagent. A good exam-
ple is the sorting of sperm for sex selection in animals and
humans. This was mentioned briefly on pp. 26 and 178 and
will be discussed further in Chapter 10. Of note here is van
Munster’s work on enrichment of X- and Y-sperm by sort-
ing based on interferometric volume measuremenc™ ',



Optical Parameters: Fluorescence

There is notr much o add to what I have said to this
point abour basic fluorescence measurement in flow cytome-
try. Observation periods in conventional flow cytometers are
on the order of microseconds, while the fluorescence life-
times (pp. 112-8) of most probes and labels, and of fluores-
cent constituents of cells, are on the order of a few nanosec-
onds. This means that hundreds of photons are likely to be
emitted from each fluorescent molecule in or on a cell dur-
ing the cell's traverse of an illuminating beam at a wave-
length at or near the molecule’s excitation maximum.

While even the most efficient fluorescence collection op-
tics collect no more than about 20% of the toral emission
from cells, the discussion of Q and B on pp. 221-3 tells us
that, during the time a cell spends in the beam, the photo-
cathode of a detector PMT will crank out photoelectron for
every few molecules of our most efficient probes, and per-
haps one phortoelectron for every few hundred molecules of
our least efficient probes. Using our conventional measure-
ment rtechnique, once we have determined the spectral
bandwidth of a particular detector, we have no way of telling
whether the photons reaching it to generate the photoelec-
tron current we measure came from a dye we were trying to
measure, from a fluorescent cellular constituent, or from
stray excitation light. There are, however, ways of making at
least some of those distinctions.

Fluorescence Lifetime Measurements

Pinsky et al'™ and Steinkamp and Crissman'” used
phase-sensitive detection to measure fluorescence life-
times by flow cytometry. The phase referred to here relates
to the electronic signal, not the phase of light waves. The
laser used for excitarion is modulated at a frequency between
10 and 50 MHz, meaning that the intensity fluctuates with
a period of 20 to 100 nsec. The fluorescence emitted by cells
also fluctuates at the modulation frequency, but there is a
difference in phase berween the exciration and emission
wavcforms, corresponding to the excited state lifetime. It is
relatively simple to electronically dissect components of the
fluorescence signal having different phase relationships to
the excitation waveform, and therefore representing emission
from fluorophores with different lifetimes. This enables the
separation of signals from molecules with similar emission
spectra.

Using the phase-sensitive flow cytometer built at Los
Alamos, Steinkamp and his colleagues™"” have demon-
strated several possible uses of the fluorescence lifetime
measurement, including separating weak signals from fluo-
rescently labeled antibodies and/or gene probes from the
autofluorescence background, discriminating signals from
two probes with similar emission spectra but different life-
times, and distinguishing emission signals from a single
probe under different binding conditions. Capacity for life-
time measurement has not yet been incorporated into com-
mercial flow cytometers. Lifetime measurements may also be
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made in imaging systems; van Zandvoort et al”™" were able
to distinguish signals from the dye SYTO-13 bound to
DNA and the same dye bound to RNA using this method.

Fluorescence Polarization Measurements

As was noted on p. 114, fluorescence polarization meas-
urements may be used to assess the mobility of fluorescent
molecules. The laser sources used in most flow cyromerers
emit linearly polarized light. If the molecules in a sample
cxcited by such a laser were completely immobile, the fluo-
rescence emission would also be linearly polarized. However,
any molecules that changed their orientations while in the
excited state would emir in a different plane of polarization.
Small molecules in solution are freer to move than are iden-
tical molecules bound to macromolecules or macromolecular
assemblies; the degree of polarization of fluorescence emis-
sion can, therefore, be used o estimate the proportions of
free and bound dye. Typical practice involves mcasurement
of fluorescence emission in two planes of polarizacion, with
analog or digital computation used to derive values of fluo-
rescence polarization or fluorescence anisotropy using the
formulae shown on p. 114.

Flow cytometric measurements of polarization, anisot-
ropy, etc. are not difficult, in principle. Since the laser beams
used for excitation in most instruments are alrcady linearly
polarized, it is only necessary to use polarizing filters, prisms,
or beamsplitters ahead of the fluorescence detectors (PMTs)
to make the intensity measurements in two planes of polari-
zation """, Asbury et al™” have provided the most thor-
ough and most current discussion of this subject.

Energy Transfer Measurements: Something to
FRET About

Fluorescence Resonance Energy Transfer (FRET),
also distinguished as Forster energy transfer, was intro-
duced on pp. 44-5 and p. 115. Intramolccular energy trans-
fer is responsible for the relatively large Stokes’ shifts (p.
112-3) of phycobiliproteins and tandem conjugates, but the
effect has many other interesting applications in cytometry,
most notably in determining proximity between and/or
colocalization of different molecules in or on cells.

For energy transfer between two (donor and accepror)
chromophores to occur, the absorption spectrum of the ac-
ceptor must overlap the emission spectrum of the donor. If
the donor and accepror are sufficiently close, absorption of
excitation energy by the donor can result in nonradiarive
transfer of this excirtation energy to the accepror, with subse-
quent emission by the accepror at wavelengths characteristic
of the acceptor’s emission spectrum.

The smaller the distance between donor and accepror,
the more likely it becomes that resonance energy transfer,
rather than cmission of fluorescence by the donor, will oc-
cur. Forster showed that the probability of energy transfer
varies as the inverse sixth power of the distance between the
chromophores, and this high-order dependence allows the
intensity of energy transfer to be used to provide a sensitive



284 / Practical Flow Cytometry

measure of this distance, or what Stryer and Haugland™
termed a “spectroscopic ruler.”

Energy transfer measurements using single beam excita-
tion at 488 nm can be made using fluoresccin, which is op-
timally excited at this wavelength, as the donor, and tetrame-
thylthodamine, which has less than 5% of its maximal ab-
sorption at 488 nm, as the acceptor. Chan, Arndt-Jovin, and
Jovin™* used flow cytometric measurements of energy trans-
fer” berween fluorescein- and tetramethylrhodamine-labeled
concanavalin A to estimate the proximity of receptors for
this lectin on the surface of Friend mouse erythroleukemia
cells.

The flow cytometric energy transfer measurement tech-
nique originally described by Chan er al is applicable to the
study of many different types of ligand-recepror interactions;
Szollosi et al™ reported that flow cytometry offered advan-
tages over conventional steady-state fluorimetry for energy
transfer measurements on cell surfaces.

Several groups have used cnergy transfer measurements
to demonstrate associations betwcen cell surface struc-
wres™ "™ and to investigate molccular assemblies on
beads™'. Bene et al used both energy transfer and anisotropy
measurements in a study of receptor clustering””. Energy
transfer berween different lipid membrane labels has also
been used to identify and sort cell hybrids”™"

General principles and methodology have been reviewed
by Szollssi et al™ ™ and by Matyus™; two recent papers
discuss the use of phycoerythrin and allophycocyanin as an
energy transfer pair for FRET mcasurements™™*

Quenching and Energy Transfer

Quenching of fluorescence (p. 115) occurs when energy
is transferred from a fluorescent donor to a nonfluorescent
acceptor. It can occur via the Foérster mechanism or other
mechanisms. Such quenching can be undesirable; for exam-
ple, as onc labels an antibody molecule wich an increasing
number of molecules of a fluorescent dye, each additional
molecule adds less and less additional fluorescence because
of quenching due to intramolecular interactions.

Parenthetically, while it is true thae, if we were able to
put dozens of molecules of a covalently bound label on an
antibody, we would run the risk of changing the reactivity
by getting one of the label molecules into the binding re-
gion, it is the quenching effect that prevents us from simply
putting a lot of fluorescent dyc on some other macromole-
cule and conjugating that to an antibody.

Quenching can be also desirable; when one is trying to
distinguish berween fluorescent particles in a cell and those
bound to the surface, adding a spectrally appropriate cell-
impermeant, nonfluorescent dye to the sample will quench
the fluorescence of the extracellular, but nor of the intracel-
lular particles.

Matko et al™ used quenching by a long range clectron
transfer (LRET) mechanism to study protein clustering at
cell surfaces. Packard and Komoriya™ " have synthesized

fluorescent indicators of protease activity in which two dye
molecules attached to a peptide quench one another by an
exciton transfer mechanism rather than a Férster mecha-
nism; cleavage of the peptide by a protease renders the indi-
cator molecule many times more fluorescent.

Measuring Fluorescence Spectra in Flow

Mecasurement of fluorescence emission spectra in flow
was mentioned on pp. 152-3. Since current commercial
instruments from BD Biosciences, DakoCytomation, and
Partec permit measurement of fluorescence excited by a sin-
gle laser (usually at 488 nm) in as many as 7 different spec-
tral bands, using only dichroics and filters for specrral sepa-
ration, one might say that low-resolution spectral measure-
ment capability is now available off the shelf.

Earlier effores™ "™ and more ambitious later projects
have used polychromatic detection. Asbury et al”™ measured
spectra of cells and chromosomes in flow using a mono-
chromator that changed the wavelength detected by a PMT
during the course of a run; the overall run yielded spectra of
DNA dyes in the cells or chromosomes, although only a
single wavelength was detected from any individual parricle.

Fuller and Sweedler™ built a slow-flow system in which
a grating dispersed collected fluorescence emission to a
CCD, so that different pixel regions on the CCD responded
to different wavelengths. This system was used to discrimi-
nate and size submicron synthetic lipid vesicles.

Gauci et al™ used a dispersing prism and an image-
intensified diode array detector to capture fluorescence spec-
tra of individual Dictyostelium spores stained with fluores-
cent antibodies bearing a variety of labels.

Two-Photon Fluorescence Excitation in Flow

I’s not casy, and may not be all that's useful, but it’s
been done™”. See pp. 118-9.

Bioluminescence Detection in Flow?

People ask about this on the Purdue Cyrometry Mailing
List every now and then, Bioluminescence assays generally
involve a very long observation time (some of them use pho-
tographic film as a detector), because you don't ger a very
high photon flux from most luminescent probes. It therefore
seems unlikely that you'd collect a lot of photons from a ccll
bearing luminescent material if you ran it through the flow
cytometer for a few microseconds with the laser turned off.

Lindqvist et al'™ reported detection of luminescence
from insect cells transfected with luciferase genes and ex-
posed to luciferin; they did, however, use a 488 nm lascr 1o
illuminate the cells, and their paper docs not make clear
whether the measurements would work with the laser turned
off.

So the bottom line of this little section (and of every
paragraph in it) is that, when you ask me how I feel about
the prospect of doing bioluminescence measurements in
flow, I will tell you: turned off.



7.2 INTRINSIC CELLULAR PARAMETERS

I have called cellular parameters that can be measured
withour reagents intrinsic, and those that require reagents,
or probes, for their mcasurement extrinsic. The contents
and physical states of chemically defined entities in cells and
organelles are structural parameters; functional parameters
include biological properties and activities as well as a few
specific chemical entities, such as intracellular pH and
[Ca”], which undergo rapid physiologic changes in living
cells. The distinction berween structural and functional pa-
rameters is more arbitrary than the distinction between in-
trinsic and extrinsic parameters; obviously, structural pa-
rameters such as DNA content provide considerable infor-
marion abour cell funcrion. However, the classification 1
have used seems agreeable to most people’s sensibilities.

Depending upon the composition of a cellular sample
and upon the experimenter’s goals, the same parameter can
sometimes be used both to differentiate one cell type from
others in a mixed population and to provide information
about the cell's biological state. For example, rumor cells
with near haploid DNA content are readily distinguished
from normal host cells or stroma in the same sample, and
can also be classified as being in the G/G, or in the S phase
of the cell cycle, based solely upon a single measurement of
DNA content. Note, however, that, in this instance, tumor
cell G,and M phase and stromal cell G/G, phase DNA con-
tents will overlap; distinguishing these populations will
therefore require multiparameter measurements.

I will turn now to intrinsic cellular parameters, after
which [ will introduce probes and extrinsic cellular parame-
ters. The list of measurable cellular parameters that ap-
peared as Table 1-1 on p. 3 is reproduced as Table 7-1 on
the next page for convenience.

Cell Size

From the preceding sections of this chapter, I hope you
have concluded that DC impedance (Coulter volume)
measurement is a reasonably good physical parameter to use
for measuring cell or particle size (volume, in this case), that
forward light scattering is an unreasonably bad one, and that
extinction might be useful. It would, however, help if we
had a “gold standard” for at least some form of size meas-
urement; there is one, but it is not cytometric, or at least not
totally cytomerric.

Mean Cell Volume: The Cellocrit as Gold Standard

The Coulrer orifice itself does not provide an absolute
measurement of cell volume; this is best obrained, ar least in
terms of a mean value for a cell population, by first deter-
mining the cellocrit. The cellocrit is analogous to the famil-
iar hemarocrit measurement of clinical hematology, which
determines the fraction of toral blood volume occupied by
red cells. The cellocric is obrained by centrifuging a suspen-
sion conraining a known number of cells per unit volume in
a tube or capillary with a uniform cross-scction along its
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length, and mecasuring the heights of the column of packed
cells and of the entire column of fluid (i.e., the packed cclls
plus the supernatant). The cellocrit, expressed as a decimal
fraction, is the ratio of the first of these to the second. If the
cellocrit is to be reported as a percentage, the value is 100
times this rario.

For cellocrit measurements to be accurate, the cells must
occupy a fairly high fraction of the fluid volume; red cells are
present at very high concentrations (about 5,000,000/uL) in
blood, and the normal range of hematocrits runs from about
35% to about 50%. The best way to make cellocrit meas-
urements on cells other than red blood cells is to pellet the
cells and make the measurement after the pellet is resus-
pended in a very small volume of fluid. For critical work,
isotope-labeled macromolecules can be added to the suspen-
sion to allow correction of cellocrit values for the volume of
suspending medium trapped in the packed cell column.

In order ro derive a measure of mean cell volume from
the cellocrit, an accurate count of cells per unit volume must
be obrtained from another aliquot of the sample used for
cellocrit measurements. You should know by now that you
won't get an accurate or precise cell count using a micro-
scope and a hemacytometer; the cell count will have o be
done by a cytometer of one sort or another. The mean cell
volume is then computed by dividing the cellocrit (as a frac-
tion) by the cell count. Measurements of cell volume made
in this fashion provide a primary standard for calibration of
apparatus that is used for routine optical and/or electronic
measurement of cell size.

Cell Volume, Area, and Diameter

Different cell size measurements may be necded for dif-
ferent applications. For example, if one wants to determine
the concentration of a dye in cells, a value for cell volume is
needed, while in calculations of antigen density, surface
area is the desired quantity. The relationships between these
are nonlinear; radius or diameter varies as the cube root of
volume, cross-sectional area and surface area as the square of
radius or diameter or the two-thirds power of volume.
Schwartz et al described a simple method of using log ampli-
fiers to derive cell diameter and surface arca from electronic
volume measurements'™; ratio circuits have also been used
by others for analog compurartion of recepror or antigen den-
sity from volume and presumptive cross-sectional area meas-
urements”*"*, These days, we'd use digital compurers.

Cell Sizing: Slit Scans and Pulse Widths

A somewhat more practical general method of cell size
measurement, available in some commercial flow cytome-
ters, relies on the principle of slit-scanning (see pp. 183-4).
The durations or widths of pulses produced at the detecrors
by particles passing through the illuminating beam will al-
ways vary with the size of the particles; particles with larger
diameters or cross-sections will produce wider pulses. How-
ever, differences in pulse width berween particles of different
sizes become most apparent when the illuminating beam is
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Fluorescence (A-T and G-C preference dyes, e.g.,
Hoechst33258 and chromomycin )

AN y
Iﬁ_ Ny W

Fluorescence (fluorochromes after DNA denaturation)
Fluorescence (covalent- or fonic-bonded acid dyes)

Fluorescence; scatteri antibodies

~ Fluorescence (Nile red)

Table 7-1. Some cellular parameters measurable by cytometry.



focused to a spot that has at least one axis (that parallel wich
the flow) no larger than, and, ideally, smaller than, the di-
ameter of the particles to be measured, producing a slit- scan
(pp. 50-1).

The major drawback of typical slit-scanning systems lies
in their use of a small focal spor size; the smaller the sport to
which a laser beam is focused, the more rapidly the beam
converges to and diverges from a focus (pp. 137-8). A beam
focused to a height of 2 pm mainains that height over a very
small distance; one would have to use a core diameter of 4
pm or less to minimize variations in pulse width due to
beam divergence. If the beam height is 5 pm, it is possible to
work with a more practical core diameter, 20 pm.

Small beam heights also affect the range of angles over
which forward scatter can be measured. A classical forward
scatter “size” measurement collects light from angles smaller
than 2°, using a beam stop to block the axial illuminating
beam from reaching the scatter detector. For this to work,
the illuminating beam must be diverging at an angle well
below 2°, which can generally be arranged when relacively
large focal spots are used. When the spot becomes only a few
pm high, the illuminating beam diverges at larger angles,
and the angle over which the “forward” scatter signals are
collected is correspondingly increased, thus increasing the
influence on the scatter signal of internal and surface struc-
wre relative to cell size. In a slit-scanning flow cytometer in
which observation is done in a cuvette, the forward scatter
measurement can be done around a vertical blocker bar;
since the width of the illuminating beam is much larger than
its height, its divergence in the horizontal plane is smaller
than its divergence in the vertical plane, and it is possible to
make forward scatter measurements ac smaller angles than
would be possible with a stream-in-air system, in which a
horizontal blocker bar must typically be used in forward
scatter measurements to prevent light scattered from the
stream itself from reaching the scatter detector. My inclina-
tion would be to get rid of this problem by getting rid of
forward scatter measurements, bur, while I will lay out my
rationale over the next few paragraphs, I don’t expect the
manufacturers to jump on this particular bandwagon any
time soon.

[ have already mentioned thar slit-scanning, i.e., using a
small beam height, increascs the effect of differences in par-
ticle diameter on pulse width. However, Hammond et al"**®
have pointed our that one can, at lcast up to a point, get
reasonable size measurements of particles as small as 1 pm in
diameter from a beam with a 20 pm height, simply by sub-
tracting an offset corresponding to the signal component
due to beam width. They applied this transformation to
pulse width signals from endosomes, and displayed the resul-
tant values on an expanded scale, allowing better visualiza-
tion of differences between signals from these small particles.

Pulse width measurements have been shown to be
useful for cell sizing by several groups of investiga-
tors’ "SI, extinction and side scatter as well as
forward scarter signals may be used. Accuracy and precision
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may be increased by using a dual-beam system to monitor
flow velocities of individual particles and making corrections
to raw pulse width values”’. However, how pulse width is
measured is critical. One can measure the width between
two points at a constant threshold level on the rising and
falling edges of the pulse, which is referred to0 as constant-
threshold pulse width. However, this has the effect of de-
creasing the pulse width value for lower-amplitude pulses.
Hammond et al"™ used the constant-fraction pulse width
measurement advocated by Leary et al'", in which the width
is measured between points on the leading and trailing edges
of the pulse at signal levels equal to a constant fraction of the
pulse peak hcight.

There is a substanual difference berwcen constant-
threshold and constant-fraction pulse width for Gaussian
pulses of different heights. However, as the rise and fall
times of a pulse become shorter, the difference between con-
stant-threshold and constant-fraction measurements de-
creases. [f onc has square rather than Gaussian pulses, there
should be no pracrical difference berween the two methods
of width measurement.

We ordinarily prefer not to get square pulses out of our
cytometers, because we are typically interested in the infor-
mation contained in the area and/or the peak height of
pulses as well as in pulse width information. However, if we
split off some of the signal, and put it through a logarithmic
amplifier and/or a fairly high-gain lincar amplifier before
going to a pulse width measurement circuit, we end up with
a signal that will give us acceprable pulse width measure-
ments using a constant threshold.

For particles at least several pm in diameter, using an ex-
tinction signal for pulse sizing makes a lot of sense. I have
alrcady (p. 282) mentioned that extinction is not particularly
useful for quantifying amounts of cell-associated material,
meaning that we won’t usually nced the peak height or area
of an extinction pulse. A cheap diode laser can be made
quier enough to do precise extinction measurements, and we
only need a photodiode detector. The drawback is that the
background noise level catches up to us pretty quickly when
we try to look at submicron particles. We can’t readily limit
the view of the optics, because we incvitably have a limited
N.A. to0 work with on the axis of the illuminating beam,
where we have to make our extinction measurements, due o
the presence of a high-N.A. lens in the fluorescence collec-
tion system, and we won't get good enough spatial resolu-
tion from a low N.A. lens to look at a really small arca of the
core.

My proposed solution to the problems of on-axis and
near on-axis measurcments is to do away with them. The
orthogonal collection optics in a flow cytometer are typically
high-N.A. optics, meaning they have high spatial resolution.
If, instead of focusing the beam to a 5 pm height, one uses a
more tractable 10 or 20 pm beam height, and places a slit
over the side scatter detector, it is possible to collect a side
scatter signal from a region of the beam only a few pm high.
If, for example, the orthogonal collection optics have 20 x
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magnification, the image of the intersection of a 20 pm
beam with the core stream is 400 pm high, and a 40 pm
high slit, readily obrainable from optics supply houses, will
restrict the region of side scatter detection to 2 pm. I have
already noted that it is impractical to use a 2 um beam
height because of problems with rapid beam divergence; the
approach of slit-scanning using a real slit eliminates those
problems. And, as usual, there’s nothing much new in cy-
tometry; Leon Wheeless told me he made width measure-
ments using slits in the 1970’.

If orthogonal scatter is needed as a trigger signal, it is
simple enough to use a beamsplitter to divert the full beam
heighr side scarter signal to onc PMT and the slit-height side
scatter signal for pulse width sizing to another. Log and/or
high-gain amplification produce the near-square pulses we
need for the quick-and-dirty width measurement. And, best
of all, we have a much berter signal-to-noise ratio in side
scatter measurement than we do in either forward scatter or
extinction measurement.

Size Measurements in the Submicron Range

Scatter measurements for sizing, without benefic of pulse
width, are actually more respectable when we’re dealing with
small stuff like bacteria, endosomes, and viruses, than when
we're dealing with eukaryotic cells. Among other things,
many bacteria are either spherical or ellipsoidal, or close
enough so that they behave according to Mie theory. Malt-
sev’s group will at least concede that they can find angles at
which bacteria could be properly characterized by scattering
in a standard flow cytometer™. Koch, Robertson, and But-
ton™*" have developed a method for estimaring bacterial cell
volume and mass from forward scatter signals, using
Rayleigh and Rayleigh-Gans theory (applicable to smaller
particles than Mie theory) as well as Mie theory.

People who work routinely with bacteria and smaller
particles tend to usc smaller focal spor sizes than people who
work with cukaryores, although the beam divergence prob-
lem previously mentioned limits how small one can practi-
cally make the focal spot. Decreasing sport size concentrates
the energy in the input laser beam in a smaller volume, in-
creasing signal amplitude from particles in the sample. Noise
due to light scattering by particulate contaminants in the
sample and sheath fluids may not change appreciably, since,
although a smaller volume is illuminated, the intensity of
illumination increases. Thus, a substantial increase in signal-
to-noise can only be achieved if the amount of stray light
collected is decrcased.

When cells are measured in a stream in air, decreasing
spot diameter to less than half stream diameter greatly re-
duces stray scatter from the stream; changing to a larger
stream or capillary further reduces stray scatter, and substi-
tuting a square cuvette makes an additional improvement.
The increased beam intensity results in more photons being
scattered from particles, which decreases variance of meas-
urements due to photon statistics; however, unless a Gaus-
sian beam is at least 5 times the core stream width, the in-

tensity profile will itself will keep the theoretical minimum
CV of measurements above 5 percent™. When you start
with a square cuvette, making the beam smaller helps, up to
a point™ but, in practice, the decreascd spot size starts to
catch up with you as the increasing beam divergence causes
light to spill around the beam stop. Small marine bacteria™,
small beads™, and large viruses (F. Elliott and H. Shapiro,
unpublished) have been detected using forward scatter in
laser source systems using flat-sided cuvettes for observation;
the practical particle size limit for detection seems to be
about 150 nm.

In the submicron size range, scattering from particles is
predominancly Rayleigh scattering, varying in intensity, all
other things being equal, as the inversc sixth power of parti-
cle diameter™. While such scattering remains more intense in
the forward direction than at 90°, the relative influences of
size, internal and surface structure, and particle asymmetry
and orientation no longer vary markedly with scattering
angle. It may thus be more practical to use a 90° or large
angle scattering measurement than a forward scatter meas-
urement for detection and sizing of submicron particles™,
because, when observation is done in a square cuvette or a
water-immersed system™, and field stops are appropriately
used in the detection optics, there is much less background
noise from large angle scatter measurements than from for-
ward scatter measurements.

Figure 7-5. Side scatter signals from T2 bacteriophages.

Figure 7-5 shows a distribution of side scarter signals ob-
served from T2 bacteriophages using the water-immersed
flow system built at Block™; the bimodal distribution, which
is well separated from background noise, may reflect the
presence of virions with and without DNA. The sample was
illuminated by a 100 mW, 488 nm argon laser beam. While
the distribution shown is wide, extrapolating backward from
the 6th power (Rayleigh) dependence of scattering intensity
on particle diameter indicates that the CV of the corre-
sponding diameter measurement should be no more
than a few percent. The phages could still be resolved well



above background using the same optics with an air-cooled
argon laser source emitting 10 mW at 488 nm; since the
limiting noise source in such scatter measurements is stray
light, this is not surprising. Steen and Lindmo measured
large angle scatter signals from large viruses in their arc
source system™*™, clearly establishing that, in scattering
measurements, problems are gencrally not solved by throw-
ing morc photons at them; Steen (personal communication)
has also recently measured scatter signals from viruses in

prototype instruments built by Apogee (sce Chapter 8).

Other Size Measurement Techniques

Terstappen et al™” modified the angle of forward scatter
collection and used a nonlinear transformation of the side
scatter signal to improve resolution of peripheral blood leu-
kocytes. In principle, improving signal-to-noise could fur-
ther increase the sensitivity of scatter measurements.

Zarrin, Bornhop and Dovichi described an apparatus™
in which laser Doppler velocimetry was used with a square
cuvetre-based flow cytometer to measure particles as small as
90 nm. In lascr Doppler velocimetry, the scatter signal from
moving particles is modulated, while the background noise
is not; the signal is detected at the modulation frequency,
increasing signal-to-noise.

A less radical sizing method was suggested by Gray,
Hoffman, and Hansen'®’; samples were prepared in a solu-
tion conraining a fluorescent compound of high molecular
weight, which did not get into the cells. The core diameter
was kept constant, resulting in a decreasc in the baseline
fluorescence signal when a cell passed the observation point.
One disadvantage of this approach is that it reduces the
number of fluorescence measurements of extrinsic parame-
ters that could be made concomitanty with the cell size
measurement. Another is that, when the core size is small,
redistribution of dye in the core around cells produces in-
creases in fluorescence over baseline. This “dye exclusion
artifact” has recently been further investigated by Steen and
Stokke™, who note its possible adverse cffects on fluores-
cence measurements under some conditions.

In concluding the discussion of cell size measurements, |
should mention an interesting paper by Bator et al'”, who
used high speed photography of cells passing through an
electronic volume measurement orifice to correlate differ-
ences in cell shape with differences in measured volume.

Cell Shape and Doublet Discrimination

The most elegant flow cytometric apparatus for deter-
mining cell shapes was, without doubt, the multidimen-
sional high-resolution slit-scanning system developed for
cancer cytology studies by Leon Wheeless and his colleagues
at the University of Rochester' "™, beginning in the
1970’s. In this instrument, profiles of cells were obrained in
the direction of flow and in two orthogonal directions, using
the fluorescence of acridine orange excited by a sharply fo-
cused 488 nm laser beam. Rapid digitization allowed several
dozen points on each pulse profile to be measured and cap-
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tured in a dedicated minicomputer system. As [ mentioned
on p. 212, Wheeless' slit-scanning work represented che first
application of digital pulse processing in flow cytomerry;
while the low resolution of available converters limited the
dynamic range of measurements, the large number of points
measured per pulse allowed fairly detailed morphologic in-
formation to be caprured.

Slightly less fancy scanning flow cyrometers were built
and used for analysis of chromosomes™ ™ and phytoplank-
ton””, and for two-dimensional imaging of cells in flow™ """
The analytical procedures used in high-resolution  slit-
scanning and imaging flow cytometers require oprical and
electronic hardware and software rather different from, and
more complex than, that which is used in commercial and
most laboratory-built flow cytometers. Progress in electron-
ics has gradually made it easier and more affordable to do
multiple point pulse profile processing on both laboratory-
built and modificd commercial instruments “*"" ™, and o
incorporate imaging capability into flow systems. Commer-
cial instruments which offer one or both of these features
include Fluid Imaging Technologies’ FlowCAM™" (p.
168; also see Chapter 8) and CytoBuoy b.v.s Cyto-
Buoy™(see Chapter 8), both designed for aquatic applica-
tions, the Union Biometrica COPAS systems for large par-
ticle sorting (p. 265; also see Chaprer 8), and clinical urine
analyzers from International Remote Imaging Systems
and Sysmex (Toa)™ (Chapter 8). Amnis is developing a
flow cytometer with hyperspectral imaging capability™"; see
Chapter 11 for contact information.

David Galbraith and his collcagues, at the University of
Arizona™"" used high-speed digitization to collect multiple
point pulse profiles of cells, and found that the skewness and
kurrosis (thesc are higher moments of statistical distribu-
tions; see p. 234) of pulses provided useful informarion for
discriminating among cell types.

More information about asymmetric cells than is avail-
able in conventional flow cytometers can be derived from
making measurements of the same parameter at two differ-
ent angles; this technique is used in sperm sorting, where the
fluorescence of Hoechst 33342 is measured in both forward
and orthogonal directions to improve resolution of X- and
Y-chromosome bearing cclls”' ', Sperm sorring will be
discussed further in Chapter 10.

Zucker, Perreault, and Elscein'™ used a combination of
forward scatter and extincrion signals to identify sperm of
different refractive indices and orientations in an unmodified
Ortho flow cytometer; the instrument is no longer available,
and current research flow cytometers do not include extinc-
tion measurement capabiliry.

However, some information abour cell shape and orien-
tation is available even to users of conventional flow cytome-
ters, which have low-resolution slit-scan capability by virtue
of using relatively small beam heights. Relationships berween
extinction pulse widths, peak heights, and integrals, tend to
be different for symmetric and asymmetric cells, and for
single particles and doublets or multiplets. Some shape in-
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Figure 7-7. Fluorescence spectra of some materials
implicated in mammalian cell autofluorescence.

Many investigators have been concerned with autofluo-
rescence solely as a source of interference with measurement
of weak fluorescence signals, e.g. fluorescein immunofluores-
cence. The fluorescence emission from unstained murine
lymphocytes, excited at 488 nm and measured through the
long pass filter combination used for single parameter meas-
urements of fluorescein immunofluorescence, was originally
reported to have an average intensity equal to that which
would be measured from 10,000 molecules of antibody-
bound fluorescein (reference 184; D. Parks, personal com-
munication). The 10,000 molecule figure was obrained in
the days when the FACS measured fluorescence berween
520 and about 650 nm, using a long pass color glass filter,
and was probably affected by filter fluorescence, Raman scat-
ter, and other factors. Today'’s instruments use narrower
band filters for green fluorescence emission, eliminating the
Raman scatter contribution; improved filter design has es-
sentially eliminated filter fluorescence.

Surveys conducted in 1989-90 by Abe Schwartz and his
colleagues™™ found a mean value of 657 fluorescein MESF
for  lymphocyte  aurofluorescence;  Hoffman  and
Kuhlmann™" reported somewhat lower values, but, even at
the level of a few hundred MESF, it is autofluorescence that
limits the sensitivity of immunofluorescence measurements
using fluorescein-labeled antibodies. Autofluorescence of
lymphocytes in the region normally used for phycoerythrin
measurement is only 50 MESF,

On the plus side, the high autofluorescence of blood
neutrophils'” and the higher autofluorescence of eosino-
phils'® have, in conjunction with forward and side scatter
measurements, been used for identification and sorting of
these cells. The spectrum of eosinophil autofluorescence is
nearly identical to that of riboflavin; Mayeno, Hamann, and
Gleich™ have shown by chemical analysis of extracts that
granulc-associated flavin adenine dinucleotide (FAD) ac-
counts for about 85% of eosinophil autofluorescence. In my
cxperience, eosinophil autofluorescence is equivalent to a
few thousand fluorescein MESF. However, I have also noted
yellow aurofluorescence (in the 575 nm specural region)
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from cosinophils when using green (532 nm) excitation; |
P g8

would not expect this to come from flavins (see Figure 7-7).

Havenith et al™ have sorted alveolar macrophages from

dendritic cells based on the high autofluorescence of the

former; Njoroge et al”” have isolated autofluorescent macro-

phages from blood cell cultures.

Pyridine and Flavin Nucleotides and Redox State

Pyridine and flavin nucleotide fluorescence vary with the
oxidation-reduction or redox state of cells, and NADH
(and NADPH) fluorescence measurements have been used
to monitor redox states of cells, rissues, and organs since the
technique was described by Britton Chance and Bo Thorell
in the late 1950's™”. In 1979, Thorell described flow cy-
tometric measurements of the redox state of liver cells based
on NADH fluorescence'™; by the time of his death in 1982,
he had added the capacity to measure endogenous fluoro-
chromes and flavin nucleorides to his apparatus as well ™™,
Hafeman cc al"™ used flow cytometry of NADH fluorescence
in blood neutrophils to demonstrate that the respiratory
burst induced in these cells by chemotactic stimuli and
phorbol esters is an all-or-none event; Van De Winkel and
Pipeleers™ sorted insulin-containing pancreatic cclls based
on changes in redox state following exposure to glucose.

Pyridine and Flavin Nucleotides and Cancer

Several groups'“**""”? described  characteristic
changes of the ratio of pyridine to flavin nucleotide fluores-
cence in bulk in tissue specimens from rumors and precan-
cerous states and in tumors in vivo; this work has not pro-
vided a new diagnostic application for flow cytometry but
has, instead, led to the development of devices for detection
of tissue ischemia™” and for endoscopic cancer diagnosis™ .
Xillix, a company in Richmond, British Columbia, Canada
<htep:/fwww.xillix.com> sells instruments for aurtofluores-
cence bronchoscopy and other endoscopic applications.

have

Bacterial Autofluorescence Measurements

Jim Ho, of the Canadian Defence Research Establish-
ment, has developed instruments that measure UV-excited
bacterial autofluorescence and particle size in aerosols; these
parameters may help distinguish among specics. Like
Gucker’s original aerosol particle counter (p. 74), Ho's
FLAPS (Fluorescence Aerodynamic Particle Sizer)” *“ is de-
signed to detect biowarfare agents. A second-generation in-
strument (] Ho, personal communication; N. Dovichi, per-
sonal communication) resulted from collaboration berween
Jim and Norm Dovichi, then at the University of Alberta
and now ar the University of Washingron. Norm passed
through Los Alamos and played with chemical and
nonchemical applications of flow cytomerry™ ™ ™™™ before
he put his experience to use in developing the capillary elec-
trophoresis-based gene sequencer”™™” and hit che big time.
The improved bacterial aerosol analyzer measures fluores-
cence emission in 16 spectral regions and sizes bacteria by
laser Doppler velocimetry®™; particles are detected and sized






Flow cytomertry and flow cytometric measurements of
intrinsic pigment fluorescence in phytoplankton and marine
bacteria have become widely used in oceanography'”'”;
among other things, this led to the discovery of extremely
abundant, but previously overlooked, chlorophyll-bearing
marine bacteria”".

Xu, Auger, and Govindjee'” used a flow cytometer to
measure chlorophyll fluorescence in isolated spinach
thylakoids. The cytometer does measure the variable (light-
dependent) component of fluorescence, although the high
excitation intensity may perturb measurements under some
circumstances.

Infrared Spectra and Cancer Diagnosis

Benedetti et al'”™ and Wong and Rigas and their col-
laborators'**", using Fourier transform infrared (FT-IR)
spectroscopy, described differences berween normal cells
and cells from leukemias and several solid tumor types. Dif-
ferences were most consistently found in the nucleic acid
phosphate stretch bands at 1080 cm” and in a protein band
at 1540 cm’. Most of these studies involved bulk measure-
ments, although leukemic cells have been examined by FT-
IR microscopy'™'”.

This work, like the work on pyridine and flavin nucleo-
tide fluorescence mentioned previously, raises an important
question. Since, in many cases, e.g., analyses of cervical
specimens, actual malignant cells represent a very small frac-
tion of the cells present in an abnormal specimen, the meas-
ured differences between specimens are more likely to reflect
some alteration or premalignant state in a large fraction of
the cells in a specimen than to represent signals from the
malignant cells themselves. It is not clear that flow cytometry
can contribute to the resolution of this issue.

7.3 PROBES, LABELS, AND [NOT] PROTOCOLS FOR
EXTRINSIC PARAMETER MEASUREMENTS

As | said way back in Chapter 1, most of the measure-
ments of extrinsic parameters done in most flow cytometers
use fluorescent reagents. The discussion that follows will
deal primarily with fluorescent staining and fluorescence
measurements, covering other staining techniques when they
are applicable in conventional flow cytometers or should be
considered as part of an alternarive approach to flow cytome-
ty.

I have to introduce some ground rules here, for a num-
ber of reasons. There are a lot of probes now; some of them
are dyes, and some of them are natural products, and big
ones at that, e.g., the fluorescent proteins and the phyco-
biliproteins. 1 know a lot about some probes and not much
about others, so I will only cover probes with which I have
been fairly intimately involved in much detail.

If you need more details, there are rwo excellent sources.
For the classicists, there is the new 10¢th Edition of Conn’s
Biological Stains, edited by Richard Horobin and John Kier-
nan”*. Conn’s went 25 years (1977-2002) between the 9th
and 10th Editions, so I don’t feel too bad about the 8-year
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(1995-2003) gestation period for this 4th Edition of Practi-
cal Flow Cytomerry.

Buc I digress. If you want the last word on fluorescent
probes, their structure, their spectra, their uses, thousands of
references, and (on the web), price and delivery information,
you want to look at the 9ch Edition of Molccular Probes’
Handbook of Fluorescent Probes and Research Products™",
edited by Dick Haugland. There’s not much point in dupli-
cating what's in there, especially since you can ger the book
for nothing (at least if you hurry), or pull up a regularly up-
dared version online at <hrep://www.probes.com>.

As to protocols, Practical Flow Cytometry has always been
more of a “why-to” book than a “how-to” book in terms of
its discussions of which probes and parameters may be most
useful for which applications. 1 cover how the probes work,
just as I cover how the instruments work, bur, in the major-
ity of cases, I can’t and don't provide the protocols, i.e., de-
tailed information on the exact concentrations of reagents,
compositions of buffers, incubation times and temperatures,
etc., that you need to make the probes work in your lab with
your instrument and your samples.

Although you can’t just run out to The Heme Depot
and ger such information, there are sources. 1 mentioned
several on pp. 62-5. I would turn first to Current Protocols in
Cytomerry”™, which is available in looseleaf and/or CD-
ROM versions, both frequently updated. When a significant
methodological advance in flow or image cytomerry is re-
ported in the literature, it’s a good bet that the editors of
Current Protocols will hound one or more of the authors into
producing a writeup of the procedure including all of the
technical derails that were omitted from the “Materials and
Methods” section of the journal article. The various volumes
of Methods in Cell Biology devoted to cytometry™™ " may
also be helpful.

Most people who publish good new methodology are
anxious to proselytize; you can usually get experimental de-
tails from them via snail mail or e-mail, or from their lab or
personal web sites. The Purdue Cytometry Mailing list is
also a good place to go for help; you'll ger more and better
answers from the experts if your inquiries about procedures
indicarte that you've done your homework.

At this point, having told you what I don’t do, I'll ger
back to what I do do before I get into deep...never mind.

Probes, Labels, and Dyes

I introduced a distinction between probes and labels on
pp- 42-3, and I will now say a bit more about that subject.
We use reagents to measure extrinsic cellular parameters
because there aren’t ways, or because we haven't found the
ways, to estimate or measure all of the attributes of cells in
which we might be interested.

There is a hierarchy of specificity, or of selectivity, of re-
agents, and we can appreciate it by considering the history of
staining, some of which is covered in Conn ™ and some of
which is in older books™**'®. If we look at stains classically
used for blood cells, which date back to Paul Ehrlich’s work
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in the 1880’s", we find they are mixuwures of an acid dye
(typically eosin), which binds to basic elements within cells,
meaning mostly proteins, and a basic dye(s) (typically one or
more of the azure dyes, all thiazines), which bind(s) to acidic
clements, notably nucleic acids, burt also sulfonated glycosa-
minoglycans. We don’t expect cosin to bind to acidic ele-
ments or azure dyes to bind to basic elements, but that’s as
specific as those dyes get. However, we can legitimarely call
those dyes probes, even if they are probes of some relatively
nonspecific characteristics or constituents of cells.

At the other end of the hierarchy, we have antibodies
and gene probes, large, or relatively large, molecules them-
selves, which, respectively, are exquisitely specific for mac-
romolecular structure and sequence, at least when used un-
der appropriate conditions. They, too, are probes, bur, in
order to detect them using an optical flow cytometer, we
have to attach a label. Until the 1980’s, almost all the labels
we had were relatively low molecular weight dyes; since
then, it has become increasingly likely that the label used for
an antibody will be a macromolecule, specifically, a phyco-
biliprotein, which may also have small dye molecules cova-
lently attached 1o it to modify its spectral characreristics.

Some of the dye probes we use are sensitive to changes in
their chemical environment, and would be uscless if they
weren’t. Measurements of intracellular pH are usually done
using dyes that change their spectral characteristics as pH
changes. That's an essential characteristic for a probe, but an
undesirable one for a label, which we would like to be able
to attach to a specific probe molecule withour altering either
the spectral characteristics of the label or the specificity of
the probe, and which we would like to behave (i.e., fluo-
resce) pretry much the same way regardless of the environ-
ment in which it finds itself. Well, that’s not the way the
world works: just to cite one example, fluorescein, one of the
all-time favorite fluorescent labels, is enviconmentally sensi-
tive; its fluorescence increases with pH, enough so that de-
rivatives of fluorescein are rourinely used as pH probes.

I will start gerting down to the specifics by discussing
dyes and staining mechanisms in general, and the prepara-
tive techniques, such as fixation and permeabilization,
which may be nceded to get dyes into cells, and then cover
the reagents used to measure the parameters in Table 7-1,
starting with nucleic acid dyes and with labels.

Dyes and Quality Control: Gorillas in the NIST

In previous editions of this book, I said that if there were
a Shapiro’s Third Law of Flow Cytometry, it would
probably be this:

Shapiro’s Third Law of Flow Cytometry:
What's in the Bottle
Isn’t Necessarily
What’s on the Label!

This was particularly apt to be truc for older bottles con-
raining less common dyes; the Biological Stain Commission,

which was set up to provide some degree of quality control
over stains used routinely in research and clinical laborarto-
ries, has never gotten very far into the business of certifying
fluorescent dyes, and even certified lots of dye may contain
impurities. The problem of dye purity is hardly a new one in
histochemistry and cyrochemistry; Scott’s piece on “Lies,
damned lies — and biological stains””" and related corre-
spondence ™ and Horobin's review™ provide some historical
background.

Spectroscopy does not provide much assistance when
you're trying to find out whether your reagents are pure.
You can only compare specira of your lot with published
spectra when you're working with relatively well-known
stains; when what you've got definitely isn’t the stain you
wanted, the spectrum is likely to tell you, but, when what
you've got is 45% what you wanted and 55% other junk, or
when you're working up new compounds, spectra won't
necessarily help.

A widely applicable, and perhaps the most useful,
method for determining dye purity is thin layer chroma-
tography ™', which can quickly tell you when you've got a
mixture of compounds in the bortle. Most of the companics
that specialize in dyes for analyrical cytology will give you
some idea of the purity of their products if you ask. If you're
looking for something that isn’t in their catalogs, trv to find
it in laser grade; laser grade dyes are apt to be reasonably
clean. I know a lot of people who are happy that they didn't
publish results that were obtainable only from a single bortle
of dye, and a few who are unhappy that they did. I include
myself in the former category.

When measuring fluorescence spectra of dyes, it is a
good idea to make sure that the phorodetector in your in-
strument will respond over the spectral range of emissions
you intend 1o measure. Ideally, the fluorescence spectrum
should be corrected for variations with wavelength in source
emission intensity and detector response. Most spectro-
fluorometers use photomultiplier tubes with minimal re-
sponse above 600 nm and negligible response above 650
nm; no amount of clectronic “correction” can produce an
accurate spectrum at longer wavelengths from such detec-
tors. The Hamamatsu R928 and R1477 will respond to
wavelengths as long as 800 nm; beyond thar, you need an
R3896 or a gallium arsenide tubes uch as an R636. It
doesn’t marter if the source and excitation monochromator
in the instrument will provide excitation and select emission
out to 900 nm if the tube won't respond past 650. When in
doubt, look at the PMT.

In recent years, the manufacturers and distributors of
dyes used in flow cytometry seem to have taken it upon
themselves to supply high-quality products. You still need to
be careful if you play the kinds of games I play, i.c., buying
laser dyes, drugs, and other interesting chemical structures
and trying to find out whether they are of any usc in flow
cytomerry.

Since the last edition of this book cmerged, several or-
ganizations, including the Centers for Discase Control, Food



and Drug Administration, Health Canada, National Insti-
tutes of Health, and NCCLS have pursued the standardiza-
tion of fluorescent reagents. The 800-pound gorilla of stan-
dardization, at least in the U.S., is the National Institute of
Standards and Technology (NIST) (formerly the National
Bureau of Standards), which has been recruited into produc-
ing some standardized fluorescent reference marerials, start-
ing with a certified fluorescein solution and expected to pro-
gress to fluorescein-labeled beads and to solutions and beads
containing other fluorescent materials. Several publications

have already emerged from NIST’s collaborative efforts™" .
The Dyes are Cast: An Overview

The spectral characteristics of a representative sample of
fluorescent dyes, probes, and labels, and the excitation wave-
lengths available from various light sources, are shown in
Figure 7-9, on the next page. Although there are thousands
of compounds in Molecular Probes’ catalog (the indispensa-
ble Handbook”), and there are at least a few labels that are
available conjugated to hundreds of different monoclonal
antibodies, I'd guess that at least three-quarters of the sam-
ples run through flow cytometers contain at least one of the
dyes/probes/labels shown in the figure.

A few selected paramerters and applicable fluorescent
probes are found in Table 7-2, on the page opposite the
spectral chart. I've narrowed down the range of light sources
in the chart to include four excitation wavelength ranges
likely to be found in fluorescence flow cytometers, i.e., blue-
green (488 nm), red (633-640 nm), UV (325-365 nm), and
violer (395-415 nm). Probe emission maxima are indicated
next to probe names.

Consideration of Figure 7-9 and Table 7-2 makes appar-
ent the rationale for the use of multiple, spatially separated
fluorescence excitation beams in multiparameter flow cy-
tometry. Even when one can choose from a number of
probes to select those with desired spectral characreristics,
the use of several separated beams generally facilitates resolu-
tion of fluorescence signals from multiple probes. When a
choice of probes is not available, multistation flow cytometry
may provide the only means of making correlated measure-
ments Of two or more paIametcrs ofintcrest.

I've been beating this drum for over twenty years now; as
I write this, [ am looking at an article’ called “Multistation
multiparameter flow cytometry: A critical review and ration-
ale,” which I published in Cyzometry (3:227-43) in January
1983. Thar article, which was adapted from a grant applica-
tion (not funded the first time around), turned out to be the
foundation for Practical Flow Cytomerry and for this chapter.
It included spectra of six nucleic acid dyes, five labels (no
phycobiliproteins), six cyanine dyes (used as membrane po-
tential probes; the reactive Cy2, Cy3, Cy5, etc. not having
been developed ar the time), and chlorotetracycline, a mar-
ginally useful probe of membrane-bound calcium. There
were no usable diode lasers then, and He-Ne lasers only
came in red, but, more to the point, there were no more
than a few dozen multibeam flow cytometers in operation,
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and I'd guess that most of them used argon and krypron or
dye lasers to excite fluorescein- and Texas red-labeled mono-
clonal antibodies. Today, it’s hard not to do multiparamerter
flow cytometry, and getting harder not to do multistation
multiparameter flow cytometry; we've got bertter hardware,
better software, and, to get back to the topic immediately at
hand, more and better reagents.

The first nineteen spectra shown in Figure 7-9 are those
of labels, almost all widely used and readily available conju-
gated to antibodies and/or nucleic acid probes. The next
wwelve spectra are of nucleic acid dyes, including all five dyes
(ethidium, Hoechst 33342, DAPI, mithramycin, and ac-
ridine orange) shown in my 1983 version of the figure. Then
come four spectra of fluorescent reporter proteins, none of
which had been described (although the original GFP had)
when the last edition of this book was written. And, wrap-
ping up, there are spectra of indo-1, a reliable and widely
used calcium probe, in the presence and absence of calcium
ions. To get 37 spectra onto one page, I had to change my
spectrum display formar slightly, but it is still essentially a
streamlined version of the “box-and whiskers” plot shown in
Figure 5-6 (p. 230).

The list of light sources in Figure 7-9 now includes
Nd:YAG and semiconductor (diode) lasers as well as argon
and krypton ion lasers, He-Cd and He-Ne lasers, and the
HG arc lamp. I have drawn long verrical lines corresponding
to the popular 488 and 633-635 nm exciration wavelengths
through the spectra to facilitate orientation. If you look care-
fully, you'll notice that phycoerythrin and its tandem conju-
gates are excited much more efficiently by green light (dou-
bled Nd:YAG lasers at 532 nm, green He-Ne lasers at 543
nm, or the Hg arc line at 546 nm) than by 488 nm light
from an argon or semiconductor laser. However, since the
use of a green source in place of a 488 nm source precludes
excitation of fluorescein and its derivatives, and the use of a
green source with a 488 nm source potentially puts stray
green light into the fluorescein detector, green sources have
not been widely used to date. That may change.

Table 7-2 differs from its predecessors in the article® and
in previous editions of this book in two respects. They cov-
ered many more excitation wavelengths, and cthey listed dyes
that had been used once or twice and weren’t widely avail-
able. This time around, it made more sense to me to concen-
trate on materials that were widely used and widely available;
there are, for example, UV-excited pH probes, but [ didn't
list them because they are relatively hard to find and not
extensively described. Note that only one of the labels in
Figure 7-9 did not make it into Table 7-2; the label is Texas
red, which is not particularly well excited by 488 nm or red
light, although I have heard claims that it can be excited in
the UV and/or violet.

You won’t find quantum efficiencies or relative fluores-
cence intensities of the dyes and labels in either Figure 7-9
or Table 7-2; those derails will be covered in subsequent
discussions of the individual marerials. For now, we’ll move
on to a consideration of staining mechanisms.
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Mechanisms of Staining by Fluorescent Dyes

The selective staining of different cellular constituents by
fluorescent dyes is largely accounted for by two mechanisms.

The first of these is involved in staining by fluorescent
and nonfluorescent dyes, and involves the development of
contrast due to differences in concentration of dye from
one region of the cell to another, which result from differ-
ences in the affinities of various cellular constituents for the
dye. Thus, basic dyes are bound in relatively high concentra-
tions to acidic materials such as nucleic acids and glycosami-
noglycans, while dyes with high lipid solubility stain mem-
branes and fac droplets, and so on.

The second mechanism of fluorochroming involves an
increase in the quantum efficiency of a fluorescent dye when
it is bound ro a particular substance or in a particular envi-
ronment (e.g., nonpolar vs. polar). The binding of the
Hoechst dyes and DAPI 1o the outer groove of the DNA
molecule results in approximatcly a hundredfold increase in
fluorescence, as does the intercalative binding of ethidium
and propidium; cyanine dyes such as thiazole orange (TO in
Figure 7-9) and TO-PRO-1 increase fluorescence several
thousandfold on intercalative binding to nucleic acid. How-
ever, acridine orange (AQ), which also intercalates into
DNA, exhibits slightly lower quantum efficiency when
bound than when free in solution, i.e., the fluorescence is
slightly quenched; thus, the bright nuclear staining produced
by this dye must result almost exclusively from increased
concentration of the dye in the nucleus. Fluorescent nuclear
staining with AO or with dyes such as neutral red or sa-
franin, which also decrease quantum efficiency on binding
to DNA, improves on microscopic observation as the cell is
left illuminated for a few seconds; the free dye, which ini-
tially produces high background fluorescence, is bleached
more rapidly than the DNA-bound dye. It is hard to observe
fluorescence from thiazole orange-stained nuclei under the
microscope; there is litde or no background fluorescence,
and the dye in nuclei bleaches rapidly.

Binding of acid dyes to proteins usually is not associated
with an increase in quantum cfficiency, and background
fluorescence from free dye tends to be relatively high as a
result. For this reason, many investigators prefer to use reac-
tive derivatives of dyes, c.g., fluorescein isothiocyanate
(FITC), for protein staining. After incubation with FITC
leaves some fluorescein covalently bound to protein, the
unreacted dye is removed by washing, resulting in very low
background fluorescence.

Even “specific” stains such as the Hoechst dyes and ethi-
dium may bind nonspecifically to some materials in cells,
particularly when the dye and/or the interfering material are
present at high concentrations. Nonspecific staining may
also occur when environmental factors such as salt concen-
tration or pH are outside the range in which specific staining
has been reported.

Environmental Sensitivity

Environmentally sensitive dyes are not dyes that recycle
their garbage, bur, rather, dyes that exhibit changes in quan-
tum efficiency and/or spectral shifts upon binding to mac-
romolecules or ions, changing ionization state, or moving
from polar environments, i.e., ionic solutions such as the
cytosol, to nonpolar environments, such as membrane lipid
bilayers.

Environmental sensitivity is desirable, if not absolutely
essential, for DNA stains, for example. You want the dye to
fluoresce when bound to DNA and not otherwise. Envi-
ronmental sensicivity is, in general, undesirable in dyes that
you want to use to label antibodies or other ligands. Fluo-
rescein, as [ mentioned previously, is sensitive to the pH of
its environment; as the pH drops, so does the quantum effi-
ciency. As a result, if you have the same amount of fluo-
rescein antibody bound to a tube of cells at pH 6.5 and 1o
another tube of cells at pH 7, it will appear that there is
more antibody bound to the cells at higher pH. Propidium
fluorescence varies with salt concentration™; if you use a
water sheath with a saline sample, you may find that your
peak locations are unstable and/or your CVs are high.

Metachromasia

The term metachromasia is used to describe pro-
nounced changes in color and/or fluorescence emission (and
absorption) wavelength that occur when dyes such as twlu-
idine blue or acridine orange bind to RNA or glycosami-
noglycans. While the precise mechanisms of metachromasia
have been debated since Paul Ehrlich coined the term™ ™, it
is accepted that the effect results from interactions berween
dye molecules themselves, rypically involving the formation
of dimers, oligomers, or polymers, in which = orbicals of
individual molecules interact one another with a resultant
shift in the positions of electronic energy levels, rather than
from effects of the environment or other molecular specics
on the electronic structure of the dye molecules.

The altered spectrum of the metachromatic molecular
complex is contrasted with the normal orthochromatic
spectrum of the dye in conditions under which complex
formation does not occur. When acridine orange is uscd for
diffcrential staining of DNA and RNA (introduced on pp.
96-7 and discussed further on pp. 312 and 320-2), individ-
ual molecules of dye intercalated into the double helix of
native DNA are normally far enough from one another to
prevent complex formation, and therefore retain their ortho-
chromatic green fluorescence. Dye molecules bound to de-
natured DNA or single-stranded RNA are free to form mera-
chromaric aggregates.

A metachromatic shift of absorption, excitation or emis-
sion maxima to longer wavelengths is described as a batho-
chromic shift, or red shift; a shift to shorter wavelengths is
described as a hypsochromic shift, or blue shift. If the ab-
sorptivity (i.e., the molar extinction coefficient) of the mate-
rial increases, it is said to undergo a hyperchromic shift; a



decrease in absorptivity is described as a hypochromic shift.
In fluorescence metachromasia, it is relatively common for
the excitation spectrum to shift to shorter wavelengths (hyp-
sochromic shift) while the emission spectrum shifts to longer
wavelengths (bathochromic shift). This is what happens in
the case of acridine orange; the excitation maximum of the
metachromatic red (>650 nm) fluorescence is near 460 nm,
while the excitation maximum of the orthochromatic green
(520 nm) fluorescence is near 490 nm .

In general, more careful control of dye (and cell) con-
centrations and staining conditions is needed to ger reliable
and reproducible metachromaric staining than might be
necessary otherwise. Staining of DNA and RNA with ac-
ridine orange, for example, can be tricky; stabler staining
patterns may be obtained by continuous addition of stain to
the running sample™.

Many dyes change their fluorescence spectra to some ex-
tent with changes in the polarity of the solvent; small
changes are usually not described as metachromatic, al-
though the underlying mechanism may be the same.

Spectral Changes and Ratiometric Measurements

In order to make ratiometric measurements of cytoplas-
mic [Ca”] (introduced on p. 47) or pH, we need there to be
substantial spectral shifts in the probes used. As can be seen
from Figure 7-9, the excitation and emission spectra of indo-
1 change substantially when Ca” ions are bound to the
probe, allowing the ratio of UV-excited 405 nm and 480 nm
emission intensities to be used as an indicator of cytoplasmic
[Ca”). Similarly, ratiometric pH measurement typically de-
pends on differences in excitation and/or emission spectra of
different protonation states of the same dye.

Ratiometric measurement of membrane potentials,
which will be discussed further on, is more complex; a
method described from my lab by Novo et al”” takes advan-
tage of what is likely to be metachromasia resulting from
formation of dye aggregates at high concentrations, but
some other techniques may depend more on environmental
sensitivity of probes.

Internal Energy Transfer in Probes and Labels

The phycobiliproteins, which nature has designed for ef-
ficient intramolecular energy transfer, and their tandem con-
jugates, representing carly attempts to improve on nature in
this regard, remind us that energy transfer may be intimately
involved in determining the spectral characteristics of fluo-
rescent reagents. Both phycobiliproteins and tandem conju-
gates are used almost exclusively as labels; we would prefer
that their fluorescence not exhibit pronounced environ-
mental sensitivity, and, in general, it does not.

Newer synthetic probes may use changes in intramolecu-
lar energy transfer characreristics to advantage; I have already
mentioned probes for protease activity in which fluorescence
of a fluorophore quenched by energy transfer in the intact
probe molecule is markedly increased when the distance
berween fluorophore and quencher is changed by enzyme
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action on the probe™™ . Some other examples will be dis-
cussed in subsequent sections.

“Vital” Staining

The availability of flow sorters stimulated interest in rhe
development and application of stains that could permit
viable cells with selected characteristics to be isolated for
biochemical analysis or for further short- or long-term ob-
servation in culture. The stains used for such studies should,
ideally, neither perturb the parameters measured nor com-
promise the viability of the cells being observed. Many of the
probes now in use fall short of this ideal; this does nor neces-
sarily preclude their use but does require additional caution

on the part of experimenters. In essence, we are now forced
to reexamine the phenomenon of vital staining.

Staining and “Viability”

Dyes that can enter and stain living cells have long been
described as vital stains even though most such dyes known
to classical cytology are also known ro be roxic to cells ar the
concentrations used for so-called vital staining. The semantic
problems get worse as we go along; there is considerable
disagreement about the definition of “viability” as it applies
at the cellular level. People concerned with growing cells in
culture generally take clonogenicity or reproductive viabil-
ity as a criterion; this has two notable disadvantages. First,
the definition of viability in terms of reproductive capacity
excludes fully functional differentiated cells such as nerve
and muscle cells, blood granulocytes, etc., and preservation
of some specific cell function therefore seems to be a more
suitable criterion of viability for such cells. Second, while
reproduction of cells in culture provides unequivocal evi-
dence of viability, failure to reproduce may be due to defi-
ciencies in the medium and/or the experimenter rather than
to cell damage.

If reproductive capacity is too stringent a criterion of vi-
ability, it is clear that some other criteria are not stringent
enough, e.g. the capacity of the cell to exclude dyes such as
trypan blue, eosin, and ethidium bromide. Cells that have
been so damaged as to be incapable of performing their typi-
cal differentiated functions, e.g., chemotaxis and phagocyto-
sis in the case of granulocytes, may still be classified as “vi-
able” by a dye exclusion test.

“Intact” versus “Live” Cells

I find it convenient to use the term intact cells to de-
scribe cells thar have not been treated with fixatives or lysing
agents, and that do not show obvious morphologic damage
or funcrional impairment. This avoids the issuc of reproduc-
tive viability, but does preserve most of the distinction be-
tween cells in which studies of functional parameters are and
are not appropriate. Among the extrinsic parameters listed in
Table 7-1, membrane-bound and cytoplasmic [Ca™], mem-
brane integrity and permeabiliry, endocytosis, membranc
fluidity, structuredness of cytoplasmic matrix, membrane
potential and pH are meaningful only as characteristics of
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intact cells. The validity of studies of responscs of these pa-
rameters to biologic stimuli is best established by the inclu-
sion of controls that demonstrate known responscs to stan-
dard stimuli, e.g., changes in calcium distribution in cells
treated with calcium ionophores.

Getting Dyes Into - and Out of - Intact Cells

In order ro stain constituents not located on the surfaces
of intact cells, a dye must be capable of crossing the cell
membrane, either by diffusion or by some form of active
transport or carrier-mediated transport (endocytosis can
be considered as falling in the latter category). Most dyes
that have been described as vital stains are small molecules
thar are relatively lipid soluble and are either positively
charged or electrically neutral at physiologic pH. High lipid
solubility favors partitioning of dyes from aqueous media
into the lipid bilayer phasc of the cell membrane and into
membranous or lipid-containing intracellular structures.
Posirively charged dye molecules are attracted to negatively
charged ccll constituents such as glycosaminoglycans and
nucleic acids; in addition, in living cells, positively charged
molecules are concentrated from the medium into the cyto-
sol and from the cytosol into mitochondria because there arc
interior-negative electrical potential gradients across both the
cvioplasmic and the mirochondrial membranes.

Active and carrier-mediated transport both giveth and
taketh away; there are a number of efflux mechanisms that
may be active in cells. Perhaps the most notable is the glyco-
protein efflux pump responsible for multiple drug resistance,
which efficiently clears a wide variety of molecules from
cells. Microorganisms exhibit an cven broader range of
transport mechanisms than do mammalian cells, making it
risky to assume that dyes will interact in the same ways with
prokaryotes and eukaryotes.

The cytoplasmic membranes of bacterial, fungal, and
plant cells are surrounded by cell walls, which may offer
barriers to dye entry not encountered in animal cells, which
lack cell walls. Of particular note is the outer membrane
found in Gram-negative bacteria, which, in its native state,
prevents most lipophilic materials from entering the organ-
. bt B
isms

Permeancy and Permeability

Cytometry has picked up words from the lexicon of his-
tology and histochemistry that describe the propensities of
dyes and other chemicals for entering cells and the propensi-
ties of cells for taking up dyes and other chemicals. To re-
peat what [ said when [ introduced this topic on p. 43, ma-
terials that can readily cross the intact cyroplasmic mem-
branes of cells are said to be membrane-permeant, or, more
simply, permeant; materials thar are excluded by intact cy-
toplasmic membranes are described as membrane-
impermeant, or just impermeant. In order to stain living
cells, i.e., to act as a vital stain, a dye must be permeant.

Cells chat can take up a dye or other chemical are said to
be permeable to the material; cells that cannot take up a

material are said to be impermeable 1o it. The terms “per-
meability” and “impermeability” are used to characterize cell
membranes in particular as well as cells in general.

A look ar the structures of some nucleic acid dyes, shown
in Figure 7-10, on the next page, may provide some help in
understanding permeancy and impermeancy. Organic com-
pounds bearing at least two positive charges, exemplified by
fluorescent nucleic acid binding dyes such as DAPI,
propidium iodide (PI) and TO-PRO-1, are impermeant.

Ethidium bromide (EB), not shown in the figure, shares
the heterocyclic ring structure of P, but carries only a single,
delocalized positive charge; the ring nitrogen bears an ethyl
(C,H,) group instead of the n-propyltrialkyl quaternary
ammonium group (the “pro” in propidium) found on the
ring nitrogen in PL.

Both dyes form complexes with DNA and RNA, and are
toxic to cells once taken up. However, EB normally enters
cells, albeit slowly, and is known to be pumped out of at
least some bacteria™’, while PI is normally excluded by its
additional charge. Although EB is often used in lieu of PI for
dyc exclusion tests, it should not be because it is not truly
impermeant. Onc can generalize from this; one should not
assume that a dyc is impermeant without determining
whether or not it is being transported out of cells.

TO-PRO-1, a dye developed by Molecular Probes, has a
delocalized positive charge on the heterocyclic ring structure
and a propyltrialkyl (quaternary) ammonium on one ring
nitrogen; it is, as was noted on the previous page, imper-
meant. Its parent compound, thiazole orange, has two N-
methyl groups and lacks the quaternary ammonium sub-
stituent; it carries a single delocalized positive charge and is
highly permeant. Thiazole orange was originally synthesized
by Lee et al™ at B-D as a stain for blood reticulocytes, mak-
ing it highly desirable that it be permeant. Molecular Probes
has produced a number of variants of the molecule, both
permeant (the SYTO dyes) and impermeant (TO-PRO-}
and its homologues and some of the SYI'OX dyes). The
fluorescent properties of all of these dyes, which enhance
fluorescence as much as several thousand times on binding
to DNA or RNA, derive from the heterocyclic ring struc-
ture; the permeancy properties derive from the nature of
various ring substituents, which have only minor influence
on the fluorescence spectrum. Appropriate modification of
ring substituents can influence not only whether or nort a
dyc is permeant, but how rapidly it will enter, or leave, cells.

You might want o take some guesses as to the per-
mcancy or impermeancy of the other dyes shown in Figure
7-10; the answers will appear in the subsequent discussion of
nuclcic acid stains.

There are two basic strategies for introducing imper-
meant dyc molecules into living cells. The first, permeabili-
zation, basically involves making holes in the membrane.
This can be done physically, as in microinjection or mem-
brane permeabilization by electrical breakdown (electropora-
tion) or mechanical manipulation. Alternatively, membranes
can be permeabilized by treatment with fixatives, or with
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Figure 7-10. A “rogues’ gallery” of nucleic acid dyes. The chromomycin structure shown is the chromomycin nucleus;
chromomycin A,, mithramycin, and olivomycin each have different oligosaccharides as Rl and R2. Ethidium is similar to
propidium, but with a ring N-ethyl group; thiazole orange (TO) is similar to TO-PRO-l, but has N-methyl groups on
both rings. All structures except chromomycin were provided by Molecular Probes, Inc.

milder chemical agents such as lysolecithin. In either case,
one can expect that solutes other than dye molecules will
pass from cell to medium and vice versa during the time in
which the membrane is permeable to dye. This in itself can
produce alterations in cell physiology™; e.g., membrane
potential drops to zero for a time. It then falls to the inves-
tigator to show that permeabilization didn’t perturb the cells
sufficiently to cast doubt on the validity of results obrained
after staining and cytometry. I have been permeabilized by a
15 gauge hypodermic needle without ill effects; I would not
expect to survive permeabilization by a 12 gauge shotgun.

The second strategy for getting dyes across membranes of
living cells involves chemical modification of the dye mole-
cules themselves. Acid dyes such as fluorescein do nor cross
cell membranes, but their electroneurral esters do. Diace-
tylfluorescein, which will forever be improperly called fluo-
rescein diacetate (FDA), also called is uncharged and lipid
soluble, and thus permeant; once inside che cell, ester mole-
cules are readily and rapidly hydrolyzed to free fluorescein by
nonspecific esterases, which are present in almost all cells.
This effect serves as the basis for a test of cell “viability,” or,
more accurately, of membrane integrity; the ester is not
fluorescent, while the free fluorescein anion, which is re-
tained by intact cells, renders them highly fluorescent.

If one makes chromogenic or fluorogenic esters that re-
quire less ubiquitous enzymes than nonspecific esterases for

hydrolysis, the accumulation of color or fluorescence in in-
tact cells can be used to provide an indication of the pres-
ence and relative activity of various enzymes in those cells.
Chemical modifications other than esterification, e.g., oxida-
tion or reduction, may also be made to render dye molecules
capable of crossing the cell membrane, and may also intro-
duce a requirement for intracellular enzyme action to restore
the staining characteristics of the unmodified molecule.

Vital Dye Toxicity and Photosensitization of Cells

It is important to remember thar a permeant “vital” stain
may eventually damage or kill cells; in this context, as in
others, it is wise to establish that mecasurement conditions do
not themselves perturb what one is attempting to measure.

Deleterious effects on cells other than those due to direct
chemical toxicity of dyes may occur due to photosensitiza-
tion when stained cells are exposed to high-intensity laser
light. Many fluorescent dyes sensitize cells to photodynamic
damage, although dyes that bind to DNA, such as the
Hoechst dyes and the acridines, are probably best known in
this regard. The probability of damage to cells stained with
such dyes increases with the laser power used for analysis as
well as with dye concentration.

When analyzing possible toxicity due to photosensitizing
dyes, one should also bear in mind that a few hours’ expo-
sure of stained cells to fluorescent lighting in the laboratory
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may produce photodynamic damage equal to or greater than
that resulting from a few microseconds in a low-power laser
beam. To verify that cells are indeed being damaged by che
dye and/or the laser, it is usually necessary to compare
treated cells with cells kept in the dark.

Fixation - Why and How

Permeabilization can be, but is not always, accomplished
in the context of fixation of cells. Most staining procedures
in histology and histopathology, and many histochemical
and cytochemical procedures, were originally developed us-
ing fixed specimens. The term “fixation” itself reminds us
that one of the sceveral original purposes of fixation was to
make cells and tissues physically rigid enough to survive em-
bedding and sectioning. Fixation was also necessary to make
cells permeable to dye, thus allowing optimal staining, and
to preserve specimens by inhibition of autolysis and micro-
bial action. Baker” provides an excellent discussion of fixa-
tion mechanisms and of the classical fixatives; among these,
ethanol and formaldehyde (and paraformaldehyde) are
widely used for flow cytometry. More modern work on fixa-
tives and mechanisms, with emphasis on the actions and use
of gluraraldehyde, was summarized by Hopwood™™ and in a
volume edited by Stoward™; Hopwood ™ provides a some-
what more recent large review.

Fixation is not an option when an experimenter’s pri-
mary objective is to sort and retrieve living cells. However,
when the objective is the demonstration and/or quantifica-
tion of chemical constituents in cells, and there is no need
for the cells to be kept alive during or after the process, it
makes sense to work with fixed cells.

Fixation for Biohazard Control

Until the HIV cpidemic emerged in the 1980’s, most
people who made flow cytometric measurements of unfixed
cells preferred ro work with unfixed marerial, which was at
least perceived as being freer of cell aggregares, debris, etc.,
and cxhibiting less autofluorescence than fixed specimens.
While, statstically speaking, experimenters were far more
likely to be exposed to such pathogens as the hepatitis B
virus than to HIV, the perceived threat from the latter agent
was what changed behavior, inside and outside the labora-
tory. Fixation with the objective of killing HIV and other
viruses that may be present in specimens has now become
routine in most flow cytometry involving cells or body fluids
of human origin, and appropriate precautions against infec-
ton are widely, if not universally, observed when unfixed
specimens must be analyzed.

The effects of fixatives on the infectivity of cells carrying
HIV were examined by Cory, Rapp, and Obhlsson-
Wilhelm"™, who found that 30 min exposure to 0.5% para-
formaldehyde, 1.85% formaldehyde, absolute methanol, or
1:1 methanol-acctone reduced infectivity by more than
99.99%.

Ericson et al'™ studied the effects of commercial proprie-
tary red cell lysing and fixing solutions on the HTLV-1 ret-

rovirus. Coulter ImmunoPrep/QPrep and Immuno-lyse
(Coulter Immunology, Hialeah, FL), FACS Lyse (B-D Im-
munocytometry Systems, San Jose, CA), and GenTrak
whole blood lyse and fix solution (GenTrak, Plymouth
Meeting, PA) all substantially reduced infectivity of infecred
cells seeded into blood and cultured after 5 min exposure.
Ortho-lyse (Ortho Diagnostic Systems, Raritan, NJ), which
had no added fixative, and ammonium chloride lysing solu-
tion, with 0.1 or 1.0 % paraformaldehyde added, did not
reduce infectivity after 5 min burt did after 60 min; other
solutions worked better after 60 min than after § min.

This is good news and bad news; good news. because
most people who do flow cyrometry usec commercial fixing
and lysing solutions containing agents that are known to
inactivate at least the two retroviruses studied in the refer-
ences just cited, and bad news, because the development of
new fixation techniques must now entail determining
whether or not they inactivate various pathogens, a task for
which most experimenters do not have much enthusiasm. If
you remain undaunted, read on.

Fixation Mechanisms

Most of the effects of fixatives result from their action on
proteins, which are denatured, precipirated, and/or cross-
linked by fixatives at appropriate concentrations. The classi-
fication of fixatives as coagulant (¢.g., acetone, ethanol, and
methanol) or non-coagulant (e.g., acetic acid and formalde-
hyde) is based upon visual observation of their effects on
solutions of albumin. However, both the coagulant alcohol
and the non-coagulant aldehyde fixatives polymerize pro-
teins. While the formation of protein aggregates is generally
useful in stabilizing tissue specimens for embedding and
sectioning, it is obviously only desirable up to a point when
one wants to prepare suspensions of unclumped single cells
for flow cytometric analysis. For many applications, it has
been found useful to combine fixatives with detergents,
which improve the speed and uniformity of reagent penctra-
tion into cells and tissues ™.

Permeabilization versus Fixation

Since specimens are usually not kept after they have been
analyzed by flow cytometry, the preservative action of fixa-
tives is generally unnecessary. In some cases, it may actually
be desirable to remove portions of cells, as when flow cy-
tometric measurements of DNA content are made on iso-
lated nuclei from which the surrounding cytoplasm and
extracellular matrix have been stripped by a combination of
mechanical means, enzymes, hypotonic media, and non-
ionic detergents such as Nonidet P-40 or Triton X-100. In
the strictest sense of the term, specimens so treated can be
said to consist of “unfixed cells,” but they certainly cannot
properly be described as “vitlly stained.” From a pracrical
point of view, it makes sense to consider such cells as fixed;
bear in mind, however, that while the cells are dead, accom-
panying pathogens may well not be.



Cells can be permeabilized without being fixed. Tran-
sient permeabilization with lysolecithin or electroporarion,
or addition of pore-forming peptide antibiotics such as
nisin™", will allow cells to take up normally impermeant
dyes such as propidium; at least some such treatments won’t
even kill the cells, much less fix them. Even the detergent
treatment mentioned above, which makes the cells so per-
meable that everything burt the nucleus washes away, doesn’t
do many of the things we expect fixation to do.

And cells can be fixed without being permeabilized, or at
least exposed 1o fixatives without being permcabilized. The
kicker here is that both “permeabilization” and “fixation” are
terms covering a multitude of sins. As I wrote a quarter-
century ago”,

“T'hough I'm no linguist, 1 have heard
that every Eskimo

Learns sixteen different words describing
different kinds of snow.

1 find it hard to understand how
histochemists live

And work with but a solitary word for fixative.”

If we look at an intact cell as a plastic bag, we can envi-
sion permeabilization as rurning it into a mesh bag. The
problem is that it takes a finer mesh bag to hold marbles
than to hold golf balls, and a finer mesh bag to hold golf
balls than to hold baseballs. The antibiotic gramicidin A
forms a 4.7 A pore in cell membranes™; this makes the
membranes of cells exposed to gramicidin A permeable to
most inorganic ions, with the result that the transmembrane
electrical potential gradient is reduced to zero. However, the
cells do not take up propidium. Nisin, which, as mentioned
above, does make cells permeable to propidium, forms an 8
A pore in membranes; bigger impermeant molecules need
bigger holes to get through membranes. If you're trying 1o
stain an intracellular antigen with a fluorescein-labeled IgG
monoclonal antibody (MW 160,000), you'll probably need
a much bigger hole than nisin makes, and, if you're working
with a phycoerythrin-labeled monoclonal antibody (MW
400,000), you'll need a bigger hole than that.

If you need to expose large molecules or supramolecular
structures in cells to antibodies or gene probes, but you want
1o keep at least some smaller molecules in or associated with
the cells, you'll have to resort to fixation, and, in particular,
to fixation with a cross-linking agent, which you will proba-
bly need to use in combination with a detergent or other
permeabilizing agent. The cross-linking fixative will atrach
the small stuff you want to bigger stuff, which will keep it
from getting through the big holes you made in the mem-
brane.

Fixative Effects on Scatter Signals

The effects of alcohol and aldehyde fixation on proteins
result in a marked increase in the refractive index of the
cytoplasm, which rises from the value of approximately 1.35
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abserved in living cells to abourt 1.54. The refractive index of
an isotonic saline solution is about 1.335. Since the amount
of light scattered by cells is a function of the difference in
refractive index between cells and the suspending medium,
the amplitudes of light scattering signals are considerably
higher for alcohol- or aldehyde-fixed than for unfixed cells.
This may improve discrimination between cell types based
on light scattering measurements. However, increased scar-
tering may also affect the precision of fluorescence measure-
ments because the effective amplitudes of both the excitation
beam and the emitted fluorescence may be altered due to
scattering by cytoplasmic structures. Scattering data may be
difficult ro interpret because various fixatives and postfixa-
tion treatments may in themselves change cell sizes, some-
times exerting different effects on different cells or on cclls in
different states. This topic was discussed in detail by Pent-
tila, McDowell, and Trump™, who also used flow cyto-
metric measurements of light scattering and extincrion ro get
a clearer description of cell volume changes during cell in-
jury and fixation™'.

Carulli et al™ found that 10 minutes’ exposure to BD
FACS Lysing Solution, which contains a fixative as well as a
lysing agent, allowed eosinophils in whole blood samples to
be discriminated from other granulocytes on the basis of
forward and side scatter signals.

Fixation for Surface Antigen Measurements

While some protein structures and enzyme activities re-
main unaltered after fixation, it is unwise to assume thar the
structure that particularly interests you will survive intact.
For this reason, it has become common practice 1o stain cell
surface antigens with fluorescent antibodies before fixing the
cells to allow fluorescent staining of other constituents, c¢.g.,
DNA.

There are several reasons for doing immunofluorescence
analyses on fixed cells. One is that appropriate fixation kills
pathogens, but there are others. If, for example, you want to
do simultaneous analyses of DNA content and surface andi-
gens, using fluorescent antibodies and propidium™’, you'll
need to fix the cells to permit RNAse treatment and nuclear
staining while preserving the antigen-antibody complexes
bound 1 the cell membrane. If you have only occasional
access to a flow cytometer, and/or you collect samples over a
period of days, you can’t have everything stained fresh. And,
of course, when you walk into the flow cytometer room with
100 freshly stained samples and the technician tells you the
machine is down for two days, fixation is your only salva-
tion,

Before you fix cells, it’s a good idea to run them over a
Percoll gradient, or do whatever else you like to do, ro get
rid of dead cells and debris. It's essential to wash the cells
several times to get rid of any protein that may be in the
medium; otherwise, you will end up with cell clumps at best
and fluorescent-labeled aspic at worst.

Years ago, I used a modified version of Raul Braylan’s
time-honored procedure™ for ethanol fixation of im-
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munofluorescent stained cells. Washed cells, at a concentra-
tion of 2 x 10°/ml or less, in phosphate buffered saline, pH
7.3, at 4 °C, are placed on a vortex mixer, and an equal
amount of cold absolute ethanol is added slowly while vor-
texing. Cells fixed according to this procedure can be kept
for ar least several days, and often considerably longer, at 4
OC‘

A frontal approach 1o fixation for immunofluorescent
staining was taken by Van Ewijk et al™, who compared im-
munofluorescence signals from fresh mouse and human
lymphoid cells and from similar cells fixed before im-
munofluorescent staining. Paraformaldehyde, gluraralde-
hyde, acrolein, and osmium tetroxide ar various concentra-
tions were tested as fixartives; staining of Thy-1, T-2090,
Lyt-1, Lyt-2, and Th-B antigens on murine and of Bl, B2,
B.-microglobulin, HLA-DR, CALLA, OKT-3, and Leu-4
on human cells was quantified by flow cytomertry. Fixation
with 0.5% paraformaldehyde prior to immunofluorescent
staining was found to preserve all mouse and human anti-
gens studied; cells so fixed were stable and could be stored
for ar least one weck prior to immunofluorescent staining
without adverse effects.

Fixatives: Coming Out of Aldehyding Places

At present, formaldehyde and its supposedly less evil
twin, paraformaldehyde, are probably the most popular
fixative for immunofluorescent stained cells; ethanol, glu-
taraldehyde, and methanol have also been used. One might
expect that alcohols would be preferable to aldehydes for
fixing cells prior to immunofluorescence measurements,
because aldchyde fixatives react with a variery of amines
found in cells to produce fluorescent materials. Glura-
raldehyde is notably worse than formaldehyde in this regard;
on the positive side, this led to widespread use of chicken
erythrocytes fixed in gluraraldehyde as low-intensity fluores-
cent particle “standards™* in the early days of immunofluo-
rescence measurements. So-so standards are better than no
standards at all.

Formaldehyde itself tends to polymerize in aqueous solu-
tion, making it difficult to control the effective concentra-
tion of fixative (at some point, the solution should become
informaldehyde); methanol is added to many formaldehyde
solutions to retard polymerization. Methanol-free formalde-
hyde is generally regarded as preferable for fixation. Rela-
tively stable, methanol-free formaldchydc solutions are avail-
able; however, many people prefer to use paraformaldehyde,
which is polymerized formaldehyde, available in solid form,
to make up solutions containing a well-controlled concentra-
tion of formaldehyde. It is relatively common practice to
heat solutions prepared from paraformaldehyde, ostensibly
to facilitate depolymerization, to add buffer to prevent the
formation of formic acid, and to make up fresh solutions
frequently. However, Helander has shown™ thac depoly-
merization occurs at room temperature, that only very small
amounts of formic acid actually do occur in paraformalde-

hyde solutions, and that solutions are stable for ar least a
week. It may rake considerably longer than that to dispel the
urban legends.

We can certainly put cthe knock knock on formaldehyde;
it’s toxic, muragenic, and potenrially carcinogenic. Since
detecting the slightest whiff of it in your house is likely to
put you on the phone to a trial lawyer, why put up with it in
your lab? Bostwick et al™™ found they could switch to a mix-
ture of 56% cthanol and 20% ethylenc glycol and establish a
“formalin-free surgical pathology lab.” I guess we all have
our pet causes.

It may be desirable to use non-aldehyde, cross-linking
fixatives such as dimethylsuberimidatc’™, 1-Ethyl-3-(3-Dim-
ethylaminopropyl)-Carbodiimide Hydrochloride (EDC)™ °,
N-Succinimidyl-3-(2-Pyridyldithio) Propionate (SPDP)™,
or dimethyl 3,3'dithiobispropionimadaze (DTBP)™"
minimize fluorescence induced by fixation, although these
materials may be more expensive and less stable than more
commonly used fixatives. Alternatively, Tagliaferro et al™™”
have described a procedure that uses Schiff base formation
with fuchsin to quench fluorescence in gluraraldehyde-fixed
material.

Over the years, a fair amount of effort has been devoted
to producing stabilized blood cell controls for cytometry,
which necessarily involves accomplishing ar least some of the
goals of fixation. Jani er al™ have tested the “TransFix” so-
lution, developed by Barnett et al 1o prepare one such con-
trol™, as a fixative and transport medium for blood speci-
mens intended for CD4+ cell counts. They found that
counts remained stable in fixed specimens kept for 7 days
under simulated tropical conditions expected to be found in
resource-poor settings with a high prevalence of HIV infec-
tion. TransFix preserves most common surface antigens, and
could find a wide range of applications; if it does, it is almost
certain that flow cytometer manufacturers and third parties
now producing fixing and lysing solutions will work roward
producing their own improved products to permit longer
specimen storage times under wider ranges of environmental
conditions.

There are applications for which existing commercial
fixatives are less than ideal; one of them is counting CD34+
stem cells in blood, which are consistently lower in speci-
mens subjected to red cell lysis and fixation than in those
subjected to lysis alone™. It has been observed that different
commercial fixing and lysing solutions have different eftects
on the forward and side scatter signals from leukocyte popu-
lations and on levels of expression of some antigens™ "
Macey et al™ advocate making immunophenotyping meas-
urements on unfixed, unlysed whole blood using a permeant
nuclear stain to idenrify nucleated cells. This approach can
provide a good reference method for analyzing selective cell
loss due to lysing reagents and fixarives; more studies in this
area are badly needed. Manufacturers’ tendency to keep the
compositions of their preparative solutions secrct does not
facilitate evaluation of these products.



Fixation for Intracellular Antigen Measurements

When you're after intracellular antigens, with or with-
out surface antigens, the cells have to be fixed before you can
finish your immunofluorescent staining. Jacobberger er al™
and Levitt and King™ recommended methanol fixation for
such purposes; 900 pl of ice-cold or colder 100% methanol
arc layered over 100 pl phosphate buffered saline (PBS), pH
7.4, containing 10° washed cells. Cells so fixed can also be
stained with propidium iodide for simultancous flow cy-
tometry of intracellular immunofluorescence and DNA con-
tent. Clevenger, Bauer, and Epstein'™ fixed cells at 4 °C
with 0.5% paraformaldehyde and then permeabilized them
with 0.1% Triton X-100 in PBS.

For staining both surface and intracellular anrigens, one
can either stain the surface antigen and then fix and perme-
abilize the cells™, or fix the cells in such a way thart surface
antigens are preserved. Other fixatives that have been used
include buffered formaldehyde-acetone'™, periodate-lysine-
formaldehyde ™, and paraformaldehyde followed by metha-
nol, which was found in carcful comparative evaluations by
Pollice et al™ and Schimenti and Jacobberger™ to mini-
mize loss of signal from antigens and to provide good DNA
staining characteristics in terms of G1 peak location and CV
and relative lack of clumps and debris. Schmid, Uitten-
bogaart, and Giorgi'™” reported good results with fixation for
1 hr at 4 °C in 0.25% buffered paraformaldehyde followed
by permeabilization for 15 min at 37 °C with 0.2% Tween
20; this treatment preserves relationships between leukocyte
clusters on displays of forward vs. side scatter. Other perme-
abilizing agents that have been used for staining nuclear an-
tigens include  n-octyl-bera-D-glucopyranoside™,  digi-
tonin'”’, saponin'™, and lysolecithin™".

There is no “one-size-fis-all” solution to the problem of
preparing cells for such analyses: Koester and Bolton™ offer
some guidelines and recommendations. However, there are
fixative solutions available from numerous manufacturers
that can be used for flow cytomertric analysis of a variety of
the more widely studied intracellular antigens.

Fixation for DNA Content Determination; Getting
DNA (and Antigens) Out of a Tight Fix

DNA content analyses may be done on cells that have
been liberated from tissues and tumors by mechanical and/or
chemical treatment rough enough to render them perme-
able, in which case fixation is not necessary to permir stain-
ing with impermeant dyes. Fixation remains useful, how-
ever, when material needs to be transported before analysis,
in which case the fixative serves the classical purpose of pre-
serving the specimen. Howell et al'™” found the very classical
fixative mixture of 20:1 methanol:acetic acid useful in pre-
paring cells from urine and bladder washing for both cy-
tologic examination and DNA content analysis. Rouselle et
al™ evaluated fixation with a variety of commonly used
mixtures and found DNA content distributions with the
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lowest CVs were obtained using 68% ethanol and 85%
methanol.

DNA content analysis may also be donc on cells relcased
from paraffin, which may have been fixed before the experi-
menter was born and which, in hindsight, may have been
fixed a licle more thoroughly than may be desirable for
DNA analysis. Fixation is known to decrease accessibility of
DNA stains to DNA, probably as a result of extensive cross-
linking of histones to DNA™. Luckily, cross-linking can be
reversed; Overton and McCoy™” report that resuspending
formalin-fixed cells in saline and heating them at 75 °C for
at least an hour prior to staining restores the accessibility of
the DNA to propidium.

The same general trick may be useful in restoring anti-
gens in fixed tissue to enough of a semblance of their native
state to permit or improve immunofluorescent staining.
Bocnisch™ examined heat-induced antigen retrieval of a
number of tissue antigens using two popular techniques.

Catch the Wave: Fixation by the (Cook) Book

A lot of histologists and pathologists now seem to be us-
ing heat, with or without added chemical agents, for fixa-
tion. This isn't a completely new idea; in the 1970', the
Block group found that, when warmed to 40 °C. a gluraral-
dchyde fixative took less than 20 scconds to render red
blood cells impervious to lysis by distilled water.

We didn’t use a microwave oven back then, but that's
what people are doing now. It has been established thar the
microwaves don’t accomplish anything more subtle than
heating the specimen, which decreases fixation time when
the oven is used in conjunction with a chemical fixative™".
And, for those of you who have noticed warm and cold spots
in different regions of the same microwaved cntree, 1 will
point out that Login et al*” have devised methods for cali-
brating and standardizing microwave ovens for various fixa-
tion procedures. I'll have to find out whether they work for
day-old Hunan pan-fried noodles.

Microwave fixation does not seem ro have been used
much for flow cytometry, but a provocative paper by Grurtz-
kau et al"” suggests that quantitative flow cytometry to de-
termine optimal conditions for microwave and chemical
fixation and for permeabilization could be useful in prepar-
ing samples for immunoclectron microscopy, and that mi-
crowave fixation might be useful for flow cytometric analysis
of intracellular antigens.

Fixation Artifacts

If you are trying to reproducc a staining technique de-
scribed in the literature, it's 2 good idea to use the fixation
procedure employed by the author(s) of the paper in ques-
tion. Even then, particularly if you're trying ro do quantita-
tive analyses, you may need to find out whether, and to what
extent, variations in fixative composition and conditions
affect staining. Holtfreter and Cohen™™ noted that 50%
ethanol fixation yielded the same DNA fluorescence from
nucleated frog erythrocytes and leukocytes, while higher
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concentrations gave bimodal distributions, presumably due
to the different density of chromatin in the two cell types.
Haynes, Moynihan, and Cohen'' found that binding of an
anti-human CD25 antibody to paraformaldehyde-fixed frog
cells was artifactual, there being no cvidence of reactive epi-
topes on unfixed cells. Jumping to humans, Cahill, Macey,
and Newland'™ reported that formaldehyde fixation of
platelets can result in artifactual expression of antigens in-
dicative of activation. The best way to avoid artifacts and
other troubles with fixation is, of course, to work with un-

fixed cells.
Red Blood Cell Lysis: The Distilled Essence

On those occasions when you can get away without fix-
ing, and want to make immunofluorescence measurements
of leukocytes from blood or bone marrow without accom-
panying red cells, you resort to lvsing agents, which are often
cither proprietary mixcures or ammonium chloride solutions
(the two are not mutually exclusive). | have always preferred
hypotonic lysis; T dilute the blood 1:10 with distilled water,
wait for a few seconds until it clears, and bring the osmotic
strength back to normal with concentrated saline. I was thus
pleased to see that Terstappen, Meiners, and Loken'™”, who
contributed quite a bit to the analysis of leukocyte antigens,
found that hyporonic lysis preserves cellular immunofluores-
cence and scatter signals, and avoids cell loss encountered
with ammonium chloride. This method also requires no
washes, something else I favor in my lab, where flow cy-
tometers outnumber people.

7.4 NUCLEIC ACID DYES AND THEIR USES

Fluorescent nucleic acid-binding dyes can used to meas-
ure a number of the extrinsic parameters shown in Table 7-1
(p. 286), including DNA content, DNA base ratio, single-
and double-stranded RNA content, and also to characterize
chromatin structure and t detect DNA synthesis. A
“rogues’ gallery” of nucleic acid stains appears in Figure 7-10
(back on p. 301).

DNA Content Measurement

Many, if not most, users of flow cytometers and sorters
have ar least a passing acquaintance with measurements of
the DNA content of cells and chromosomes, which can be
done rapidly and precisely by flow cytometry using a variety
of fluorescenc stains. [ introduced DNA content measure-
ments and some of the dyes used to make them on pp. 21-
26, 43-4, and 96-7.

DNA content measurements were shown to be relevant
to rumor pathology and chemotherapy in the late 1960’,
and stimulated interest in fluorescence flow cytometry art a
time when few, if any, instruments were sensitive enough to
make immunofluorescence measurements.

The ideal dye for measurement of DNA content would
be DNA-specific; that is, it would form a fluorescent com-
plex with DNA, but not with RNA or with other macromo-
lecular species. It would also not exhibit any base or se-

quence preference; in other words, the fluorescence from a
given number of dye molecules bound to another given
number of base pairs’ worth of DNA would be the same,
regardless of the proportions of A-T and G-C basc pairs in
the DNA.

Dick Haugland, of Molecular Probes, has taken me to
task over the use of the term “DNA-specific” to describe real
DNA dyes; he says there aren’t any really DNA-specific dyes
and suggests DNA-selective as a more appropriatc adjective.
I'll go with that from now on, and recommend you do the
same. Some, but not all, of the improvements in DNA con-
tent measurement since the 1960’s have resulted from the
discovery or synthesis and use of dyes with greater DNA
selectiviry.

Feulgen Staining for DNA Content

By 1969, Van Dilla et al had used a modified Feulgen
procedure with fluorescent stains (acriflavine and auraminc
O) and an argon laser source flow cytometer to produce
DNA content distributions with a coefficient of variation of
6% for the diploid cell peak”. Feulgen staining is highly
DNA-sclective, but the procedure is also technically inten-
sive, and the search for dyes that might be easier to usc be-
gan almost immediately.

DNA Staining with Ethidium and Propidium

The first step in this direction was taken in 1969, when
Dittrich and Gohde published a relatively sharp DNA con-
tent distribution obrained using their arc source flow cy-
tometer to measure the fluorescence of fixed cells stained
with ethidium bromide™. Propidium iodide™ was intro-
duced by Crissman and Steinkamp™ in 1973 as a substitute
for ethidium bromide in procedures for simultancous quan-
titative analysis of DNA and protein content, in which fluo-
rescein isothiocyanate (FITC) was used as a covalent stain
for protein. Both fluorescein and propidium were excited at
488 nm; the rationale for the use of propidium lay in the
fact that its emission maximum is 10-15 nm farther into the
red region of the spectrum than thart of ethidium, making it
easier to separate red and green fluorescence signals from
propidium and fluorescein using optical filters. It has gener-
ally been noted since that propidium produces fluorescence
histograms with somewhat lower coefficients of variation
(CVs) than are obtained using ethidium; this, rather than
spectral characteristics, probably accounts for the greacer
popularity of propidium.

Ethidium and propidium form complexes with double-
stranded DNA and RNA by intercalating between base
pairs”’. An intercalated dye molecule finds itself in a hy-
drophobic environment that results in a shift of its absorp-
tion spectrum and an increase in its fluorescence quantum
efficiency. Excitation in the UV (320-360 nm) or blue-green
(480-550 nm) spectral regions produces 20 to 30 times as
much fluorescence emission from ethidium or propidium
molecules bound to nucleic acid as would be emirted by the
same number of dye molecules in solution. In addition,



since binding to nucleic acid itself results in a local increase
in the concentration of dye molecules, nuclei, chromosomes,
and orher structures conraining double-stranded nucleic acid
(DNA or RNA) are brightly stained by ethidium or
propidium, provided cells are either fixed or permeabilized
to allow the dye to enter.

Since ethidium does not rapidly cross the membranes of
intact cells, and is likely to be pumped out when it does, it
has widely, but erroneously, been regarded as impermeant,
and used in dye exclusion tests; as | mentioned on p. 300,
this is not a good idea. Propidium, which, by virte of its
double positive charge (see pp. 299-300) is impermeant, is a
suitable alternative. The double charge also gives propidium
a higher binding affinity for double-stranded nucleic acid
than cthidium; the former dye will displace the latter from
cells permeable to both™".

Neither ethidium nor propidium is DNA-selective; the
dyes were originally used to stain fixed cells, and specimens
were treated with RNAse to eliminate artifactual broadening
of DNA content distributions that would otherwise result
from the fluorescence of dye bound to double-stranded
RNA. In 1975, Krishan described a simplified staining
method that eliminated the steps of fixation and RNAse
wreatment; cells were suspended in a solution containing
0.1% sodium citrate and 50 pg/ml propidium iodide™".

The cells first examined by Krishan were predominantly
hemarologic in origin; such cells are readily susceptible o
lysis in hypotonic media. Substantial amounts of cytoplasm,
and of cyroplasmic RNA, are lost as a result of hypotonic
treatment, but only in cell types that undergo osmoric lysis.
Look er al™ (also A. T. Look, personal communication)
found thar the CVs of DNA content histograms obtained
from propidium-stained cells were sharpened by the incuba-
tion of samples with 0.05 mg/ml ribonuclease (RNAse) for
30 min at room temperature before analysis; these days, al-
most everybody uses RNAse.

Fried, Perez and Clarkson, who studied hypotonic
propidium staining in some detail”’, added 0.1% Triton X-
100 to Krishan’s propidium/citrate mixture and reporred
good results in staining cells that had been grown as attached
monolayers™. The addition of the detergent at this relatively
low concentration allows stained samples to be kept at room
temperature for ar least several days without significant
change in the fluorescence histograms.

Neither ethidium nor propidium exhibits a strong base
preference; this makes the dycs uscful in determination of
toral DNA content of cells in such applications as plant tax-
onomy, which will be discussed in Chapter 10.

Ethidium and Propidium: lonic Strength Effects

The binding affinity of ethidium to DNA is strongly de-
pendent on the ionic strength of the solution™; fluores-
cence intensity of a solution of DNA in isotonic saline will
be less than that of a solution with the same concentration of
DNA and a lower ionic strength. Propidium has similar
properties. Martens, van den Engh, and Hagenbeek™ noted
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shifting peaks in propidium fluorescence distribucions from
cell samples in hypotonic solution run in a cell sorter using
isotonic saline sheath fluid. This drift can be eliminated by
the usc of a sheath fluid with the same ionic strength as the
sample, i.e., use a distilled water sheath with samples in hy-
potonic solution, or add salt to taste to the samples if you
use a saline sheath in your instrument. This problem has
been described to me by many people; the solution is in the
solurions.

DNA Content: Sample Preparation and Standards

Because abnormalities in DNA content are commonly
found in cancer, and may be relevant to prognosis, applica-
tions in clinical oncology motivated much of the work on
preparation of tissue samples for DNA content determina-
tion.

Four papers”’ by Vindelov and his coworkers summa-
rized their extensive experience in preparation, storage, and
analysis of propidium-stained samples; they were also among
the first to consider the problem of standardization of
DNA content measurements. Both chicken erythrocyres,
with a2 DNA content of 35% of the human diploid value,
and rainbow trout erythrocytes, with a DNA content of
80% of the human diploid value, were added to samples ™.
The use of two standards eliminates calibration errors due to
nonlinearity in the instrument.

Taylor™ investigated rapid methods for preparation of
samples for DNA content analysis from cells grown as
monolayers or in suspension, from solid tissues, and solid
tmors, using propidium and other stains for DNA. He
obtained histograms with good precision using an isotonic
saline solution with approximately 1.0% Triton X-100
added. This concentration of detergent lyses cells and solubi-
lizes cytoplasm; it also, unfortunately, tends to lyse nuclei
after a few hours. RNAse (1 mg/ml, equivalent to 50-75
Kunirz units/ml) is used with propidium staining to elimi-
nate RNA fluorescence artifacts. Staining according to Tay-
lor generally requires less than 10 min incubation of cells
with the staining solution; samples are then filered through
a 50 pm nylon mesh and analyzed.

Singh™" reports that passage through a tissuc press fol-
lowed by pipetting yields cleaner suspensions of isolated
nuclei for DNA content analysis in less time than docs
mincing tissue.

Chromomycin A;, Mithramycin, and Olivomycin

In 1974, before rapid DNA staining techniques employ-
ing propidium had been developed, Crissman and Tobey
described a rapid DNA staining procedure using the antitu-
mor antibiotic mithramycin™, with argon laser excitation ar
457 nm. These authors had used fluorescent Feulgen stain-
ing for analysis of drug effects on cell cycle progression™; the
reduction of sample preparation time to 20 minutes from
several hours made it feasible to monitor population kinerics
almost continuously during experiments. Cells were stained
with mithramycin in a solution containing ethanol, which,
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while nor fully fixing the cells during the short staining time,
did make them permeable to the drug.

The use of mithramycin was prompted by the report that
complexes of the drug and DNA were fluorescent, while the
drug failed to interact with RNA™; thus, no RNAse treat-
ment was required to achieve selective DNA staining.
Crissman et al™ did detailed studies of staining with
mithramycin and with the structurally related antibiotics
olivomycin and chromomycin A,, all of which are highly
DNA-selective. They found that optimal staining of cells
fixed in ethanol or clectron microscopy grade glutaraldehyde
was achieved with 50-100 pg/ml dye, with pH in the range
5-9, salt (NaCl) concentration 0.15-1.0 M, and with 15-200
mM added magnesium (Mg"). Magnesium ion is required
for formation of the complexes of chromomycin A,
mithramycin and olivomycin with DNA, which also involve
the 2-amino group of guaninc™; the three dyes have a strong
base preference, and act as fluorochromes for G-C rich re-
gions of DNA. All are impermeant, at least in terms of
short-term staining of intact cells; they would, obviously, be
incffective as antitumor antibiotics if they didn’t eventually
get in, but this is not the place to delve into pharmacology.

The emission maximum of the olivomycin-DNA com-
plex is at approximately 545 nm, but there is substantial
cmission between 480 and 500 nm. The chromomycin
complex has an emission maximum at about 555 nm, but its
cmission spectrum does not have the short-wavelength
shoulder characteristic of the olivomycin complex. The
mithramycin complex spectrum also lacks the shoulder and
has an emission maximum at about 575 nm. The excitation
maxima of the DNA complexes of all three dyes are at ap-
proximately 440 nm™'. The quantum efficiency of the dye-
DNA complex is relatively low; this may limit precision in
work with chromosomes or bacteria due to photon statistics.

While chromomycin A, mithramycin, and olivomycin
can all be excited by the 457 nm argon ion laser line, shorter
wavelengths, e.g. the violet lines from a krypton or diode
laser, 441 nm from a He-Cd laser or the 436 nm line from a
mercury arc lamp, are preferable. The spectral characteristics
just mentioned led directly to the development of another
popular DNA stain. Untdil 1974, there was little interaction
berween American workers, almost all of who were using
laser source flow cytometers, and European researchers in
the field, who werc using arc source instruments™. In mid-
1974, Barthel Barlogie arrived in Houston, Texas with a
Phywe ICP system, with which he began studies of tumor
cell DNA content using ethidium bromide, as was then cus-
tomary. The blue-violer excitation in the ICP seemed better
suited to mithramycin than to ethidium, which first
prompted a trial of DNA staining with mithramycin (B.
Barlogie and H. Shapiro, unpublished), and next motivared
the usc of a mixture of mithramycin and ethidium™

Mithramycin Plus Ethidium: Do’s and Don’ts

DNA-bound ethidium is not very efficiently excited by
blue-violet light; the DNA-mithramycin complex is opti-

mally excited, and energy transfer occurs berween mithramy-
cin and ethidium provided the molecules are in close prox-
imity. Thus, in cells stained with the mithramycin-cthidium
mixcure, ethidium fluorescence comes primarily from
cthidium bound to DNA, and broadening of fluorescence
distributions due 1o RNA fluorescence is largely eliminated
when violet or blue-violer (400-457 nm) exciration is used. |
have run across people who used a mithramycin-ethidium
mixture with 488 nm excitation; this makes little or no
sense, because cxcitation of mithramycin at this wavelength
is negligible, while excitation of ethidium is quite good.
Most of the emitted fluorescence will, thercfore, be due to
dircct emission from the ethidium rather than to encrgy
transfer from michramycin, and the DNA sclectivity gained
with blue-violer excitation will be lost.

Interest in chromomycin and mithramycin DNA stain-
ing, with or without ethidium, may increase as violet diode
lasers, emitting near 405 nm, find their way into more
commercial flow cytometers (see Chapter 8); excitation of
these dyes at 405 nm is about 80% of maximum.

The Hoechst Dyes (33258, 33342, 34580?)

A series of highly DNA-selective, UV-excited, blue fluo-
rescent bisbenzimidazole dyes, originally synthesized by
Loewe™ for Hoechst as antiprotozoal drugs, and designated
as Hoechst 33258, 33342, 33378, and 33662, were intro-
duced to the flow cytometry community in 1974 by Lau™"
although they were not widely applied until somewhar larer.

Detecting BrUdR by Hoechst Dye Quenching

The original morivation for studies of the Hoechst dyes
lay in the fact that complexes of the dyes with DNA
containing bromodeoxyuridine (variously abbreviated as
BrdUrd, BUdr, BrUdR, etc.) were quenched, i.e., less fluo-
rescent than complexes of the dyes with unsubstituted DNA.
The fluorescence difference was sufficient to allow detection
of DNA synthesis and of sister chromarid exchanges in cells
incubated with BrUdR. Flow cytometric methods were sub-
sequently developed that allow detection of BrUdR incorpo-
ration by Hoechst dye fluorescence quenching withourt the
use of anti-BrUdR antibodies; thesc will be discussed further
in the section on DNA synthesis.

Hoechst Dyes Have an A-T Base Preference

The Hoechst dyes act as DNA-sclective fluorochromes,
binding to sequences of three A-T base pairs in DNA™; chis
strong A-T base preference accounts for the popularity of
Hoechst 33258 in combination with chromomycin A, for
staining chromosomes and bacteria, which will be discussed
further in the section on DNA base composition. The
Hoechst dyes bind in the minor groove of the IDNA helix
rather than by intercalation. Their affinity for DNA is sufhi-
ciently strong that they will displace bound molecules of a

variety of intercalating dyes™"”.



Hoechst 33342 as a Vital DNA Stain

Addirional interest in Hoechst 33342 was aroused when
Arndt-Jovin and Jovin showed in 1977 that at least some
living cells could be stained with this dye, sorted on the basis
of DNA content, and subsequently grown in culeure™. At
the time, this finding represented a source of frustration to
most of the (lucky few) investigators who had cell sorters,
since the argon lasers supplied with most sorters could not
emit the UV lines necessary to excite the Hoechst dyes.

Fluorescence histograms in early publications on vital
staining with Hoechst 33342”"* showed broad peaks (CV
of 6% or more), which were commonly attributed to cell-to-
cell differences in dye uptake. Conventional wisdom held
that it was necessary to use at least 100 mW of laser power
in the UV rto excite Hoechst 33342 to produce acceprable
histograms. It is now almost certain that the poor precision
of the measurements was due to a combination of noise in
the light sources and uneven illumination resulting from the
laser beam being focused to too small a spot in the apparatus
used by earlier authors. It now seems clear that, at UV power
levels of 100 mW or more, dye saturation occurs, eliminat-
ing the effects of uneven illumination and reducing CVs.

In 1981, I reported that low-power UV excitation from a
mercury arc or 10 mW from an argon or krypton laser could
be used, with appropriate optics, to produce Hoechst 33342
fluorescence histograms with low CVs from virally stained
cells"™. I and others™ have since observed that 1-10 mW ar
325 nm from a He-Cd laser provides more than adequate
excitation for cells stained with Hoechst dyes in a flow cy-
tometer with a properly designed optical system. In fact, the
precision of DNA measurements 1 have made using air-
cooled He-Cd lasers has been better than the precision of
measurements 1 made using large, water-cooled argon and
krypton lasers from several manufacturers.

While there are a few reports in the literarure™ that
suggested that other dyes could be used for flow cytometric
determination of DNA content in living cells, Hoechst
33342 is the only compound that has been extensively used
for the purpose. It is clear that some cells can survive and
have survived staining with the dye, passage through a UV
laser beam, sorting, and washing with retention of reproduc-
tive integrity, and that other cells, under similar conditions,
have failed to survive™***"*, Exposure to high laser power
levels (over 100 mW) appears to decrease survival™. It seems
likely that the different toxicity of the dye to different cell
types is related ro differences in uptake and/or retention.

Hoechst Dyes In —= And Out Of ~ Living Cells;
The Drug Efflux Pump Discovered

Stoichiometric vital staining of DNA by Hoechst 33342
generally requires exposure of cells to 5-10 uM dye for at
least 30 min. Lower concentrations (1-2 pM) and/or shorter
incubation periods can be used to demonstrate differences
berween cell types in rates of dye uprake and/or efflux. This

248.9,

technique was originally used by Lalande and Miller™” ,
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and was later adopted by Loken™ ™" and by me and my co-
workers’ to differentiate resting T lymphocytes (low up-
take) from resting B cells and activated T cells (high uprake).
Staining differences among lymphoid cell populations are
more pronounced in the mouse than in the rat or man
(makes you wonder, doesn’t ir).

The demonstration in 1981 by Lalande, Ling, and
Miller™ that the staining intensity of living cells exposed to
Hoechst 33342 is determined by the operation of an efflux
pump brought flow cytometry to bear on what has since
become an active and important area of application, i.c., the
study of drug transport and distribution in cells and of
transport-related mechanisms of drug resistance. Work along
these lines has also provided valuable new insights into the
nature of vital staining.

Krishan™ was one of the first to investigatc mechanisms
of Hoechst 33342 uptake and retention. He found that
some live cells, e.g., cultured leukemic cells resistant to adri-
amycin, stained poorly, if at all, with Hoechst 33342 be-
cause the operation of the energy dependent pump produced
rapid efflux of the dye; isolated nuclei from these cells, as
expected, stained normally. When the pump was blocked by
phenothiazines (c.g., 15 pM trifluoperazine added to mouse
splenocytes incubated with 10 pM Hoechst 33342 for 60
min at 37 C) or Ca" channel blockers (e.g., verapamil),
Hoechst 33342 produced stoichiometric staining of live
cells.

Baines and Visser™” reported in 1983 that, when mouse
bone marrow was vitally stained with Hoechst 33342 and
sorted on the basis of fluorescence intensity, stem cells were
found in the lowest-fluorescence fraction. Others ™" ™" have
since noted that both Hoechst 33342 and rhodamine 123
fluorescence are low in primitive hematopoietic stem cells.
Goodell et al have defined a side population (SP) of cells,
in which primitive stem cells are found, on the basis of rela-
tively low UV-excited blue and red fluorescence after
Hoechst 33342 staining™"“. The low Hoechst 33342 and
rhodamine 123 fluorescence in stem cells result from the
activity of one or more efflux pumps; the effects of pumps
on staining with Hoechst dyes will be considered further in
the discussions on membrane permeability and drug resis-
tance and on stem cells in this chapter and in Chapter 10.

Hoechst Dye Staining Mechanisms

When the Hoechst dyes are used to stain fixed or perme-
abilized cells for DNA content analysis (sce Taylor™ for one
such staining protocol), lower dye concentrations (3 pM or
less) than are used for vital stoichiometric staining are man-
datory to avoid nonspecific fluorescence.

Additional insight into the binding and staining mecha-
nisms of the Hoechst dyes came following the report of
Watson et al™ that the ratios of Hoechst 33342 fluores-
cences in the 515-560 nm (green) and 390-440 nm (violet)
bands were different for different subclasses of chicken thy-
mocytes vitally stained with 5 pM dye. The green fluores-
cence in one cell type increased over a 2 hour incubation



310 / Practical Flow Cytometry

period; a sccond cell type reached an equilibrium fluores-
cence intensity in a few minutes,

Steen and Srokke™, using an arc source flow cytometer
with a grating monochromator fitted to the detector, meas-
ured emission spectra of fixed rat thymocytes stained with
varying concentrations of Hoechst 33258, and found the
emission shifted toward the green ar increasing dye concen-
trations. Stokke and Steen™ characterized two binding
modes of the dye; at low dye/phosphate ratios, high-affinity
binding with high quantum yicld blue fluorescence is pre-
dominant; as dye concentration increases, there is lower af-
finity binding to secondary sites, with quenching, emission
shifting toward the green, and DNA precipitation. Changes
in Hoechst dye emission may help probe nuclear chromatin
structure in different cell rypes, provided that differences in
uptake and/or efflux patterns can be controlled.

Ellwart and Dormer™ exploited the spectral shift of
Hoechst 33342 as a measure of cell viability, or membrane
integrity. Live cells exposed to relatively low dye concentra-
tions in the presence of propidium exclude propidium, but
retain small amounts of the Hoechst dye, and shorter wave-
length emission predominates. Cells that have completely
lost membrane integrity take up propidium. Cells in transi-
tion exclude propidium, but accumulate higher concentra-
tions of Hoechst 33342, and fluorescence emission shifts to
longer wavelengths.

Stokke et al'™" found that the fluorescence of Hoechst
33258 in fixed erythroid precursor cells was less than that in
mycloid cells in the same sample; the fluorescence of the dye
in nuclei from crythroid cells was the same as that in mye-
loid cells. This effect may be due to quenching and/or reab-
sorption of fluorescence by hemoglobin in the erythroid
cells; it is not observed with dyes such as mithramycin.

Vinogradov and Rosanov'""* have synthesized analogs of
the Hoechst dyes lacking the piperazine ring found in the
compounds made by Loewe; their DNA-binding selectivity
and A-T preference reportedly exceed those of Hoechst
33258.

Hoechst 34580: Violet Time?

As you will find on perusal of Chapter 8, violet diode la-
sers are rapidly finding their way into commercial flow cy-
tometers. While we normally think of the Hoechst dyes (and
DAPI, discussed next) as “UV-excited,” these dyes have
some exciration cross section left (12% of maximum excirta-
tion for DAPI, 3% for Hoechst 33342) even at the 405 nm
nominal emission wavelength of violet diodes™". When the
Hoechst dyes or DAPI are used to stain mammalian cell
nuclei, one can usually expect to find millions of dye mole-
cules in a cell. Under these circumstances, the variances of
fluorescence distributions are not greatly broadened by pho-
toelectron statistics when efficient collection optics and
PMTs are used, even when only a few mW of excitation
power at 405 nm are available.

Hoechst 34580 becomes interesting in this context be-
cause, when bound to DNA this dye exhibits an excitation

maximum near 380 nm, aboutr 30 nm longer than the ab-
sorption maxima of the other Hoechst dyes and 20 nm
longer than that of DAPI. Its excitation is 15% of maximum
at 405 nm, and 50% of maximum at 395 nm, a wavelength
now available from selected violet diodes. With Nancy
Perlmurter, 1 found that Hoechst 34580 was permeant,
yielding a DNA histogram with a CV less than 5% from
intact Jurkat cells excited by a 4 mW, 397 nm diode laser™.
However, the dye appcared to be unstable in solution; we
were unable to obrain good histograms from either intact
cells or isolated nuclei from day-old solutions. The dye is
now available from Molecular Probes, and probably worth
some further investigation; I'll ger to it when I finish writing.

DAPI (and DIPI): Dyes Known for Precision

A highly DNA-selective, impermeant dye with properties
similar to those of the Hoechst dyes, 4'-6-diamidino-2-
phenylindole, or DAPI, was introduced for flow cytometry
of DNA content by Stohr er al™. The dyc had been previ-
ously used for visualization of virus and Mycoplasma infec-
tion of cultured cells™; its high DNA specificity and intensc
fluorescence have allowed visualization of single DAPI-
stained virus particles under the fluorescence microscope™.
Taylor'™ and others™ have described nuclear isolation pro-
tocols for use with DAPI staining.

DAPI, like the Hoechst dyes, has a strong A-T base
preference. Many people, myself included, believe that
DAPI yields DNA histograms with CVs lower than are ob-
tained using other dyes (I have noted some dramaric differ-
ences when analyzing cells removed from paraffin-embedded
material). While well-controlled studies on whole cells or
nuclei seem to be lacking, Otto and Tsou™ did compare
DAPI, the related compound DIPI, and Hoechst 33258 and
33342 as stains for flow karyotyping of chromosomes from
CHO cells, using an ICP with arc lamp UV excitation ac
366 nm. They found 5 pM to be the optimal concentration
of DAPI for staining chromosomes. DIPI staining was very
slightly brighter (103%) than DAPI; the Hoechst dyes were
only 86% as bright. However, DAPI produced histograms
with the lowest CVs (2.2% vs. 2.7% for DIPI, 2.8% for
Hoechst 33258, 2.9% for Hoechst 33342).

Figure 7-11, on the facing page, illustrates the most
dramatic example of high-precision DNA analysis of which |
am aware. Lewalski, Otto, Kranert, and Wassmuth"", using
a Partec PAS-II flow cytometer, analyzed enzymatically de-
condensed, DAPI-stained spermatozoa to confirm the sus-
pected production of unbalanced spermarozoa in heterozy-
gous rams carrying a 1; 20 chromosomal rtranslocation. In
the op panel, X- and Y-chromosome-bearing spermatozoa
from a cytogenetically normal ram appear as two distinct
peaks; the difference in DNA fluorescence intensity between
the gonosomes averaged 4.8%. In the bottom panel, sperm
samples from a hetcrozygous 1; 20 translocation carrier yield
a histograms with five major and two minor (arrows) peaks,
attributed to spermatozoa with a normal, balanced, and un-
balanced chromosomal status, with CVs of 0.5-0.6%. Be-
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The quantum efficiency of 7-AAD is low, as was interest
in the dyc until Rabinovitch et al™ demonstrated that, be-
cause of its long emission wavelength, the dye could be used
in combination with fluorescein- and phycoerythrin-labeled
antibodics for simultaneous flow cytometry of DNA content
and wo-color immunofluorescence using only a single 488
nm excitation beam. The DNA content distributions ob-
tained using 7-AAD in this way have been disappointingly
broad ™, probably because binding of the rather large dye
molecule to DNA is affected by chromatin structure to a
greater extent than is the case with other DNA stains. Stokke
and Steen™ utilized this property of 7-AAD for discrimina-
tion of different leukocyte rypes based on differences in
chromatin structure.

Schmid et al'™ have used 7-AAD rto discriminate dead
cells, i.e., cells that have lost membrane integrity, in unfixed
samples stained with fluorescein- and phycoerythrin-labeled
antibodies. Unlike propidium, which has also been used, 7-
AAD emission is at a sufficiently long wavelength to mini-
mize interference with phycoerythrin fluorescence. Schmid,
Uittenbogaart, and Giorgi'"" have also reported that 7-AAD
uptake into cells can be used to demonstrate apoprosis in
thymocytes also stained with fluorescein- and phycoerythrin-
labeled antibodies.

Acridine Orange

Under carefully controlled conditions, the blue-excited
green fluorescence of acridine orange (AO) molecules
intercalated into DNA can be used to provide accurate and
precise estimates of cellular DNA content. The techniques
described by Darzynkiewicz and his coworkers™”, which
were mentioned on pp. 44 and 96-7, and will be discussed
more fully in the sections on probes of chromatin structure
and RNA content, involve detergent treatrment to permeabi-
lize cells, acid denaturation to convert RNA to the single-
stranded configuration, which forms a red (metachromatic)
fluorescent complex with the dye, and careful adjustment of
cell and dye concentrations to prevent formation of meta-
chromaric fluorescent dye aggregates in association with
DNA.

Many people who have tried to use acridine orange have
been frustrated by the sensitivity of staining to very slight
changes in operational parameters of the flow cytometer. A
paper by Pennings ct al™ showed that DNA/RNA staining
with acridine orange could be improved by using a roller
pump and manifold to introduce dye and cells continuously
into the flow cytometer sample stream, which stabilized the
equilibria berween free dye, dye intercalated into DNA, and
dve complexed with RNA.

Styryl Dyes; LDS-751

Compounds containing a quinolinium, benzothiazole, or
other heterocyclic ring system, linked to a substituted ami-
nostyryl group, have been known as fluorescent nuclear
stains since 1932, when von Jancso'"* described staining of
intracrythrocytic parasites by styrylquinolin. Perhaps because

"

this brief paper is not widely known, Wang and Jolley ™,
then at Abbott Laborartories, received a patent on staining
with styryl dyes in 1985.

In 1988, Terstappen and Loken and their collcagues'™"'
described cell staining by the laser dye LDS-751, which
predominantly stains DNA, can be excited cffectively at 488
nm, and emits above 640 nm. LDS-751 enters intact cells,
but stains cells with damaged membranes more intensely,
and can therefore be used to discriminate these two classes of
cells, even in fixed samples'™. It can also be used in combi-
nation with another nucleic acid stain and fluorescent anti-
bodies to perform extended leukocyte diffcrentials, plateler,
and reticulocyte counts on unlysed, unfixed whole blood ™.
LDS-751 was said to be the same dye as the laser dyc Styryl-
8; this is apparently not the case, at least for the 1.DS-751
sold by Molecular Probes.””.

I have had good luck staining mammalian cell nuclei
with LDS-751, but have not succeeded in getting it to stain
bacteria, which I find somewhat surprising. T also notc a
recent report by Snyder and Small™", to the effect that cul-
tured murine fibroblasts and monocytes stained with two
different samples of Molecular Probes’ LDS-751 and exam-
ined by confocal microscopy showed membrane porential-
dependent mitochondrial staining but no nuclear staining.

Late et al"" described fluorescent staining of DNA by
three compounds supplied by Eastman Kodak, designated
EK4, L1585, and VL772. VL772 forms fluorescent com-
plexes with both DNA and RNA; the DNA complex has an
absorption maximum at 510 nm and an emission maximum
at abour 565 nm. L1585 was said to be DNA-specific; the
complex of this dye with DNA has an absorption maximum
at 569 nm and an emission maximum at about 600 nm.
Both VL772 and LL585 showed a strong A-T preference. [
have looked at these dyes; I found that both V1772 and
LL585 formed fluorescent complexes with RNA. Also, the
dyes are lipophilic; LL585, in particular, stains mitochondria
in intact cells. I didn't get very good DNA histograms even
when I stained isolated nuclei, and the background fluores-
cence was 100 high o do good measurements of bacteria
(and, I would presume, of chromosomes). LL585 is a styryl
dye; EK4 and V1.772 are cyanines.

Cyanine Dyes I: Thiazole Orange, etc.

Cyanine dyes', many of which were developed by
Eastman Kodak as sensitizers for photographic film, are
compounds in which two heterocycles (benzoxazoles, ben-
zothiazoles, etc.) are joined by a conjugated polymethine
chain. Symmetric cyanine dyes, in which the heterocycles
are identical in structure and orientation, are well known as
probes of membrane potential. Cyanines have, however,
been known for some time to act as nuclear stains, a prop-
erty noted in the parent compound, cyanine (1,1'di-iso-
amyl-4,4’-quinocyanine iodide) in the late 1800’s. Dicya-
nine A (diethyl-2,4"-quinocarbocyanine iodide), an asym-
metric cyanine, was described as an RNA stain in Kodak
literature in the mid-1970’s. Fluorescent nuclear staining by



diethyloxacyanine, used as an oprical brightener for rextiles,
was illustrated by Paton and Jones™ in 1976, and Jacobber-
ger, Horan, and Hare described fluorescent staining of DNA
in intraerythrocytic malaria parasites and RNA in blood
reticulocytes by dimethyloxacarbocyanine (DiOC,(3) in
the notation of Sims et al'™; see Figure 7-12 below) in
1983 and 1984’", respectively.

Y%CHz(CHCH)m='<::©
iy |

CH3(CHa)n (CHoInCH,

Figure 7-12. Structure of symmetric cyanine dyes
given the formula "DiYC_(2m + 1)" by Sims et al*’.
When Y is O or S, the substituent is oxygen or sul-
fur. When Y is I, the substituent is ((CH,), When
Y is L or Q, the rings are isoquinolines joined at the
2 or 4 positions, respectively.

In 1983, Sage, O'Connell, and Mercolino™, then at
B-D, developed a reticulocyte analysis technique using
thioflavin T, a basic thiazole dye mentioned as an RNA
stain by Arndt-Jovin™. Thioflavin T is a true RNA (and
DNA) fluorochrome, increasing its quantum efficiency
many times when bound to nucleic acid. The excitation
maximum for the dyc is at approximately 440 nm, making it
usable with an Hg arc lamp source emitting at 436 nm, such
as was used in B-D’s FACS Analyzer. Thioflavin T can also
be excited by He-Cd (441 nm) or argon laser (457, but not
488 nm) sources. Emission is at 490-500 nm.

After B-D introduced the FACScan, a clinically oriented
flow cytometer with an cxcitation wavelength fixed at 488
nm, it became desirable to find a dye with the characteristics
of thioflavin T that could be used with that excitation wave-
length. Lee, Chien, and Chiu™""* took a frontal approach
to this problem, studied the relationship between chemical
structure and RNA fluorochrome activity in cyanine dyes,
thioflavin, and ethidium, and, in 1987, described thiazole
orange (TO), which, chemically, is 1,3’-dimethyl-4,2"-
quinothiacyanine, as most suited for reticulocyte analysis.
Thiazole orange, when bound to RNA, has an absorption
maximum at 509 nm and an emission maximum at 533 nm,
and its fluorescence quantum efficiency is increased ap-
proximately 3,000 times over that of the free dye. Like
thioflavin T, thiazole orange also behaves as a DNA fluoro-
chrome; it and related dyes are useful for reticulocyte count-
ing only because reticulocytes normally conrain no DNA.
Van Bockstaele and Peetermans'™ noted in 1989 thar 1,3
diethyl-4,2"-quinothiacyanine iodide, a dye that had been
widely available for many years, could be substituted for
thiazole orange, which was difficulr to get in at least some
markets duc to patent issucs.
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lee and her coworkers at B-D also synthesized 1,3°-
dimethyl-4,2"-quinothiacarbocyanine, which they named
thiazole blue; this dye also behaves as a DNA and RNA
fluorochrome and, when bound to nucleic acid, has an exci-
tation maximum at about 640 nm, making it useful with red
He-Ne or diode laser sources. As is the case with thiazole
orange, the diethyl analog of thiazole blue has been commer-
cially available for some time.

The ring structure of thiazole orange is the same as that
of TO-PRO-1 (Figure 7-10, p. 301); the ring structure of
thiazole blue has a trimethine bridge instead of a monome-
thine bridge between the heterocycles, and both thiazole
orange and thiazole blue have methyl groups on both ring
nitrogens (Molccular Probes’ TO-PRO-3 shares the thiazole
blue ring structure bur has an n-propyltrialkylammonium
side chain on the quinoline ring nitrogen, as does TO-PRO-
1). Since thiazole orange and thiazole blue cyanine dyes are
lipophilic and bear only a single delocalized positive charge:
they are permeant (the TO-PRO dyes are impermeant), and
are concentrated inside cells (and intracellular organelles) by
any inside-negative potential difference across the cytoplas-
mic and/or organellar membrane. The dyes normally reach
even higher concentrations in mitochondria than in the cy-
tosol. Although mitochondrial staining by other cyanine
dyes is pronounced, neither thiazole orange nor thiazole blue
produces much mitochondrial staining.

This doesn’t mean the dyes aren’t concentrated in ener-
gized mitochondria in intact cells; they virtually have to be,
according to chemical principles. However, the dyes aren’t
all thar fluorescent in aqueous solution, and they aren’r that
much more fluorescent in nonpolar solvents such as butanol.
Their fluorescence is enhanced dramatically by intercalation
into double-stranded nucleic acid, be it DNA or RNA, and
also, somewhat surprisingly, by binding to single stranded
nucleic acid.

Symmetric cyanine dyes, such as DiOC (3), are fluores-
cent in aqueous solution; their fluorescence is enhanced,
typically two- to sixfold, in nonpolar solvents, and enhanced
by approximately the same factor when they bind to nucleic
acids. The fluorescence both of symmetric dyes and of
asymmetric dyes such as thiazole orange and thiazole blue
requires that all the ring structures in the dye molecule re-
main in the same plane, and that the probability of loss of
excitation energy due to transfer to other molecules in the
environment remain low,

The great degree of fluorescence enhancement noted
when thiazole orange or thiazole blue bind to nucleic acid
should not be taken as an indication that thesc dyes have
higher quantum efficiencies than the symmetric cyanine
dyes; what it does indicate is that thiazole orange and thia-
zole blue, when not bound to nucleic acid, have very low
quantum efficiencies. This is probably so because there is
some freedom for one of the rings in the unbound dye to
rotate rclative to the other; when the rings are not in the
same plane, no fluorescence can occur. There may also be
more nonradiative loss of excitation from unbound mole-
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cules to solvent and other molecules in the environment
than there is when the dyes are intercalated into double-
stranded nucleic acid.

The high quantum efficiency of bound dye makes thia-
zole orange and its relatives very difficult dye to use in mi-
croscopy; as was discussed on pp. 115-8, high quancum effi-
ciency makes for rapid bleaching. It is relacively hard to do a
reticulocyte count with a flow cytometer using acridine or-
ange as the RNA suin, because the RNA-bound dye is
quenched and background fluorescence is high. When you
look under the microscope, however, the fluorescence of
background dye bleaches out quickly and that of the
quenched dye-RNA complexes persists, facilitating counting.
When you look at thiazole orange-stained cells under a fluo-
rescence microscope, there is very little fluorescence back-
ground, but the fluorescence from RNA-bound dye disap-
pears before you have a chance to count the cells. In a flow
cytometer, the cell doesn’t get a chance to get bleached until
it goes through the beam, at which time the detector can
capture as much fluorescence as is ¢mitted; thiazole orange
works fine. It and its relatives also work fine in other in-
struments, for example, high-resolution gel scanners for de-
tecting small amounts of DNA following electrophoresis™***.

Cyanine Dyes Il: TOTO and YOYO a GoGo

The gel scanning project undertaken by Glazer, Peck,
and Mathies"™" in the 1980’s had two goals; the first was
optimizing methods for detection of very small amounts of
DNA on gels, and the second was developing dyes that
could bind so strongly to DNA that dye-labeled fragments
could be removed from gels and mixed with unlabeled nu-
cleic acids without dye migrating from the labeled to the
unlabeled molecules. The strategy adopted in pursuit of the
second goal was the synthesis of homodimeric dyes, the first
of which was ethidium homodimer. When DNA-cthidium
homodimer complex is mixed with a 50-fold excess of unla-
beled DNA, about 30% of the dye is retained within the
original complex indefinitely.

The quantum efficiency of ethidium increases only 20-
to 30-fold on binding to double-stranded nucleic acid; that
of thiazole orange, as previously mentioned, increases 3,000-
fold. The difference, as just discussed, lies in the lower quan-
wm efficiency of unbound thiazole orange; the use of thia-
zole orange or a dye with similar fluorescence properties for
staining DNA or RNA on gels should, therefore, result in
lowered background fluorescence compared to ethidium
homodimer.

[n order to achieve the high binding affinity of ethidium
homodimer and the fluorescence properties of thiazole or-
ange, Rye et al™ synthesized compounds named TOTO-1
and YOYO-1, in which two molecules of thiazole orange
(TO), in the first case, and oxazole yellow (YO), its qui-
nooxacyanine analog, in the second, were joined by a di-
azaundecamethylene linker. The binding affinity of these
dyes for DNA is sufficiently high so that fragments labeled
with TOTO-1 or YOYO-1 and with ethidium can be mixed

and separated by electropharesis. TOTO-1 has the spectral
characteristics of thiazole orange; YOYO-1 has those of oxa-
zole yellow (excitation maximum for nucleic acid-bound
dye 489 nm; emission maximum 509 nm), and both are
over 1,000 times more fluorescent in the nucleic acid-bound
than in the free form. As litde as 4 picograms of DNA-
bound dye can be detected on a gel by the confocal scanner.
TOTO-3, which combines two thiazole blue chromophores
using the same linker as is used in TOTO-1 and YOYO-1,
is red-excited. All three dyes and somec related dimers are
available from Molecular Probes.

Benson, Singh, and Glazer'™ also synthesized het-
erodimeric DNA-binding dyes designed for energy transfer,
including TOTAB, a thiazole orange-thiazole blue het-
erodimer for which the emission maximum of the DNA-
bound dye lies at 662 nm. Fluorescence at this wavelength is
enhanced 100-fold on binding to double-stranded DNA,
while fluorescence of the thiazole orange donor chromo-
phore at 532 nm is quenched by over 90%. The het-
erodimeric dyes, like the homodimers, are suitable for high-
sensitivity detection of nucleic acids on gels'"™”. TOTAB,
which, at this writing, is not yet commercially available,
could be used for determination of DNA content using 488
nm excitation in cells also stained with fluorescein- and PE-
labeled antibodies and, perhaps, PE-Texas Red tandem-
labeled antibodies as well. There would, however, also be a
catch.

Cyanine Dyes Ill: Alphabet Soup

Staining fixed cells or permanent cell nuclei for DNA
content analysis tends to be a relatively casual procedure; we
more or less just throw the dye in and go, without bothering
to think that it may take morc than a few seconds for dye
and cells to come to equilibrium. When van den Engh,
Trask, and Gray'"” actually checked on this point, they
found that mouse thymocyte nuclei permeabilized with "I'ri-
ton X-100 and stained with dycs at concentrations normally
used for flow cytomerry required about 5 min to come to
equilibrium with Hoechst 33258, 20 min to equilibrate with
propidium, and over an hour to reach equilibrium with
chromomycin A,. These dyes bounce on and off the DNA
fairly readily, compared to the dimers just discussed, which
stick like glue, and which therefore should take a longer time
to equilibrate. I've tried staining permeabilized, RNAse-
treated nuclei with TOTO-1 and YOYO-1 (the RNAsc is
essential because the dyes are not DNA-specific), and found
that the DNA histogram peak positions and CVs did not
stabilize even after several hours’ incubation with the dyes;
the monomeric dyes reach equilibrium much faster.

Hirons, Fawcett, and Crissman" described use of
TOTO-1 and YOYO-1 for flow cytometric DNA analysis,
precipitating a brief srampede in that direction. In my view,
however, it is important to scparate the desirable specrral
characteristics of the dyes from whar are likely to be undesir-
able binding characreristics. Using thiazole orange or its

cheaper diethyl analog instead of TOTO-1 to do DNA his-



tograms should, in principle, realize the same advantages
while requiring less incubation time.

Richard Haugland, Victoria Singer, Stephen Yue, and
others at Molecular Probes have developed additional
monomeric and dimeric cyanine DNA and RNA stains with
somc interesting properties . The TO-PRO® family of
impermeant monomeric dyes contains BO-PRO-1 and -3,
JO-PRO-1, LO-PRO-1, PO-PRO-1, and -3, TO-PRO-1,
-3, and -5, and YO-PRO-1 and -3, with excitation maxima
ranging from 435 to 745 nm and emission maxima ranging
from 455 to 770 nm. All TO-PRO series dyes have two
positive charges and one intercalating moiety. The TOTO
family of impermeant dimeric dyes contains corresponding
BOBO, JOJO, LOLO, POPO, TOTO, and YOYO dyes,
except thar there is no TOTO-5; all TOTO series dyes have
four positive charges and are bis-intercalators; that is, each
has two intercalating moieties, which bind between nearby
base pairs of a double-stranded nucleic acid helix, while the
linker interacts with the minor groove. The nature of the
strong interactions of TO-PRO and TOTO dyes with sin-
gle-stranded nucleic acids remains less clear.

Molecular Probes’ SYTO series of dyes are cell permeant
relatives of the TO-PRO dyes. Their permeancy indicates
that, like their parent thiazole orange (the TO in TO-PRO,
TOTO, and SYTQ), they lack the quaternary ammonium
groups present in TO-PRO and TOTO dyes. The fact thac
their structures have not been revealed, ar least in the Mo-
lecular Probes Handbook™, suggests that the dyes have extra
ring side chains that improve their permeancy, and that the
company does not want to make it easy for other people to
learn its tricks. Some of the structures may be found in Mo-
lecular Probes’ patents. The SYT'O- dyes stain both DNA
and RNA; some of them also stain other cellular structures,
e.g., mitochondria.

The SYTOX dyes, are really, really impermeant, suggest-
ing thar they bear at least three positive charges (strucrures
have not been published); they are promoted as viability
indicators, but SYTOX Orange was found to be an optimal
stain for DNA fragment sizing in a slow flow instrument
with a green YAG laser source built at Los Alamos™*,

Then there are PicoGreen, designed for quantitative
fluorescence assay of double-stranded DNA in solution, and
SYBR Green I and II and SYBR Gold, designed for demon-
stration and quantification of nucleic acids on gels. Pi-
coGreen is reasonably selective for double-stranded DNA,
increasing its fluorescence over 1,000 times on binding,
while exhibiting a much smaller degree of fluorescence en-
hancement on binding to double-stranded RNA or to single-
stranded nucleic acid. PicoGreen and the SYBR dyes have
been used for DNA fragment sizing at Los Alamos™ and for
detection of viruses in conventional flow cytomerers™”,

Base Preference in Cyanine and Styryl Dyes

1 have observed (unpublished) that the fluorescence of
TOTO-1, YOYO-1, TOTO-3, related monomeric cyanine
dyes, and LDS-751 in solutions of a deoxyadeno-
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sine/deoxythymidine polymer (polydA-dT) is severalfold
higher than the fluorescence of the same dyes in solutions of
a deoxyguanosine/deoxycytosine polymer (polydG-dC) at
the same dye and polymer concentrations, suggesting that
the dyes have an A-T preference. Excitation and emission
maxima are slightly different for dye in polydA-dT and in
polydG-dC. Stephen Yue of Molecular Probes (personal
communication, 1994) has made similar observations. How-
ever, it has also been established (R. A. Keller, personal
communication, 1994; A. N. Glazer, personal communica-
tion, 1994, and references 1144 and 1325-9) that the inten-
sity of TOTO-1, YOYO-1, and TOTAB fluorescence is
proportional to the mass of DNA to which the dye is bound,
regardless of the base composition of the dye. In this con-
text, at least, the dimeric dyes do not show a base preference;
the lack of one is critical for use of dimeric dyes in quantira-
tive analysis of DNA in flow systems, in solution, or on gels.

The issue of base preference of cyanine dves is further
clouded by cvidence from my lab (unpublished results and
refercnce 1133), Frey et al'™, and Hirons, Fawcett and
Crissman"™" that TOTO-1 and YOYO-1, thiazole orange,
and thiazole blue produce differential staining of chromo-
somes with similar DNA content, in much the same way as
do dycs with strong base preferences such as Hoechst 33258
and chromomycin A,. In fact, something approximating the
bivariate flow karyotype obtained from chromosomes
stained with Hoechst 33258 and chromomyecin (see the sec-
tion on DNA base composition) can be produced by dual
beam (UV and visible) excitation of chromosomes stained
with TOTO-1 alone™". It would certainly be useful to have
a greater variety of dyes available for bivariate chromosome
analysis, particularly dyes that could be excited at 488 nm; it
is likely, based on studies of the existing cyanine and styryl
dyes, that such molecules could be engineered, but there
doesn’t seem 1 be enough of a market to get Molecular
Probes or other companies to make the effort.

Seeing Red: LD700, Oxazine 750, Rhodamine 800,
TO-PRO-3, and DRAQS as DNA Stains

In the mid-1980’s, while examining a number of dyes
suitable for excitation by red (633 nm) helium-neon lasers,
Sandra Stephens and [ ran across three that stained DNA
stoichiometrically™”. They are LD700, oxazine 750
(OX750), and thodamine 800 (R800), all developed as laser
dyes. The dye-DNA complexes of these three dyes have ab-
sorption maxima at 660, 690, and 705 nm and emission
maxima at 670, 700, and 715 nm. OX750 appears not to
have a base preference; LD700 and R800 have a G-C prefer-
ence. OX750 and R800 are usable with cheap 670 nm diode
lasers.

Red-excited DNA stains aren’c all that useful unless you
can stain cells simultaneously with them and something else;
it would be nice to do DNA/immunofluorescence measure-
ments in a system with a diode laser using R800 and allo-
phycocyanin or Cy5. However, at the concentrations (-25
pM) ac which OX750 and R800 have to be used to produce
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good staining, they quench the fluorescence of allophy-
cocyanin considerably.

Any of the TO-PRO or SYTOX dyes, and at least some
of the SYTO and SYBR series and PicoGreen, should be
usable for DNA content analysis in permeabilized or fixed
cells treated with RNAse. It has been shown that TO-PRO-
3 works well in this context when used with red excita-
don™’; this dye can also be used in combination with
propidium in systems with only a single 488 nm laser, as
energy transfer from propidium, which excites well ar 488
nm, to TO-PRO-3, which does not, is fairly efficienc™"’'

[ mentioned DRAQS5™™ on p. 44; this is a permeant
anthraquinone dye which, when bound to DNA, has an
excitation maximum near 650 nm and an emission maxi-
mum near 700 nm. DRAQS appears to be reasonably DNA-
selective, and the combination of DNA selectivity and per-
meancy allows it to be used to produce reasonably good
DNA content histograms when it is used as a vital stain,
making it the only dye other than Hoechst 33342 usable for
thac purpose.

The fluorescence of DRAQS is not significantly in-
creased when the dye is bound to DNA, and some manipu-
lation of the relative concentrations of dye and cells may be
necessary to obrain the best quality [DNA content measure-
ments. On the plus side, it is possible to excite the dye at
488 nm. DRAQS is available from Biostatus, Limited. This
company also sells the somcwhar less permeant
DRAQSNO™, also developed by Paul Smith’s group, and
said to be useful in discriminating cells in various stages of

apoptosis, as APOPTRAK™.

Miscellaneous DN A-Selective Dyes

The diamidines M&B 938" and hydroxystil-
bamidine™**** are structurally similar to DAPI; they are
UV-excited, impermeant, and relatively highly DNA-
selective, with an A-T base preference. M&B 938 was inves-
tigated as a drug by Rhoéne-Poulenc Rorer, now part of
Aventis. Hydroxystilbamidine, now available from Molecu-
lar Probes, has been used as a viability indicator™; since
complexes of the dye with DNA exhibit an excitation maxi-
mum at 390 nm™”, it should be beuer excited by violet di-
ode lasers than DAPI or the Hoechst dyes.

3-amino-6-methoxy-9-(2-hydroxyethylamine)  acri-
dine (AMHA) is maximally excited ar 375 and emits maxi-
mally at 510 nm; it is permeant and somewhar DNA-
sclective, probably with an A-T base preference. It is not
commercially available

What Do DNA Stains Stain?

DNA content measurements demand high precision be-
cause DNA content is so nearly constant for substantial
numbers of cells in a sample and because minute variations
in DNA content may have considerable biologic signifi-
cance.

All of the DNA stains just discussed can be used, on ap-
propriately prepared samples and in properly aligned in-

struments, to give precise estimates of the total DNA con-
tent of cells thar accurartely reflect DNA content differences
between different cells and cell types from the same organ-
ism, e.g., sperm cclls, which are haploid, and somatic cells,
which are predominantly diploid, or tumor cells and accom-
panying normal stromal cells, which may have different mo-
dal values of DNA content. This is really quite remarkable
in light of the fact that different dyes bind in differenc fash-
ions and, in some cases, to different chemical components of
DNA molecules.

A little more care is required when attempts are made to
determine the actual mass of DNA"""”, or genome size' ™",
in cells from different species. Dyes with different base pref-
erences will give different results in cells wich different base
compositions; in analyzing cells from 80 species of
Tetrapoda, Vinogradov and Borkin'" found that ratios of
DNA content values determined with different dyes were as
high as 1.8 for this reason.

Darzynkiewicz and his colleagues™” examined the acces-
sibility to different dyes of DNA in nuclei under various
conditions. During chemically induced differentiation of
Friend erythroleukemia cells, and during spermatogenesis,
chromatin condenses, and nuclear staining intensity with
some DNA stains decreases; accessibility of DNA to differ-
ent dyes is increased to different extents by acid extraction of
nuclear histones. The increase in accessibility is lowest
(45%) for DAPI, highest (1200%) for 7-AAD.

It seems logical that the dye least affected by chromatin
structure, i.c., DAPI, would give the DNA histograms with
the lowest CVs, since the effects of slight cell-to-cell differ-
ences in chromatin structure would be minimized, and
DAPI indeed seems to produce the lowest CVs (Fig. 7-11, p
311). By conurast, it is hard to get even fair stoichiomerric
staining with 7-AAD, which has been shown to produce
differential staining of different types of leukocytes based on
chromatin scructure differences™.

If DAPI is the dye that gives best CVs, mithramycin may
be the most DNA-selective dye; DAPI and the Hoechst
dyes, while DNA-selecrive in mammalian cells, may stain
other materials in plants and bacteria, often showing some
spectral shift when they do.

Rundquist'"” studied binding of DAPI and 7-AAD ro
fibroblast nuclei, and found that DAPI binding, but not 7-
AAD binding, was increased following detergent treatment.
7-AAD binding was decreased by fixation with formalde-
hyde, but not with ethanol, following detergent extraction.
Removal of basic protein with HCI resulted in an increase of
about 100% in both DAPI and 7-AAD binding. Scatchard
analysis suggested the existence of ar least two classes of
binding sites for both dyes; Bertuzzi et al'™, analyzing
propidium binding to fixed lymphocyte nuclei, also found
evidence for two classes of binding sites with differenc affini-
ties.

Beisker and Eisert™™” used fluorescence depolarization of
cthidium and propidium to study denaturation of DNA in



situ by acridine orange, which transfers energy nonradiatively
to both of the former.

DNA Ploidy and Aneuploidy: The DNA Index

When DNA staining is stoichiometric, we tend to refer
interchangeably to cells DNA content and ploidy, a practice
that was discouraged by the Society for Analytical Cytology's
Committee on Nomenclature™'. It was recommended that
measurements of DNA content in abnormal or putatively
abnormal “test” cells be made in conjunction with meas-
urements of DNA content in normal diploid “reference”
cells from the same individual, and thar differences in DNA
content from normal be expressed in terms of the DNA
index, which is the ratio of the mean or modal channel
numbers of G /G, peaks in the distributions from the test
and reference cells. The term DNA aneuploidy can be used
to describe a sample containing a stem line with abnormal
DNA content; aneuploidy without the qualifier is a term
reserved for describing samples with abnormal karyorypes.

Comparisons berween karyotype and DNA content as
measured by flow cytometry have been done in human w-
mors and tumor-derived cell lines by Tribukait et al’™”, Peter-
sen and Friedrich™, and Bigner et al ™. In general, there is
good agreement berween measured DNA content and
chromosome number; discrepancies tend to occur in cases
with very high (hypertriploid or more) chromosome num-
bers, and these tend to have higher DNA content than
would be expected from chromosome number. It has been
suggested that some abnormal chromosomes may contain

increased amounts of DNA,

Sample Preparation for DNA Content Analysis

The “garbage in, garbage out” aspect of flow cytometry
affects DNA content measurements in several ways. Onc
typically wants to measure nuclear DNA content in a good
representative sample of a cell population. This is casiest
when the cell population is a homogeneous line growing in
suspension culture. Even when a minimal complicating fac-
tor, such as the cells growing attached to a dish, is thrown
in, the potential for differential loss during preparation
arises. When the sample is from real tissue, or a real tumor,
it is necessary to make sure the cells, or nuclei, that are
measured come from the part of the specimen that is of in-
terest, and that the method used to prepare a single cell sus-
pension does not selectively destroy some cell types™. Debris
interferes with measurements; if a piece of rissue is minced
too well, or if a paraffin block is cut oo thin™*”’, the real cells
may get lost in the debris.

It is customary, and acceprable, to use mathematical
models"”” to determine fractions of cells in different cell
cycle phases and to reduce the contributions of clumps and
debris to a DNA histogram (Figure 1-10, pp. 25-6); it is
unacceptable, although far from unheard of, to usc mathe-
matical models to attempt to derive the fraction of cells in S
phase from a histogram with barely recognizable peaks. We
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will get back to this issue when we talk about applications of
DNA content analysis in Chapter 10.

DNA Base Composition
The base-paired structure of double-stranded DNA

places constraints on the base composition of properly as-
sembled molecules; the number of adenine residues must be
the samc as the number of thyminc residues, and the num-
ber of guanine residues must be the same as the number of
cytosine residues. The ratio of A + T (adenine + thymine)
to G + C (guanine + cytosine) is not similarly constrained.
In human cells, this ratio happens to be close to one; in bac-
teria, the G + C content of DNA varies from less than 25%
to more than 85%". Less dramatic variations in DNA base
composition are observable in human chromosomes.

If a fluorescent dye binds with differenc affinities to A-T
and to G-C pairs (or sequences) in DNA, dye molecules will
be concentrated in regions of the DNA molecule containing
the bases for which the dye has higher affinity. On the other
hand, if binding to A-T and binding to G-C pairs or se-
quences have different effects on the fluorescence yield of a
dye, even if the same amount of dye is bound to A-T and to
G-C, there will be differences in the amounts of fluorescence
emitted by A-T and G-C bound dye. Both of these mecha-
nisms have been observed in the interactions of fluorescent
dyes with DNA™***,

The first practical application of differential fluorescent
staining of DNA came in the late 1960s with the develop-
ment of chromosome banding techniques by Caspersson
et al™". Before this, it was often impossible to obrtain accu-
rate karyorypes by visual observation; attemprs at automa-
tion of karyoryping by analysis of microscope images had
reached a dead end because size and shape were the only
parameters that were measured. Using quinacrine and other
dyes, it became possible to produce banding patterns along
chromosomes that facilitated discrimination berween chro-
mosomes of similar sizes and shapes. Studies of the mecha-
nisms involved in producing banding led to the develop-
ment of improved staining techniques that have been ap-
plied to flow cytometry as well as to microscopy and image
analysis of chromosomes.

Quinacrine binds with similar affinities to A-T and G-C;
however, the fluorescence of DNA-quinacrine complexes
increases with A + T content™”™”. Hoechst 33258, which
binds preferentially to A-T*, does not produce a banding
pattern when it is used as a single dye to stain chromosomes.
However, when a G-C binding molecule such as actinomy-
cin D, which can serve as an accepror for nonradiative en-
ergy transfer, is added in combination with the Hoechst dye,
a banding pattern similar to that obrained with quinacrine
appears. The fluorescence of Hoechst dye bound to A-T in
close proximity to actinomycin bound to G-C is quenched
due to energy transfer; the fluorescence of Hoechst dye in
regions containing relatively long sequences of A-T pairs is
not quenched”. The fluorescence of DNA stains is also






editions, 1 suggested that 5-10 mW at 325 nm and 20-40
mW at 441 nm from air-cooled He-Cd lasers might be ade-
quate, when used with efficient oprics, for flow cytomerry of
bacteria and chromosomes. I have already mentioned (p.
142; references 1133-5 and 1242) that He-Cd lasers have
been used for bivariate analysis of chromosomes stained with
Hoechst dyes and chromomycin. As for bacteria, Figure 7-
14 was obrained using an instrument with a single He-Cd
laser emitting 325 and 441 nm beams. Although the simpler
instrumentation makes flow cytometry of bacterial base
composition easier to do, the time required for fixation and
staining and the relarive lack of specificity of base composi-
tion for identification of bacterial species remain major ob-
stacles to clinical use of the procedure.

In the past, I have used DAPI, which is A-T specific, in
combination with olivomycin, which is G-C specific, to
stain ethanol-fixed bacteria, choosing this dye pair because
the absorption maxima of DAPI and olivomycin are closer
to the 325 and 441 nm excitation wavelengths available
from He-Cd lasers than are the absorption maxima of
Hoechst 33258 and chromomycin A,, which were used by
Van Dilla et al™”. I have also used mithramycin in place of
chromomycin. When stained with DAPI/olivomycin or
DAPUmithramycin, S. aureus, E. coli, and Ps. aeruginosa are
well resolved in a dual-beam flow cytometer with He-Cd
laser excitation; however, the Hoechst dyes appear to give
somewhat better separation than DAPI. Differences in
Hoechst dye and DAPI staining of chromosomes have also
been noted; Bernheim and Miglierina™ find that chromo-
somes 1 and Y stain more brightly with DAPI than with
Hoechst 33258, presumably on the basis of different hetero-
chromarin content.

As 1 mentioned on p. 315, dyes such as TOTO-1,
YOYO-1, thiazole orange, and styryl-8, all excitable ac 488
nm, appear to exhibit some sensitiviry to base composition
when used to stain chromosomes' ™ *'*"', Since flow cytome-
ters with 488 nm sources outnumber those with UV sources,
many more laboratories would be able 1o do bivariate chro-
mosome analysis and sorting if dye combinations were
found that could be excited by a single 488 nm beam. Fur-
ther work on cyanine and styryl dyes may provide the right
dyes, ac least for chromosome analysis; since these dyes also
stain RNA, and since it is relatively difficult to get rid of
RNA in bacteria, it may be harder to find alternatives to
DAPI or Hoechst dyes and the chromomycins for determi-
nation of bacterial base composition. Structure-activity stud-
ies to improve the DNA specificity of cyanine and styryl
dyes might help here.

Chromatin Structure; ldentifying Cells in Mitosis

Differences in the staining and structure of nuclear
chromatin in different cell types from the same organism
were described by microscopists during the 1800’s, well be-
fore the nature and roles of nucleic acids and nuclcoprotcins
were understood. Such differences in chromatin structure
arc routinely used by hemarologists and pathologists as aids
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in the identification and characterization of normal and ab-
normal cells, and it scerns obvious that objective, quantita-
tive, reproducible flow cytometric measures of chromatin
structure should provide information of equivalent value.

The general approach to flow cytometry of chromatin
structure is antithetical to the approach used in DNA con-
tent analysis. For determination of cellular DNA content
with maximum accuracy and precision, it is necessary for the
DNA in all cells examined to be equally accessible to the
fluorochrome used, a condition best achieved by removal of
most of the histones and other proteins that might interfere
with staining™. For analyses of chromatin structure, it is
essential that the conformation of nuclear marerial either be
maintained or be modified in a predictable way.

The most extensive work on flow cytometry of chroma-
tin structure is without doubr that done by Darzynkiewicz
and his colleagues™ """, They have employed a technique of
partial denaturation of DNA by acid or heat treatment to
demonstrate differences berween different cell rypes and
between cells in different phascs of the cell cycle. Fixed cells
are treated with RNAse to remove RNA, leaving DNA as the
only nucleic acid present. Cells are then subjected to condi-
tions that partially denature DNA, e.g., exposure to pH 1.5
for 30 seconds, and are then stained with acridine orange
(AO). The denatured DNA assumes a single-stranded con-
formation, and forms a polymeric complex with AO, shift-
ing the absorption maximum of the dye to shorter wave-
lengths and the emission maximum to longer wavelengths,
ie., from the green (530 nm) spectral region to the red
(>600 nm). AO monomers bind by intercalation to the re-
maining native helical DNA, retaining their normal absorp-
tion and fluorescence characteristics. When the stained cells
are measured in a flow cytometer with blue or blue-green
excitation (e.g., at 488 nm), the green fluorescence (515-575
nm) provides an estimate of the amount of DNA remaining
in the native configuration, while the red fluorescence (600-
700 nm) gives an estimate of the amount of denatured
DNA.

Stokke and Steen™ characterized the chromatin struc-
ture dependence of 7-aminoactinomycin D binding to
leukocytes. The level of 7-AAD binding is related to tran-
scriptional activity, as indicated by DNA susceptibility o
DNAse 1 digestion and by RNA synthesis. Stokke, Holte
and Steen"" analyzed stimulated lymphocytes, and found
that cells in G, bound almost twice as much 7-AAD as cells
in G, ; dye binding increased almost linearly during the G,
to G, transition, and correlated with expression of the early
activation antigen 4F2 (now CD98). In diploid cclls from
non-Hodgkin’s lymphomas, G /G, cell size, as measured by
light scattering, was strongly correlated with 7-AAD bind-
ing. Using a dual-beam (UV and 488 nm) instrument,
Stokke et al"™* were able to identify G, G,, S, and G, phase
cells on a bivariate display of Hoechst dye vs. 7-AAD fluo-
rescence and to discriminate live from dead cells; the mixture
of Hoechst dye and 7-AAD can also be combined with fluo-
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complex chemical equilibrium between AO bound to DNA,
AO bound to RNA (and to other AO molecules), AO in
solution in the sample (core) stream, and AO diffused into
the sheath stream. The staining is therefore dependent, not
only upon the concentration of dye and the concentration of
cells used, bur also upon the dimensions and flow rates of
core and sheath fluid streams.

Most of the earlier work reported by Darzynkiewicz and
his colleagues was done on Ortho Cyrofluorograf flow cy-
tometers. It was fairly easy to achieve similar results using
these instruments, while adapration of the AO staining pro-
cedures to other flow cytometers generally required some
modifications of the staining protocol. As mentioned on p.
312, Pennings et al™ reported that the stability and quality
of staining were greatly improved when reagent was added
continuously to the samplc stream using a manifold and
pump.

There are, however, other notable disadvantages associ-
ated with AO staining. The procedure used for DNA/RNA
analysis requires membrane permeabilization by Triton X-
100, and cannor, therefore, be used on living or intact cclls.
The orthochromatic (green) and metachromatic (red) fluo-
rescence emissions of AO, between them, overlap the emis-
sion regions of fluorescein and almost every other material
that can be used as a fluorescent antibody label with excita-
tion near 488 nm. This makes it difficult to employ AO
staining for DNA/RNA content analysis in conjunction
with immunofluorescent staining to identify cells by pheno-
type or demonstrate expression of growth- or differentiation-
related antigens. While UV-excited, blue fluorescent anti-
body labels could, in principle, be used in conjunction with
AO, the antigens detected would have to retain their con-
formation at low pH following Triton X-100 treatment; this
seems unlikely.

Finally, AO itself tends to adhere to the tubing and flow
system components of flow cytometers and, unless great care
is taken to remove residual dye from the inscrument follow-
ing analysis of AO-stained samples (e.g., by flushing with
Clorox or another bleach), unstained or weakly stained cells
(c.g., samples for immunofluorescence analysis) that are run
thereafier will take up the dye and exhibit fluorescence,
which may lead to misinterpretation of the data obtained.

Pyronin Y, Oxazine I, and Other Tricyclic Het-
eroaromatic Dyes as RNA Stains

In attempring to develop alternative methods for flow
cytometry of DNA and RNA content that could overcome
the disadvantages associated with AO™, 1 examined the
properties of a number of tricyclic heteroaromatic dyes that
are similar in structure to AO and that had been reported 10
stain DNA and/or RNA. Thesc are summarized in Table 7-
3. Among the dyes described in this table are pyronin Y and
methylene blue, the xanthene and thiazine homologs, re-
specuively, of AQ, both of which are well known as RNA
stains. Also included are the thiazine dye new methylene
blue and the oxazine dye brilliant cresyl blue, both widely

used in laboratory hematology to demonstrate the RNA in
blood reticulocytes. Some of the dyes produce merachro-
matic staining; thesc tend to have higher dimerization con-
stants than the dyes that do not exhibit metachromasia.
However, dye binding to and staining of RNA can occur
without metachromasia. All of the dyes bind to DNA, and
were found by Miiller et al to exhibit varying degrees of
preference for G-C regions™ .

In the methyl green-pyronin technique for DNA/RNA
staining”, nuclei are stained green, while the cytoplasm is
red, suggesting that DNA is stained predominantly by
methyl green, while RNA is stained predominantly by py-
ronin. Methyl green, like the Hoechst dyes, binds without
intercalation to DNA and exhibits a strong A-T prefer-
ence’. These facts led me to try the combination of
Hoechst 33342 and pyronin Y for staining DNA and
RNA in intact cells. While this approach has the disadvan-
tage of requiring the use of dual-wavelength (UV and blue-
green or green) excitation, the Hoechst/pyronin technique
does produce results comparable with those obrained using
AO (Figure 7-16). DNA content may be estimated with
excellent precision (CVs of the G, peak below 2%) in intact
cells stained with Hoechst 33342 in combination with py-
ronin Y. That the intensity of pyronin Y and fluorescence is
largely representative of RNA content was established by the
loss of up to 85% of this fluorescence when cthanol-fixed
cells were treated with RNAse.

There is now good evidence that the absence of fluores-
cence from pyronin bound to DNA in cells stained with
Hoechst/pyronin results from blocking of pyronin binding
to DNA by the Hocchst dye. In 1982, Pollack et al™ re-
ported that methyl green, which, like the Hoechst dyes,
binds to A-T sequences in the minor groove, blocks pyronin
binding to DNA, even though pyronin binds intercalatively
and has a G-C preference. In 1990, Loontiens ct al™"* re-
ported that Hoechst 33258 displaces intercalators from
DNA, and, in 1995, Toba et al”™ noted that pyronin Y
alone produced fluorescent staining of both DNA and RNA,
and that both Hoechst 33342 and 7-AAD decreased py-
ronin fluorescence in RNAse-treated cells in a concentra-
tion-dependent fashion.

Darzynkiewicz and his colleagues™” studied the interac-
tions of pyronin with both cells and nucleic acids. With the
Los Alamos group, and using the Los Alamos three-beam
flow cytometer, it was shown that the combination of
Hoechst 33342, pyronin Y, and fluorescein isothiocyanate
(FITC) could be used to stain DNA, RNA, and protein in
fixed cells™.

The question remained as to the specificity of pyronin Y
as an RNA stain in intact cells. Cowden and Curtis™ re-
ported in 1983 that the dye stained mitochondria of some
live cultured cells. In my 1981 paper on Hoechst/pyronin
staining'”, 1 had shown that RNAse treatment largely abol-
ished pyronin fluorescence in fixed cells, and noted thar
pyronin fluorescence intensities were similar in fixed and
unfixed cells. This suggested that most of the pyronin fluo-
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resenting proliferative vs. quiescent states, Darzynkiewicz et
al gave pyronin Y a clean bill of health as an RNA stain in
fixed cells — they use the dye — but caurioned against its in-
discriminate use in incact cells ™.

The caution relates specifically to the possibility that py-
ronin Y fluorescence measured in intact cells may reflect
contributions from dye bound to mitochondria as well as
from dye bound to RNA. In the rat and human lymphoid
cells with which 1 have used the dye, mitochondrial fluores-
cence does not seem to be significant in intact cells stained
with 5 pM pyronin Y. Cellular and mitochondrial uptake of
pvronin Y and other cationic dyes, such as the cyanines and
rhodamine 123, is driven in large part by the interior-
negative electrical potential gradients across the cytoplasmic
and mitochondrial membranes, as will be discussed at great
length in the section on probes of membranc potential. I
have already mentioned thar pyronin Y fluorescence intensi-
ties are similar in intact and ethanol-fixed cells; in che latter,
the RNAse sensitivity of pyronin fluorescence establishes
that it comes predominantly from pyronin-RNA complexes.

If a substantial portion of pyronin Y fluorescence in cells
originated from mitochondria, fluorescence should be
greatly decreased in cells trcated with proton ionophores
and/or other uncouplers of oxidative phosphorylation,
which decrease or abolish potential gradients across the mi-
tochondrial and, in some cases, the cytoplasmic membrane, 1
have not noted more than a 5-10% difference in fluores-
cence between intact lymphoid cells stained in the presence
and absence of a “cockrail” of uncouplers and ionophores
thac demonstrably eliminate mitochondrial uptake and re-
tention of rhodamine 123 in cells such as fibroblasts. Thus,
in intact or fixed rat and human lymphoid cells, it appears
safe to interpret pyronin Y fluorescence as primarily indica-
tive of RNA content.

In other cell types, containing more mitochondria, fluo-
rescence from dye in these organelles might interfere with
RNA content determination in intact cells using pyronin Y.
However, such interference would be eliminated by addition
of uncouplers. The mitochondrial-vs.-RNA  fluorescence
issue may be moot if RNA staining is being done to dis-
criminate proliferating and quiescent cell compartments,
since, as will be discussed in later sections, both cytoplasmic
and mitochondrial membrane potential can serve, in lieu of
RNA content and in combination with DNA content, as
indicarors of proliferative activity.

Surviving Vital Staining with Pyronin Y

I found thar cells “vitally” stained with S uM pyronin Y
could not be grown in culture, and clected 1o settle for other
benefits of vital staining, i.e., relative ease of sample prepara-
tion and the elimination of any fixation artifacts that might
interfere with immunofluorescent staining done concomi-
tantly with RNA staining with pyronin Y and/or
RNA/DNA staining with pyronin and Hoechst 33342'".
Pyronin Y can be used with fluorescein- and/or PE/Cy5
tandem- or PerCP-labeled antibodies; since the dye is not

well excited at 488 nm, fluorescence signals, even from 5
pM dye, are relatively weak. The emission filters generally
used for phycoerythrin are well suited for measurement of
pyronin Y fluorescence. While the Hoechst/pyronin tech-
nique has the disadvantage of requiring dual wavelength
(UV and 488 nm) excitation, RNA content measurement
alone in cells stained with both dyes may provide uscful in-
formation and only requires a single 488 nm excitation
beam.

Edward Srour, of the University of Indiana, who was in-
terested in studying the cell cycle in human hemaropoietic
stem cells, decided to find out whether the Hoechst/pyronin
DNA/RNA staining procedure would work at lower dye
concentrations without killing the cells. It did; he and his
colleagues™** now routinely sort and culture cells stained
with Hoechst 33342 at a concentration of 1.6 pM (I
pg/mL) and pyronin Y at a concentration of 3.3 pM (also 1
pg/mL), adding 50-100 pM verapamil to block efflux of the
dyes. They have recently published a derailed protocol for
the staining procedure™”. I will have more to say about this
in the section on stem cells in Chaprer 10.

In my original procedure, intact cells were incubated
with 5-10 pM Hoechst 33342 for about 5-10 min at 37 °C,
after which concentrated Pyronin Y (Sigma-Aldrich and
Polysciences both produce satisfactorily pure preparations of
the dye) was added to a concentration of 5 pM and incuba-
tion continued for 30-45 min. Cells stained with this mix-
ture can subsequently be stained with labeled antibodies,
provided that the concentrations of both Hoechst 33342
and pyronin Y are maintained in all staining and washing
solutions. When cells are stained with fluorescent antibodies
and subsequendy fixed, Hoechst/pyronin staining is consid-
erably easier; dyes are added after the last wash step o
achieve concentrations of 1 pg/mL Hoechst 33258 or 33342
and 3.3-5 pM (1-1.6 pg/mL) pyronin Y.

In a dual-beam (UV/488 nm) instrument, the {luores-
cence of Hoechst 33342, excited in the UV and measured in
the range berween 440-480 nm, is indicative of DNA con-
wng; pyronin Y fluorescence, measured berween 570-600
nm, is indicative of RNA content. 1 have recommended
leaving the Hoechst dye in the staining solution even if only
RNA measurements are to be made, to block any artifacts
due to pyronin Y binding to DNA; this may be unnecessary.

Other DNA Dyes Usable with Pyronin Y

Toba et al™” showed that a combination of 7-AAD and
pyronin Y could be used to measure DNA and RNA content
in fixed cells in a flow cytometer with a single 488 nm exci-
tation beam; this technique also accommodates im-
munofluorescent staining with fluorescein-labeled antibod-
ies. Schmid et al’™ refined the staining procedure, and used
an additional red laser to excite allophycocyanin-labeled
antibody.

According to a March, 2002 posting to the Purdue Cy-
tometry Mailing List from Derek Davies, DRAQS can also
be used in combination wich pyronin Y. I haven't tried.



For the record, Fred Kasten, who has headed the Bio-
logical Stain Commission and whose experience as a histo-
chemist far exceeds mine, pronounces the “pyro” in pyronin
to rhyme with “hero,” which is the way 1 pronounce the
“piro” in Shapiro. I had always thought the “pyro” rhymed
with “my roe,” which is how some Shapiros from Philadel-
phia pronounce the “piro.” Fred’s pronunciation more accu-
rately reflects the Greek origin of pyronin’s name, although
I'm finding it hard to switch, not being enough of a pyro-
maniac to burn my bridges.

Tips on Tricyclics (Don’t Get Depressed)

In general, it should be preferable to use tricyclic dyes
with little or no metachromaric tendency as RNA stains in
combination with dyes such as Hoechst 33342, since the
orthochromatic absorption or fluorescence of RNA-bound
tricyclic dye can provide an adequate estimate of RNA con-
tent under these circumstances. The laser dye oxazine 1, for
example, gives no evidence of being metachromatic, but
orthochromatic oxazine 1 fluorescence (excited at 633 nm;
measured above 665 nm) in fixed cells stained with 5-10 pM
dye is predominantly RNAse-sensitive, although not as
much so as pyronin Y, and therefore may provide an esti-
mate of RNA content.

There are, however, reasons for considering the use of
metachromatic dyes other than acridine orange for simulta-
neous DNA/RNA content estimation. Among these, dyes
such as methylene blue and the related azure dyes and tolu-
idine blue may be of particular interest because their absorp-
tion maxima suit them to use in instruments with inexpen-
sive He-Ne or diode laser sources operating in the 630-650
nm range. Methylene blue and toluidine blue are strongly
metachromatic™; the absorption bands of concentrared solu-
tions shift to shorter wavelengths, and it would be expected
that polymeric forms of such dyes bound to RNA would
therefore show metachromatic fluorescein emission atr wave-
lengths longer than the 700-725 nm emission from the
monomeric form™. Under suitable conditions, thiazine dyes
can be employed to produce blue staining of nuclear DNA
and selective, metachromatic purple staining of cytoplasmic
RNA™. However, when I looked for metachromatic fluores-
cence in cells stained with these dyes, using an instrument
with a red He-Ne laser source, 1 did not find any. It might
be easier to discover suitable dyes by spectrofluorometry of
dyc complexes with various forms of nucleic acids.

At least one lot of dye 1 have encountered that was la-
beled pyronin Y wasn’t, at least by thin layer chroma-
tographic comparison to material from Aldrich and Poly-
sciences. The funny thing was that the phantom dye was
better excited at 488 nm than was pyronin Y, and produced
staining with a degree of RNAse-sensitivity indicating that it
was at least as specific as pyronin Y. I couldn’t gert the struc-
ture determined; 1 wish T knew what it was. 3,6-diamino-
xanthylium and 3,6-diaminothioxanthylium, both shown in
Table 7-4, might be worth a look as RNA stains excitable at
488 nm.
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[ have played briefly with thiopyronin G, usable with
532 nm YAG laser, 546 nm arc lamp or 543 nm green He-
Ne laser excitation; this should work as a metachromatic
dye. Unfortunately, 1 can’t find a source for the dye; John
Spikes, of the University of Utah, sent me a few milligrams
in exchange for scientific song lyrics, which he collects. He,
and others, have used thiopyronin as a photosensitizer, but it
seems to be handed down from photobiologist to photobi-
ologist. My interest in thiopyronin has waned, because |
expect it to suffer from many of the same problems as does
acridine orange; with the availability of Hoechst/pyronin, 7-
AAD/pyronin, and, potentially, DRAQS/pyronin, therc
seem to be several choices of two dyes thar are better than
one, especially when one wants to measure antigens as well
as DNA and RNA.

Most tricyclic dyes do not increase fluorescence on bind-
ing to either RNA or DNA; on a mole-for-mole basis, the
fluorescence of dye bound to nucleic acid is usually
quenched relative to the fluorescence of free dye. The high
local concentration of dye in dye-nucleic acid complexes
accounts for the fluorescence of nucleic acid-containing
structures being detectable above background, butr back-
ground fluorescence is typically high. What you see in the
fluorescence microscope is not always what you get in the
flow cytometer; quenched dye, in this instance, dye bound
to nucleic acid, bleaches more slowly than unquenched dye.
Thus, when you look at AO-stained material under the mi-
croscope, much of the background fluorescence has already
disappeared due to bleaching by the time your eyes focus,
the green fluorescence from DNA-bound AO monomer
fades rapidly, and the red fluorescence and phosphorescence
from dye-RNA polymer persists the longest.

Tricyclics Gag on Mucopolysaccharides

Polyanionic cell constituents other than nucleic acids,
notably glycosaminoglycans (GAGs) (formerly called mu-
copalysaccharides) such as heparin and chondroitin sul-
fates, bind tricyclic dyes and stain metachromatically with
those dyes that do exhibit metachromasia. The metachro-
matic staining of GAG-containing granules in blood baso-
phils and tissue mast cells was, in fact, noted by Paul Ehr-
lich, who gave both of these cell types their names, and has
been used as an identifying characteristic since his time. [t is
sometimes possible 1o use tricyclic dyes to selectively stain
GAGs in cells that also contain large amounts of RNA, by
lowering the pH to the region of 1.0, at which point most of
the phosphate groups of nucleic acids are not ionized while
most of the sulfate groups of GAGs remain charged; the
basic dye therefore binds to GAGs but not to RNA. Saun-
ders has described the use of acridine orange for identifica-
tion of GAGs™. Timar et al® have described a flow cy-
tometric procedure for staining GAGs with AO; RNA stain-
ing is eliminated not by manipulating pH, bur by altering
electrolyte concentration.

There does not seem to be any easy way rto use tricyclic
dyes to selectively stain RNA in the presence of GAGs;
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Darzynkiewicz ct al have noted that heparin in mast cells
interferes with RNA content estimation using AO because
heparin-bound AO makes a significant contribution to the
red fluorescence signal™. In most other cell types, however,
in which large amounts of interfering GAGs are not found,
the absorption or fluorescence of tricyclic dyes can give rea-
sonable estimates of RNA content. Bauer and Dethlefsen™
compared RNA content estimares in Hel.a and CHO cells
made by UV microspectrophotometry and by flow cytome-
try using a modification of the Darzynkiewicz AO staining
procedure. They found a correlation coefficient of 0.93 be-
tween paired measurements made by the two methods fol-
lowing various RNAse treatments. They also reported some
background contribution to red fluorescence due to DNA; it
is not clear whether this might have been eliminated by fur-
ther adjustment of staining conditions.

Reticulocyte Counting: Cyanines Beat Tricyclics;
RNA in Nucleated Cells: Cyanines Don’t

One of the more important applications of RNA content
determination is in the detection and counting of reticulo-
cvtes in blood; the procedure and its flow cytometric im-
plementation have been discussed on pp. 78 and 99. Under
normal circumstances, red cells lose their nuclei before being
released from the bone marrow into the blood, and neither
young nor mature red cells contain DNA. Some RNA, a
restdue of the protein synthetic apparatus, remains in the
young cells, and is lost during the cells' first day or two in
circulation. If sufficient RNA is present in a red cell, an in-
soluble complex can be formed between this RNA and (tri-
cvclic) basic dyes such as methylene blue; the nedike appear-
ance of this precipitated material gives the name “reticulo-
cyte” to this class of immarure red cells.

The first flow cytometric approaches to rericulocyte
counting, in the late 1970’s and early 1980’s, were based on
the use of tricyclic dyes. Ortho received approval from the
U. S. Food and Drug Administration (USFDA) for clinical
use of a procedure using acridine orange™ ", but there were
problems with this dye due to high background fluores-
cence, although Schmirz and Werner reported improved
results using optimized dye concentrations and logarithmic
amplification on the AO red fluorescence channel™. Tanke
et al described a method using pyronin Y™, its major dis-
advantage was the requirement that cells be fixed. Later in
the 1980’s, the approach to reticulocyte counting shifted
toward the use of basic dyes, different in structure from the
tricyclics, which increase fluorescence by factors ranging
from severalfold to several thousandfold on binding to RNA.
These dyes, predominantly cyanines such as thiazole orange
and related compounds such as thioflavin T and auramine
O, stain both RNA and DNA. While they are nearly ideal
for RNA dcrection in reticulocytes, from which DNA
should be absent, they are poorly suited for demonstrating

RNA in nucleated cells, unless the cells are treated with
DNAse as described below.

Propidium Stains Double-Stranded RNA;
What of Other Dyes?

Propidium iodide (PI) has been used by several investiga-
tors for analysis of RNA content. This dye binds by interca-
lation to double stranded nucleic acids, RNA as well as
DNA. When PI is used for DNA conrent estimation in cells
containing large amounts of RNA, broad fluorescence dis-
tributions are obtained due to the contribution of RNA-
bound dye to the “DNA” fluorescence signal. The accuracy
and precision of DNA measurements made with Pl arc im-
proved when cells are treated with RNAse prior to analysis.

Frankfurt™ described a complementary technique in
which cells were treated with DNAse and stained with Pl
before flow cytometry was done; cellular fluorescence under
these circumstances is due primarily to PI bound to double-
stranded RNA. The contents of single- and double-stranded
RNA in cells appear to follow one another; Wallen et al ex-
amined cultured mouse mammary tumor lines and reported
good correlation between flow cytometric measurements of
RNA using PI and AO and good correlation of both with
RNA content estimated by UV microspectrophotomerry™.

Wright, Higashikubo, and Roti Roti”™' combined
propidium staining of double-stranded RNA with fluo-
rescein isothiocyanate (FITC) staining of toral protein (see
the section on that) for flow cytometric studies of nuclear
matrices prepared from nuclei by DNAse I digestion fol-
lowed by NaCl extraction, and found that, while heat shock
could protect some double-stranded RNA from RNAse di-
gestion, propidium staining remained specific for double-
stranded RNA.

Pyronin Y, as previously mentioned, forms fiuorescent
complexes primarily, if not exclusively, with double-stranded
ribosomal RNA, and could presumably be used instead of
propidium without the necessity for RNAse digestion. The
monomeric and dimeric cyanines intercalate, and thus stain
double-stranded RNA, but would require enzymatic removal
of both DNA and single-stranded RNA o be useful.

An RNA-specific fluorochrome similar in strucwure and
spectral characteristics (UV-excited, blue fluorescence) to
DAPI was described by Wachtler and Musil™; 1 have not
seen reports cither of the use of this dye in flow cytometry or
of whether it stains single- and/or double-stranded RNA.

7.5 FLUORESCENT LABELS AND PROTEIN DYES

More than half of the 37 spectra shown in Figure 7-9 (p.
296) are those of low and high molecular weight labels that
are attached to other molecules to allow those molecules to
be detected in or on cells or beads using cytometry. Reactive
labels bind covalently to the molecules to be labeled; low
molecular weight reactive labels can also be used as stains for
cellular proteins, which can also be demonstrated using
dyes, almost always acidic in character, which form ionic
bonds with amino groups and other basic structures in pro-
teins. Structures of a number of reactive labels are shown in
Figure 7-17.
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Figure 7-17. Chemical structures of some reactive labels.

Texas Red

AMCA and BODIPY succinimidyl ester, Cascade Blue

azide, FITC, TRITC, and Texas Red structures were provided by Molecular Probes, Inc.

Estimating Total and Basic Protein Content of Cells

Total protein content of fixed cells is estimated by stain-
ing with a variety of acid dyes that bind ionically or cova-
lendly to positively charged groups on proreins. It is difficule
1o establish the specificity of these dyes as protein stains, or
how much dye is bound to materials other than proteins,
becausc. while cells stained with DNA or RNA fluoro-
chromes can be examined in the presence and absence of
DNAse or RNAse, attempting to do the same trick with
protein stains and proteolytic enzymes leaves you with sam-
ples containing stain in the presence and absence of cells.
We thus have to be satisfied with a large body of indirect
evidence that tells us that most of whatever isn’t DNA or
RNA in most cells is protein. By using acid dyes as protein
stains, we increase the likelihood that what is being stained is
actually protein, because these dyes are reacting predomi-
nantly with amino groups, which are considerably more
abundant in proteins than in carbohydrares and lipids.

Total protein staining is useful both in monitoring
growth and metabolism of otherwise homogeneous cell
populations and in analysis of mixed populations containing
cell types with different protein content, e.g., blood leuko-
cytes. In most applications, protein stains are not used alone,
but are combined with DNA fluorochromes. Most of the
stains in common use have, therefore, been selected to have
spectral characteristics complementary to those of ethidium

or propidium on the one hand, or to those of DAPI or the
Hoechst dyes, on the other.

Fluorescein Isothiocyanate (FITC)

Freeman and Crissman’” examined several dyes suitable
for argon ion laser excitation at 457 or 488 nm and selected
fluorescein isothiocyanate (FITC) as a protein stain for use
in combination with PI'". FITC was preferred to sulfonated
dyes (e.g., brilliant sulfaflavine) because it binds covalently,
leaving fluorescein moieties attached to cells after washing,

Because there is some overlap berween the emission spec-
tra of fluorescein and PI, fluorescence compensation may be
required to eliminate contributions to the green fluorescence
signal from PI and contributions to the orange or red fluo-
rescence signal from fluorescein. When FITC is used for
total protein staining, the fluorescein signal is usually rela-
tively strong, and bleed into the orange or red channel is
pronounced. This contrasts with the more common situa-
tion in which PI is combined with fluorescein-labeled anti-
bodies; in this case, the effects of fluorescein spectral overlap
on PI fluorescence are usually negligible, while those of PI
spectral overlap on uncompensated fluorescein fluorescence
are marked.

Sulforhodamine 101 (SRIO1)

Stohr et al™ examined various combinations of DNA
and protcin stains and selected one in which DAPI was used



328 / Practical Flow Cytometry

to stain DNA and sulforhodamine 101 (SR101) was used to
stain protein. These were used in an inscrument with UV
and 488 nm beams exciting DAPI and SR101, respectively;
while it is also possible to excite both dyes with UV light,
Heiden, Gohde, and Tribukait'™ report that dual-beam
excitation with UV and green is superior. There is relatively
lictle spectral overlap between the emission spectra of DAPI
and SR101 to begin with; when dual-beam excitation is
used, any bleed of DAPI fluorescence into the SR101 meas-
urement channel is eliminared.

SR101 binds ionically, rather than covalendy, to pro-
teins; staining with it and with other sulfonated dyes is an
equilibrium process, and there is generally a considerable
amount of free dye remaining in the background. Under
some circumstances, background fluorescence of acid dyes
used to stain protein may interfere with or prevent meas-
urement of protein content (see “The Case of the Disappear-
ing Leukocytes,” pp. 220-1). However, this fluorescence
may often be reduced considerably by lowering the ionic
strength of the staining mixture*””

Although, in theory, SR101 should be usable in combi-
nation with fluorescein-labeled antibodies in an instrument
with 488 nm excitation, the much higher concentration of
SR101 relative to fluorescein in this sitcuation may result in
more spectral overlap than can be compensated for by some
instruments.

Hematoporphyrin (HP) as a Protein Stain

Takahama and Kagaya™' described a simplified simulta-
neous one-step staining method for DNA and cell protein
using 0.001% DAPI or Hoechst 33342 as the DNA stain
and 0.03% hemartoporphyrin (HP) to stain protein. The
fluorescence emission of HP is at 670 nm; the excitation
spectrum of porphyrins suggests that HP would definitely be
usable as a toral protein stain with bluc-violet excitation
(436 nm arc lamp, 441 nm He-Cd laser, or 457 nm argon
laser) and might well work with 488 nm excitation. If 488
nm excitation could be used, the large Stokes’ shift of por-
phyrins should insure that emission in the green spectral
region would be sufficiently low to permit simultaneous use
of fluorescein-conjugated antibodics and HP. Tanaka et al™
compared staining with the DAPI/HP combination by flow
and image cytometry and reported that it yielded more accu-
rate results than did PI and fluorescein.

Rhodamine 10! (or é640) as a Vital Protein Stain

Since neither the covalent bonding nor the ionic bond-
ing acid dyes penetrate membranes of living or intact cells to
any appreciable extent, they can only be used for protein
staining in fixed or permeabilized cells, nuclei, etc. In 1982,
Crissman and Steinkamp reported that rthodamine 640 (i.c.
rhodamine 101, the uncharged dye that is the chromophore
of SR101 and of the reactive labels XRITC and Texas Red)
could be used at concentrations of 1-5 pg/ml to stain living
or intact cells, yielding fluorescence distributions nearly
idenrtical to the total protein content distributions obrained

from fixed cells stained with XRITC or FITC™". One would
expect that other uncharged rhodamine dyes with absorption
and fluorescence at shorter wavelengths, e.g., rhodamine B,
might also be suitable for “total protein” staining in intact
cells.

What Do “Total Protein” Stains Stain?

Holme et al”” compared forward scatter and Coulter
volume signals from platelets with fluorescein fluorescence
values obtained when platelets were stained for toral protein
and found a high degree of correlation; since platelets are
predominantly composed of protein, this provides further
evidence in support of FITC as a roral protein stain.

In fixed cells, measurements of orthogonal (90 °) light
scattering may provide information similar to that obrained
using protein stains”'”"'™”; this was alluded to on p. 278.
Figure 5-17 (p. 254) shows that in gluraraldehyde- fixed
peripheral blood leukocytes, total protein content, as esti-
mated from the UV-excited blue fluorescence of the acid dye
“LN""" is tightly corrclated, on a cell-by-cell basis, with
orthogonal light scatter intensity in the several different
classes of lcukocytcss. Others (H. Crissman, personal com-
munication; M. Pallavicini, personal communication)} have
also noted that fluorescent protein stains and side scatter
measurements yield similar distributions. When beginning
studies on a cell population, it is therefore advisable to exam-
ine the correlation between side scatter and rtotal protein
content as determined with a fluorescent dye. If the side
scatter measurement appears to provide the same informa-
tion as the protein stain, the scatter signal can then be used
in the absence of the protein stain, allowing the fluorescence
channel that would have been used for protein content esti-
mation to be devoted to analysis of a more specific parame-
ter, e.g., a surface antigen.

Staining to Demonstrate Basic Protein

Protein staining by acid dyes is dependent on the ioniza-
tion constants of the dyes and of amino groups and other
charged sites on proteins. Thus, binding of dyes to cells is
affected by the pH of the staining solurion. Ar alkaline pH,
only the more strongly basic groups in proteins remain ion-
ized and thus able to bind acid dyes; as pH decreases, more
basic groups become ionized. Thus, the same basic dye can
be used to stain basic proteins and toral proteins at different
pHs; brilliant sulfaflavine, for example, is used as a basic
protein stain at pH 8 and a total protein stain at pH 2.8™.

Covalent Labels for Antibodies and Other Molecules

The covalent bond forming dyes such as FITC, which
has just been discussed as a stain for total protein contenr,
are probably better known, and undoubtedly more widely
used, as fluorescent labels for a varicty of large and small
molecules that can be bound strongly and specifically to
various cellular constituents. Specific ligands thus labeled
can be used as reagents for a number of structural and func-
tional parameters, including surface sugars (demonstrated



using tagged lectins), surface and intracellular antigens
(fluorescent antibodies), surface charge (fluorescent polyca-
tions), surface and intracellular receptors (fluorescent
hormones, growth factors, ncurotransmitters, viruses, etc.),
endocytosis (fluorescent macromolecules, microorganisms,
or plastic particles), DNA synthesis (fluorescent antibody to
detect BrUdR in chromatin; fluorescent nucleotides), and
specific nucleic acid sequences (fluorescent oligonucleortide
probes). Spectral characteristics of the more important fluo-
rescent labels are given in Figure 7-9 (p. 296) and Table 7-2
(p. 297).

Fluorescein Isothiocyanate (FITC) as a Label

Fluorescein, conjugated as its reactive isothiocyanate de-
rivative (FITC), is by far the most popular fluorescenc label;
its excitation maximum is very close to the 488 nm argon
ion laser wavelength available in almost all flow cytometers,
its quantum efficiency is high, and it had been in use long
enough before flow cytometers became available for conjuga-
tion and staining procedures to have become well estab-
lished, particularly in immunology.

As was mentioned on p. 77, the fluorescent label used in
the first description of the fluorescent antibody technique by
Coons et al in 1941 was anthracene, which fluoresces blue
when excited by UV light. The fluorescent anribody tech-
nique itself was developed after attempts to visualize the
absorption of dye-labeled cell-bound antibodies in transmit-
ted light™™ had failed. It was possible to see concentrations
of anthracene-labeled antibodies against the darker back-
ground of unstained tissue, but the UV-excited blue auto-
fluorescence of pyridine nucleotides and other tissue com-
ponents (see Figure 7-7 and text on pp. 290-1) limited the
sensitivity of the fluorescent antibody method as originally
described.

In 1950, Coons and Kaplan® reported that the use of
fluorescein-labeled antibodies improved sensitvity; the
green fluorescence of fluorescein made it easier to discern
concentrations of antibody against the tissue background.
Two major barriers to widespread use of the fluorescent an-
tibody method remained; few labs had fluorescence micro-
scopes, and most investigators were neither equipped nor
willing to handle the phosgene gas used to prepare fluo-
rescein isocyanate for conjugation. In 1958, Riggs et al”
described the use of fluorescein isothiocyanate for labeling.
The synthesis of FITC involves thiophosgene, which is less
noxious and more manageable than phosgene, and FITC is
stable enough to be marketed commercially in a form ready
for conjugarion.

The intensity of fluorescein fluorescence emission varies
with pH within the range (6.5-8.0) likely to be encountered
in samples; pH must therefore be controlled when quantifi-
cation of results is important.
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Labeling with Lissamine Rhodamine B and Tetrame-
thylrhodamine Isothiocyanate (TRITC)

It was also in 1958 that Chadwick et al™ described the
use of Lissamine rhodamine B 200, or sulforhodamine B,
for antibody labeling. This compound was conjugated by
converting its sulfonic acid group to a sulfonyl chloride.
Since the red fluorescence of rhodamine dyes and the green
fluorescence of fluorescein can be readily distinguished by an
observer, particularly when excitation filters are switched to
allow selective excitation of first one dye and then the other,
it became possible 0 examine material stained with wo
different antibodies, each with its own distinct fluorescent
label. Once relatively easy-to-usc fluorescein and rhodamine
labels became available, immunology laboratories began to
acquire fluorescence microscopes, which had been improved
considerably berween the 1940’s and the 1960’s. The stage
was thus set for the relatively rapid acceptance of flow cy-
tometry by immunologists, and it was not until flow cy-
tometers came into widespread use in the late 1970’s that
significant furcher progress in the development of fluorescent
labels for antibodies was to occur. By this time, an isothiocy-

anate derivative of rhodamine, tetramethylrhodamine
isothiocyanate (TRITC) had also become available.

Multicolor Fluorescence I: FITC and TRITC

As was just noted, by the time flow cytometers became
available to immunologists, many of them were using fluo-
rescein and rhodamine labels to do two-color work under
the fluorescence microscope, switching from a combination
of a blue primary (excitation) filter and a yellow or green
secondary (observation) filter for detection of fluorescein-
labeled antibody to a combination of a green primary filter
and a red secondary filter for detection of rhodamine- la-
beled antibody. It was also possible, although difficulr, to
look at the fluorescence from both labels at once, using blue-
green excitation and a yellow secondary filter: this relied
heavily on the human observer’s ability to discriminate weak
red fluorescence from strong green fluorescence.

The microscopes used for immunofluorescence work
typically have mercury or xenon arc lamp sources; mercury
lamps have strong emission lines at 436 nm (blue) and 546
nm (green) and put out considerably less light at intermedi-
ate wavelengths, while xenon lamps have a relarively flar
emission spectrum in the blue and green regions. The ab-
sorption maximum of fluorescein is at about 490 nm; that of
tetramethylrhodamine is at about 555 nm. Using a conven-
tional blue (centered near 436 nm) excitation filter for fluo-
rescein gives suboptimal excitation, while using a green filter
centered near 546 nm for rhodamine gives near-optimal
excitation. Using a 500 nm short-pass filter to excite both
dyes doesn’t give very good excitation of either, allowing the
dark-adapred eye and its associated brain to resolve the rela-
tively weak emission from both.
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The 488 nm argon laser line commonly used for excita-
tion in flow cytometers is essentially at the absorption
maximum of fluorescein, while the absorption of tetrame-
thylrhodamine at this wavelength is only about 5% of its
maximum value. This factor alone dictates that, if equal
amounts of fluorescein- and tetramethylrhodamine-tagged
antibodies were present on a cell, the total fluorescence emis-
sion from the fluorescein antibodies would be 20 times that
from the terramethylrhodamine antibodies. When bound to
antibodies, both fluorescein and tetramethylrhodamine usu-
ally have quantum efficiencies somewhere between 0.2 and
0.5 (roughly on the order of 50% of the quantum efficien-
cies of the free dyes); these are not different enough to bal-
ance out the very large difference in absorption. The differ-
ences in molar extinction coefficients between fluorescein
and rtetramethylrhodamine are also not grear enough to
overcome the differences in absorption at 488 nm. Thus,
one can realistically expect at least an order of magnitude
more fluorescence from fluorescein-tagged antibody than
from an equivalent amount of tetramethylrhodamine-tagged
antibody when 488 nm excitation is used. The resolution of
the signals from the two dyes therefore depends upon the
use of detectors equipped with optical filters chosen to rake
advantage of the difference in emission spectra between fluo-
rescein and tetramethylrhodamine.

The emission maximum of fluorescein {Figure 7-9) is at
about 520 nm, while that of tetramethylchodamine is at
about 570 nm; emissions from the two dyes should be well
resolved using a green (515-550 nm) filter for the fluorescein
fluorcscence detector and a red-orange (560 nm long pass)
filier for the tetramethylrhodamine fluorescence detector.
This, however, does not take into account the large absorp-
tion difference at 488 nm. To do this, we have to imagine
spectra in which we either increase the height of the fluo-
rescein emission spectrum by a factor of 10 or decrease the
height of the tetramethylrhodamine emission spectrum by a
like factor. In this view, what seemed to be an insignificant
“red tail” on the fluorescein emission spectrum, going out to
600 nm, now overshadows most of the tetramethylrhoda-
mine emission. For best resolution of the terramethylrhoda-
mine emission, we really should use a long pass filter that
cuts on at a wavelength of 590 nm or longer on the tetrame-
thylrthodamine fluorescence detector. At that, we would have
to use electronic or software fluorescence compensation to
get rid of crosstalk from the longer wavelength fluorescein
emission, and, if there is a lot more fluorescein than tetrame-
thylthodamine on a cell, even this won’t help.

Loken et al'”, in the Herzenberg lab at Stanford, first did
two-color immunofluorescence flow cytometry as just de-
scribed, and also evened the balance between fluorescein and
tecramethylrhodamine absorption by operating the argon
laser to produce a mixeure of visible lines (mostly 488 & 515
nm) or a 515 nm beam. The 515 nm line is not great for
tetramethylrhodamine, bur it's no better for fluorescein, and
using this excitation wavelength forces you to employ a fluo-
rescein derector filter that cuts on at a longer wavelength

than you would otherwise use. Before phycobiliproteins were
introduced as labels, this was about the best that could be
done in the way of two-color immunofluorescence analysis
with a single-beam cytometer; on a historical note, the fluo-
rescein/thodamine labeling work forced the Herzenberg
group to develop fluorescence compensation.

Multicolor Fluorescence Il: Rhodamine 101 Dyes

The most obvious alternative to the less than satisfactory
single beam excitation method for cells labeled with fluo-
rescein and rhodamine involved the use of separared excita-
tion beams at different wavelengths, in essence imitating the
obscrver ar the fluorescence microscope switching filter
combinations. There was no simple way to do this using
fluorescein as the first label and tetramethylrhodamine as che
second, because the only lines available from ion lasers well
suited to tetrramethylrthodamine excitation (528 nm from
argon and 530 nm from krypton lasers) arc in the region of
fluorescein emission. Instead, derivatives of rthodamine 101
were substituted for tctramethylrthodamine. In rhodamine
101, the ring structure of other rhodamine dyes is extended
(see the structures of TRITC and Texas Red in Figure 7-17),
leading to shifts in the absorption and emission spectra,
which have maxima at wavelengths about 30 nm longer than
the absorption and emission maxima of tetramethylrhoda-
mine,

Adding a second beam, derived from a krypron laser
emitting at 568 nm or a dye laser at 590 nm, to the existing
488 nm argon laser beam in a flow cytometer made it possi-
ble to examined cells simultaneously stained with antibodies
labeled by conjugation with FITC and with X-rhodamine
isothiocyanate (XRITC, Research Organics, Cleveland,
OH) or the sulfonyl chloride derivative Texas red (from
Molecular Probes, which was then located in Plano, TX),
both bearing the chromophore of rhodamine 101" Fluo-
rescein fluorescence excited at 488 nm was measured at 510-
550 nm, and rhodamine 101 fluorescence excited at 568 nm
was measured at 590-630 nm; there was essendally no
crosstalk berween the signals.

While the rhodamine 101 derivatives solved some prob-
lems involved in two-color immunofluorescence flow cy-
tometry, they precipitated others. People who used XRITC
found it hard to remove unbound dye from protcin conju-
gates, to which the hydrophobic dyc adhered. Texas red
became more popular, but had a tendency to inactivate anti-
bodies (rat monoclonal antibodies in particular) and, some-
times, to part company with antibodies to which it had been
conjugated. Rhodamine 101 supposedly has a quantum effi-
ciency of 1.0, but Texas red-labeled antibodies don't seem o
give as much of a fluorescence signal as do fluorescein-
labeled antibodies. The people T know who have the best
luck with Texas red immunofluorescence originally used the
label almost exclusively in the formsof Texas red-avidin
or -streptavidin, which will form extremely high-affinity
bonds with biortin-conjugarted antibodies™. Excitation of
Texas red requires a krypton laser or an argon laser-pumped



tunable CW dye lascr, neither of which is as easy to keep
running as an argon laser. He-Ne lasers at 594 nm were not
then powerful enough to present a viable option; the few
milliwatts available at this wavelength might, however, do
the job in modern instruments with efficient oprics.

Early Problems with Multicolor Fluorescence

In addition to the difficulties presented by the rhoda-
mine 101 derivatives, users faced some more general prob-
lems associated with two-color immunofluorescence meas-
urements. As long as only a single antibody was used to stain
cells, a significant enhancement of fluorescence signals could
be obtained by using indirect staining, in which the fluo-
rescent label is attached to a second developing antibody
that binds to molecules of another antibody already bound
to antigens on or in cells. It is, as a rule, not possible to put
more than three molecules of fluorescein (or other dyes)
dircctly on an IgG antibody molecule without either
decreasing the specificity of the antibody reaction or decreas-
ing the quantum yield of attached dye past the point of
diminishing returns. It is, however, possible for more than
three (usually 5 or 6) molecules of a developing antibody to
bind rto a single cell-bound antibody molecule. Thus, direct
immunofluorescent staining will put no more than 3 dye
molecules at each antigenic site, while indirect staining will
put 15-18 dye molecules at each antigenic site, resulting in
amplification of the fluorescence signal.

Most of the earlier single-color work with monoclonal
antibodies was done using indirect staining, with something
like a fluoresceinated goat anti-mouse Ig used as a develop-
ing antibody, since this modus operandi both eliminated the
need for fluorochrome conjugation of each new monoclonal
antibody and offered increased sensitivity as compared to
direct fluorescent staining. Indirect staining of this kind,
however, did not provide for labeling cells with two mouse
monoclonal antibodies of the same immunoglobulin class.

When there were reasonably large numbers of antigenic
sites present on cells, the obvious option in this instance was
direct staining, using different labels (fluorescein and rho-
damine 101) on each of the two antibodies. If some amplifi-
cation was required, the use of labeled avidin and bioti-
nylated antibodies™, or of hapten-conjugated antibodies
and differently labeled anti-hapten antibodies™ resulted in
more dye molecules being bound per antigenic determinant
than would have been possible using direct staining.

What would have been most desirable, however, was a
direct labeling technique thar allowed more than three fluo-
rescent molecules to be attached directly to cach antibody
molecule. The group at Block tried a “brute force” approach
to such a method in which antibodies were conjugated to
synthetic polymers bearing hundreds of fluorescein mole-
cules (see p. 116); this didn’t work, because the fluorescein
fluorescence was quenched under those circumstances.

Shechter et al™ had better luck with a procedure devel-
oped to produce highly fluorescent, physiologically active
derivatives of insulin and other peptide hormones; they were
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able to attach 7 molecules of rhodamine to a molecule of
lactalbumin, which was then conjugated to a molecule of
hormone. As it turned our, however, when it came to de-
signing fluorescent macromolecules suitable for antibody
labeling, Nature had, as usual, outdone man.

Phycobiliproteins to the Rescue!

The phycobiliproteins'*”*** are a family of macro-

molecules found in red algae and cyanobacteria (formerly
called blue-green algae), in which they play critical roles in
the function of the photosyntheric apparatus. Phorosynthesis
in green plants involves the direct interaction of light with
chlorophyll, which has absorption maxima near 440 nm in
the blue-violct and near 700 nm in the far red. Light in these
spectral regions is not transmitted much beyond the surface
layers of bodies of water, while green and blue light pene-
trate to greater depths. The survival of algae and cyanobacte-
ria at these depths depends on the capacity of phycobilipro-
teins to absorb the shorter wavelength light and participate
in a chain of nonradiative energy transfers that finally makes
the light energy for photosynthesis available to chlorophyll.

The phycoerythrins absorb blue-green and green light,
the phycocyanins green and yellow light, and the allophy-
cocyanins orange and red light. While che function of phy-
cobiliproteins in their natural environment is that of nonra-
diative energy transfer, these molecules are all highly fluores-
cent, and their particular fluorescence characteristics have
been of great interest to users of flow cytometers since Oi,
Glazer, and Suyer demonstrated the utility of phycobilipro-
teins as antibody labeling reagents'".

The chromophores in phycobiliproteins are bilins,
which are pyrrole pigments derived from: the same building
blocks as porphyrins; each phycobiliprotein molecule con-
tains a large number of such chromophores. The extinction
coefficients of phycobiliproteins are extremely high, and the
quantum yields are also high. An antibody molecule directly
labeled with fluorescein will have between 1 and 3 chromo-
phores associated with it; an antibody molecule o which 6
fluoresceinated antibody molecules have been bound during
an indirect staining procedure will have 6 to 18 associared
chromophores. An antibody molecule directly labeled by
conjugation with a phycobiliprotein may have as many as 34
associated chromophores, each with an absorbance and
quantum yield roughly comparable to those of fluorescein.
Spectra of R-phycoerythrin and allophycocyanin are shown
in Figure 7-9 (p. 296); Figure 1-18 (p. 37) shows thart, with
excitation at 488 nm, a phycoerythrin-labeled antibody
molecule will emit several times as much fluorescence as a
fluorescein-labeled antibody molecule.

In addition to their high extinction coefficients and
quantum yields, phycobiliproteins, and phycoerythrins in
particular, are characterized by broad shoulders in their exci-
tation spectra, allowing them to be excited effectively at
wavelengths substantially below their emission maxima.

While the molecular weights of phycobiliproteins are
sufficiently high so that conjugates may contain only one
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molecule of phycobiliprotein per antibody molecule, the
high extinction coefficients and quantum efficiencies of the
phycobiliproteins insure that one molecule will get the job
done.

Phycoerythrins: R-PE, B-PE, and Others
While the peak absorption of R-phycoerythrin (R-PE)

is at 565 nm, with the emission maximum at 578 nm, the
absorption at 488 nm is approximartely 50% of maximum.
This allows R-PE to be used very effectively in combination
with fluorescein for two-color immunofluorescence flow
cytometry; only a single excitation beam (e.g., 488 nm from
an argon laser) is required. Fluorescein fluorescence is meas-
ured, as customary, in the green region around 530 nm,
while R-PE fluorescence is detected in the orange-red region
above 570 nm. If a 590 nm long pass filter is used instead of
a 570 nm long pass filter, interference from the red rail of
fluorescein emission can generally be minimized to the point
at which fluorescence compensation" is not necessary; this
was more practical years ago, when most instruments meas-
ured two-color fluorescence, than it would be now.

B-phycoerythrin (B-PE), like R-PE, has a molecular
weight of abour 240,000, and conrtains 34 bilin chromopho-
res per molecule; its absorption maximum is at 545 nm, and
it is less well excited at 488 nm than is R-PE. PE-labeled
antibodies have been widcly available since the late 1980's,
and the combination of fluorescein-labeled and PE-labeled
antibodies has been standard for two-color immunofluores-
cence measurements since that time. B-D licensed Stanford
University’s patent on phycobiliproteins, which was based
on the work by Oi, Glazer, and Stryer'”, and controlled the
market on phycobiliprotein-labeled antibodies until the late
1990’s; since that time, PE-labeled antibodies have become
available from an increasingly large number of manufactur-
ers.

Ong, Glazer, and Waterbury™' suggested that the phyco-
erythrin from the marine cyanobacterium Synechococcus
WH8103 (S-PE) might be useful as a label because it con-
tains more phycourobilin groups, which are responsible for
the shorter wavelength absorption of phycoerythrins, than
does any other known phycoerythrin. The absorption
maximum of S-PE is at 492 nm; the cmission maximum is
at 565 nm. A solution of S-PE excited at 488 nm has a fluo-
rescence intensity 19 times higher than that of an equimolar
solution of fluorescein, and about twice as high as an equi-
molar solution of R-PE. S-PE would, if it could be produced
in quantity, be the ideal phycobiliprotein to use alone or in
combination with fluorescein for immunofluorescence
measurements with 488 nm excitation. Since most of S-PE
emission is at wavelengths berween 555 and 585 nm, it is
also likely that fluorescein- and S-PE-labeled antibodies
could be used in combination with propidium iodide for
simultaneous DNA content and two-color immunofluores-
cence analyses. The theoretical advantages of S-PE, to which
I referred in previous editions of this book, have not been

realized ar this writing, because $-PE is too hard to come by
and/or because R-PE is good enough for most purposes.

Allophycocyanin (APC) and APC-B

Allophycocyanin (APC) is of particular interest as a
single label because it exhibits high (about 75% of the
maximum value) absorption in the 633-638 nm range in
which red He-Ne and diode lasers operate. The absorption
maximum of APC is at 650 nm; its emission maximum is at
660 nm. APC contains 6 bilin chromophores and has a mo-
lecular weight of about 100,000. Allophycocyanin B
(APC-B) emits at slightly longer wavelengths (maximum
near 680 nm). My colleagues and I measured fluorescence
from human leukocytes stained with an APC-conjugated
antibody in a flow cytometer using a 7 mW He-Ne laser
source™. Although we used a suboptimal long pass filter
(665 nm cut on, which transmits less than 50% of the APC
fluorescence) on the fluorescence detector, we obtained re-
sults that compared favorably with those from another in-
strument in which cells stained with fluorcscein-antibody
were illuminated with 200 mW at 488 nm.

Loken et al™ found that 25-50 mW from a large He-Ne
laser mounted on a B-D FACS, which has less efficient fluo-
rescence collection optics than the Cytomurtt [ used, pro-
vided near-optimal excitation of APC-labeled antibodics;
Doornbos et al'** were able to discriminate cells stained with
APC-labeled antibody from unstained cells using a flow cy-
tometer with a diode laser source emitting 3 mW at 635 nm.

If excitation in the 590-650 nm range usable with APC
is available, this label offers advantages over PE and fluo-
rescein for use with antibodies reactive with low surface den-
sity antigens in cells such as macrophages™’, which exhibit
high autofluorescence when excited at 488 nm.

Glazer and his associates " studied the physical
chemistry and spectral propertics of APC, in the process
uncovering and solving a potential problem with its use as
an antibody label. Native phycobiliproteins are composed of
subunits; B-PE and R-PE each contain 13 subunits, while
APC is made up of 3. Although phycobiliproteins are stable
under most conditions associated with their use as labels,
APC tends to dissociate into subunits at concentrations be-
low 10* M, and APC concentrations might fall below this
range in washed samples stained with APC-labeled antibody
or ligand. Cross-linking the subunits while APC is in the
trimeric state prevents dissociation, stabilizing the labeled
antibody.

Phycocyanins

C-phycocyanin (C-PC), with an absorption maximum
at 620 nm and an cmission maximum at 650 nm, has been
used as an ancibody label by Hoffman et al™’, who were able
to derect and resolve fluorescence from C-PC-labeled and
APC-B-labeled antibodies, using a 642-657 nm bandpass
filter for the former and a 675-695 nm bandpass filter for
the latter, in an Ortho flow cytometer equipped with a 7
mW, 633 nm He-Ne laser source. Taking advantage of the



small, but not insignificant absorption of C-PC at 488 nm,
Daley et al ” used a PC-avidin conjugate wich biotinylated
antibodies and fluorcscein- and PE-labeled antibodies to do
thrce-cnlor immunoﬂuorescence measurements on a Coultcr
EPICS instrument with a single 488 nm laser source.

R-phycocyanin 11 (R-PC-II)™, a phycocyanin found in
some species of Synechococcus, might be useful as a third la-
bel; it has absorption peaks at 533, 554, and 615 nm and an
emission peak at 646 nm. However, as is the case with S-PE,
it may be impractical to produce R-PC-I1 in quantiry.

Phycobiliprotein Tandem Conjugates: PE-APC,
PE-Texas Red, PE-Cy5, PE-Cy5.5, PE-Cy7, etc.

Glazer and Stryer™ (1983) were the first to prepare a
tandem conjugate of B-PE and APC in which energy trans-
fer between these proteins, with the phycoerythrin molecule
the donor and the allophycocyanin molecule the accepror,
results in strong emission at 660 nm on excitation at wave-
lengths berween 470 and 560 nm. This material was shown
by B-D rto be usable as a third antibody label in combination
with fluorescein and a phycoerythrin, permitting 3-color
immunofluorescence measurements with 488 nm exciration.
The PE-APC tandem conjugate, however, had two notable
disadvantages; first, the chemistry involved in its preparation
and conjugation was nontrivial, and, second, energy transfer
was not complete, resulting in substantial emission from the
conjugate in the same spectral range as phycoerythrin emis-
sion. In 2001, Tjioe et al™* found it somewhar easier to
preparc and use PE-APC tandem conjugates.

The phycobiliprotein tandem conjugates now in widest
use incorporate only a single phycobiliprotein molecule,
namely, phycoerythrin, o which are conjugated several
molecules of a lower molecular weight fluorochrome. The
first widely used conjugates prepared in this fashion incorpo-
rated phycoerythrin and Texas Red; antibodies labeled
with such conjugates, are available from a number of manu-
facturers, each using its own trade name for the conjugate.
While most of the emission from PE-Texas Red conjugates
is in the 610-620 nm emission region of Texas Red, incom-
plete energy transfer results in substantial emission from the
conjugates in the PE emission region around 580 nm, and
PE itself has substancial emission in the 610-620 emission
range. As a result, a lot of fluorescence compensation must
be applied to separate the fluorescence signals from a PE-
labeled antibody and another antibody labeled with a PE-
Texas Red tandem conjugate; while the spectra of PE and
PE-Texas Red are shown in Figure 7-9 (p. 296); the spectral
overlap problem is best appreciated from Figure 1-18 (p. 37)
and the related discussion (pp. 36-7).

PE-Cy5 randem conjugates, introduced by Waggoner et
al”™, incorporating a single phycoerythrin molecule and
several molecules of the cyanine dye label CyS, are now
widcly preferred over PE-Texas Red conjugates as a third
label for immunofluorescence analyses using 488 nm excita-
tion; they emit at the emission maximum of Cy5, near 660
nm.
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Lansdorp et al™ took an intermediate step on the road
to PE-Cy5 conjugates by preparing Cy5-labeled anti-PE
antibodics, which could be complexed with PE-labeled anti-
bodies; they observed that energy was transferred efficiently
from PE to Cy5 in such complexes, enabling them to be
used as a third label in combination with fluorescein- and
PE-labeled antibodies, provided uncombined anti-PE anti-
body sites were blocked. Energy transfer is at least as efficient
in PE-Cy5 conjugates as in complexes; Figure 7-9 (p. 296)
and Figure 1-18 (p. 37) demonstrate that there is much less
emission specrral overlap berween PE and a PE-Cy5 conju-
gate than there is between PE and a PE-Texas Red conju-
gate. Accordingly, less fluorescence compensation is re-
quired. PE-Cy5-labeled monoclonal antibodies are widely
available.

The list of phycoerythrin tandem conjugates has ex-
panded considerably since the last edition of this book was
written; it now includes PE-Cy5.5 (emission maximum near
700 nm) and PE-Cy7 (emission maximum near 770 nm).
As you will find in Chapter 8, there are now flow cytometers
on the market that will allow you to make simultaneous
measurements of the fluorescence of fluorescein, PE, PE-
Texas red, PE-Cy5, PE-Cy5.5, and PE-Cy7, and side scatter
to boot, using a single 488 nm excitation beam. Don't look
for hardware compensation in those puppies.

Allophycocyanin Tandem Conjugates: APC-Cy7
and APC-Cy5.5

In the last edition, [ suggested that “It might...be desir-
able to prepare tandem conjugates of APC that could be
used in conjunction with APC itself for multicolor im-
munofluorescence measurements employing a 633 nm He-
Ne or 635 or 650 nm diode laser source.” It didn’t take long
for this to happen; in 1996, Roederer et al”’ and Beavis and
Pennline™” contested priority for APC-Cy7, when the paper
that had been accepted first was published seccond™”. APC-
CyS.5 seems to have just come along out of the blue (or the
far red); I couldn't find a claimant on MEDLINE. APC-
Cy7 emits maximally near 770 nm, and APC-Cy5.5 near
700 nm; both are now available from a number of compa-
nies, conjugated to a variety of monoclonal antibodies.

Mercy Me! PerCP!

The first new reference added to the Third Edition, ref-
crence 1027, by Mandy, Bergeron, Recktenwald, and
Izaguirre, was a tandem in its own way. It introduced the
concept of T cell gating for lymphocyte subset analysis (see
pp- 30-4 and 277); it also described the use of a new third
label, peridinin chlorophyll protein, or PerCP. This mate-
rial is a component of the photosynthetic apparatus in a
dinoflagellarte; as illustrated in Figure 7-9, it has an absorp-
tion maximum near 490 nm and a relatively sharp emission
peak at about 680 nm. The sharpness of the cmission peak
minimizes crosstalk between PerCP and PE, and therefore
also minimizes the amount of fluorescence compensation
needed.





