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PREFACE TO THE FOURTH EDITION: WHY
YOU SHOULD READ THIS BOOK - OR NOT

Cytomerry, as you probably know if you are looking at
this page, is a process for measuring the physical and chemi-
cal characteristics of biological cells. In flow cytometry, the
measurements are made as cells flow through the instrument
in a fluid stream. This is the Fourth Editien of what I am
proud and honored to have had many colleagues call the
“bible” of flow cytometry. Of course, the real Bible doesn't

need new editions.

Cytometry’s (and Practical Flow Cviometry’s) Genesis

Cells were discovered in the 1600’s by gentleman scien-
tists who made their own microscopes, which, for the first
time, allowed objects of such small dimensions to be seen.
Within a few decades, microscopes became available to af-
fluent amateurs, as well as to an emerging class of profes-
sional scicntists. Far the next two hundred years or so, visual
abservation was the only means of acquiring information
about individual cells. The 1800’s brought us the cell theory
and the germ theory, which provided additional impetus for
learning more about cells, and synthetic dyes and photogra-
phy, which, with improvements in optics, facilitated micros-
copy. However, it was not until the 1930’5 that then primi-
tive clectronics first permitied objecrive, quantitative meas-
urements of cellular characreristics to be made. Within an-
other two decades, electron microscopes and television had
become commongplace, the latter much more so than the
former, and the first practical instruments for counting cells
began ro appear in research and clinical laboratories.

The 1960°s saw che development of the first flow cy-
rometers capable of making quantirative measurements of
the physical and chemical properties of cells, and of the first
cell sorters, which allowed individual cells with selected

characteristics to be isolated for further study. By the 1970,
flow cytometers and cell sorters were commercially produced
and in some demand, but relatively few insdrutions were
able to afford them and relatively few people were able o
operate and maintain the large, expensive, and user-
unfriendly first-generation instruments. Orthers sought to
add 1o the limited measurement capabilitics of existing flow
cytometers by building their own and/or by modifving
commercial systems, The predecessor of this book, Building
and Using Flow Cytometers (1983), and the first two editions
of Practical Flow Cytometry (1985 and 1988) were written
for this cadre of adventurers; the beoks included more or less
complete instructions for building a flow cytomerer with
performance comparable to that of a then-current commer-
cial instrument.

By 1993, when | began preparing the Third Edition
(1995), it was clear that only a few dozen of the several
thousand purchasers of the previous editions of the book
had actually built flow cytometers from the included plans.
Benchitop flow cytometers, equipped with personzl com-
puters or their equivalent for data acquisition and analysis,
and operable by individuals unburdened by degrees in phys-
ics and/or engineering, had appeared in thousands of labora-
tories. It was decided, by murual agreement of the author
and publisher, that the emphasis should be shifted, cxpand-
ing the explanatiens of the chemistry, physics, oprics, elec-
tronics, statistics, computer science, and even a little of the
bio]ogy that makes flow cytometers work ~ or not work, and
surveying a wide range of applications. The do-ir-vourself
flow cytometer portion of the book disappeared.

The basic science behind cytomerry hasn’t changed
much since the Third Edition appeared, but numerous new
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mseruments, new reagents, new sofrware, new applications,
and new users have appeared on the scene, and one cannot
meet the needs of the last of these without providing im-
proved coverage of the first four,

Is this Book for You?

These days, much analytical How cytomerry and almost
all cell sorting are done in core laboratories by instrument
operators whe, in theory, are trained not only 10 run the
apparatus, bur to provide the researchers and clinicians who
necd the ceils and the information from rhe cells with as
many helpful hines as mighrt be needed about experimental
design, choice of reagents, analysis of data, erc. The opera-
tors are, at least ideally, supervised by people in whose re-
search and/or clinical work flow cytomerry is critical, and,
together, these individuals are responsible for many of the
advances and refinements in flow cytometric technique. A
bor of them have read previous editions of this book, and |
would hope 10 keep my old readers and attract some new
ones from this comenunity.

Bur suppose you are a clinician, researcher, or student
lucky enough to have 2 well-staffed and well-equipped cy-
tometry facility to which to bring your problems. Do you
really need o know the details when vou can follow cook-
bock protocols with cookbook reagents and feed racks full of
cells, or muldwell plates, into “black box” benchtop instru-
ments that you can’c adjust? Can't you just lean on the local
experes, andfor get by on the page or so about flow cytome-
try and cell sorung thae it is now dr rigeur to include in text-
books of cellular and molecular biology and immunology?

You can rely on the cxperes, perhaps, but not the books.
t have looked 2t around a dowen such texts, all produced
within the past few years by groups of distinguished scien-
uists, and have found exactly one in which the above men-
tioned one- or rwo-page descripiion does not contain at least
one glaring crror.  The winner here is the Sth Edivon of
Immunobiology: The Immune System in Health and Disease”",
by Janeway et al {alas, the book survives its first author); the
fosers will remain anonymous and uncited.

There 1s no question that in cytometry, as tn many other
arcas of what | like to call analytical biclogy., new instru-
ments conceal most of the details of their eperation, reagents
come prepackaged, and procedural details may appear in
package inserts, be accessible on line, or be passed down by
oral tradition. New usess presented with what seems to be
the equivalent of a set of building blocks should remember
that there is a difference berween whart a roddler can build
with 2 set of blocks and what a mechanically inclined and
informed teenager or adule can accomplish with the same
set. Most of cytomertry isn't cutting edge science, but the
cytomuetry that has been used to do cuuing edge science is
ofen cutting edge cytometry, and if vou expect to he in-
volved in che design and incerpretacion of an experiment
that involves a ten-color fluarcscence measurement, you're
abourt ar the point where you're trying to build a scale model
of the Empire State Building out of those blocks. If there

151’ anybody in the group who is well versed in cviomerry,
there’s a good chance thar, if you don't get a good idea of
what’s in the hlack boxes and the reagent bottles, and how
and how not to use them, the pile of blecks will fall down
before the boss makes it to Stockholm,

if you really just wane a quick introduction to the basics
of flow cytomerry, you can get it from less weiphry volumes
than this onc; Alice Givan's Flow Cyrometry: First Princi-
ples’™ comes to mind. However, 1 have also taken a cur ata
brief introducrion to the basics, and incorporated it as the
first chapter (Qverture) of this edition of Practical Flow Cy-
tomerry. ‘The rest of the book will keep 2 myriad of details
you didn't think you needed to know handy for those mo-
ments of panic thae will almost surely occur if you keep do-
ing cytometry for any length of tme.

What's in the Book, What's Not, and Why

The basic rask of cyrometry is to extract informanon
about cell popularions, and abous differences in physical and
chemical characteristics {parameters, in cytomewry jargon)
berween cells 1n those populations. We typically do this by
making mcasurements of optical properties of the cells, usu-
ally after applying one or more fluorescent reagems {10
which we often refer as probes), translating informarion
abour cells’ structure and function Into pulses of light. The
detectors in a cytometer produce clecerical signals in re-
sponsc 1o those pulscs of light; electronic hardware and
computer software extract numbers from the clectrical sig-
nals. In cell sorting, we have the opuion of converting the
results of our number crunching back into electrical signals
that will physically separare cells with presciecred characteris-
tics from the rest of the population.

Understanding how all this stuff works requires more
background tn physics and chemistry than most people who
work in the biological scicnces have learned, can remember,
and/or have thought about. It also helps to know 2t least a
litdde about mach, szatistics, computer science, and electron-
ics, Practical Flow Cytometry goes over the background mate-
rial in dewil, aiming for intclligtble explanations in collo-
quial English, with a minimum of math. and that as unin-
timidating as possible.

Archur C. Clarke once said thar any sufficiently ad-
vanced rechnology was indistinguishable from magic. Cy-
rometry s an advanced technology, but Yl starr our right
now by giving you:

Shapiro’s Zeroth Law of Flow Cytometry:
There is no Magic!

Absolutely everything in the boxes and botdles has o, and
docs. follow the laws of physics and chemistry: | do my best
to show vou how. If you come from che chemistrv/physics/
engineering side, and need an introducion o cell biology,
immunology, etc., you'll have o fook clsewhere, at least for
the most part.



Chapter One (Overture) has been extensively rewriuen o
present an introduction to cytomerry and flow cytometry
that stresses the relation of cytometry to micrescopy and the
emergence of cytometry in the context of what pecple
wanted and want to know about cells and whar technoelogies
were and are available to provide the information. Chaprer
Two introduces other sources and resources helpful for
learning ar learning more abour cytometry. The detailed
history of the ficld is covered in Chapter Three.

Chapter Four {(How Flow Cyrometers Work) discusses
light and its interactions with matter; optical systems in gen-
eral; and the light sources, illumination and collection op-
tics, and detectors and electronics used in cyrometry, includ-
ing expanded coverage of static and scanning cytomeuy as
well as the details of flow cyrometry. The chaprer includes
are informarion on newer diode and solid-state lasers and
detectors, and discussions of high-resolution digical signal
processing (DSP), of hardware and sofrware approaches o
logarithmic cransformation of signals and fluorescence com-
pensation, and of measures of cytometer performance. These
discussions continue in Chapter Five (Data Analysis}, which
confronts the problems of how to display and present dara,
and of how to evaluare dara displayed and presented by oth-
ers.

Chapter Six (Flow Sorting) adds additional derail about
well-established fluidic and droplet cell sorting mechanisms,
as well as an introduction rto the microfluidic and pneumatic
systems recently deseribed for sorting large molecules and
bacreria, on the one hand, and muldiccllular organisms, such
as C. elegans and Drosaphila, on the other.

Chapter Seven {(Paramerers and Probes) fearures an ex-
panded discussion of the large and growing list of fluorescent
labels and tandem labels now available, which have enabled
cytometry's most sophisticated practitioners to measure fluo-
rescence from as many as thirteen fluorescent antibodies or
other prabes bound o a single cell. New nucleic acid stains
and probes and mechods for functional parameters such as
membrane potential and intracellular calcium are also cov-
ered, as are green fluorescent protein {GFP) and irs variants
and relatives.

[n recognition of the fact that the vast majotity of readers
of this baok, new and old, will be doing their flow cytome-
uy using commercially produced flow cytometers rather
than home- or laboratary-built instruments, [ have, with
enthusiastic and much appreciated help from the manufac-
turers, packed Chapter Eighe with far more detail about
available instruments than appeared in previous editions.
Chapter Nine, which, in the First and Second Editions, in-
cluded all the do-ic-yourself stuff, now presents only a very
brief discussion of the pros and cons of building your own
instrument,

The discussion of applications of cytometry in Chapeer
Ten adds decails on new uses in cell biology, clinical medi-
cine, biotechnelogy and drug development, including mul-
tiplex analysis, kinetic analysis, sorting for gene expression,
and approaches 1o process monitoring. Stem cells, hemato-
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poietic and otherwise, and rare event detection are discussed,
as is sperm sorting for sex selection. [ have emphasized new
and portential applications for cytometric analysis of bacteria,
fungi, parasites, and viruses, reflecting my own focus on this
area in recent wotk, and hoping to provide some guidance
for others well acquainted with the organisms but relatively
new to cyometric metheds for their study.

Contact information for manufacrurers and vendors of
cytometers, accessories, reagents, etc., appears in Chapter
Eleven. I know the biotech sector has had its ups and downs;
however, the chapter numbering was pure coincidence.

Chaprter Twelve is an Afterword, centaining some late
corrections, really new seuff, details on book production, and
my thoughts on some of cytometry’s unfinished business.

In compiling the Third Edition of Practical Flow Cy-
tometry, | extracted and read chrough over 15,000 ritles and
abstracts relevant 1o the subject, representing all of the arti-
cles added ro the MEDLINE database between 1988, when
the Second Edition appeared, and mid-1994, when the
Third Edition went to press. I had o access the darabase
from a sct of CD-ROM’s; my 9,600 baud modem just
wasn't up to the job. Now, I can use broadband connectivns
to participate in near real time, via e-mail, in the design of
experiments done, and the interpretation of data collected,
halfway around the world. I could almost cerrainly have
downloaded all of the flow cytometry references that were
added to MEDLINE since mid-1994 in some reasonable
time, but, since there appear to be about 50,000 of them, it
would have been hard for me o look at them all, much less
give them thumbs up or down. Since neither | ner the pub-
lisher was prepared o triple the size of the book, 1 had lirde
choice bur to be fairly selective in preparing this Fourth Edi-
tion, to which more than 1,200 new references have been
added. Reference » in a previous editien is reference 7 in this
one. Because older and newer references are mixed, reference
numbers do not appear in numerical sequence in the text. |
have noted a few duplicated references; therc may be others.

In the era of CD¥s, DVI)'s, and the Web, it might be ar-
gued that the paper book is an archaic medium; some
wanted to dispense with the hard copy and put the whole
thing on line. I disagreed. The real Bible, or at lcast che first
five books of it, has been dutifully and faithfully copied by
scribes onto parchment scrolls, which are ar least as archaic
as 8-inch floppy discs, for thousands of years, and continues
1o present a picture of its Ume; there are numerous external
sources, on paper and in electronic media, to provide rans-
lation and commentary, much of it aimed at bringing an-
cient messages up to dare. And, moving from the sublime
way over in the direction of the ridiculous, even a book like
this one is useful in that it, too. presents a picture of its time;
a compilation of the same information on a Web site, fre-
quently updarted, will lose historical perspective.

A compromise was obvious. It was agreed thar this
Fourth Edition would appear in book form, and be supple-
mented by a Web site, which would contain supplementary
material, and allow informarion likely to change — the lists of
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supplicrs of apparatus, reagents, and accessories, for example
- 10 be kept current. Bottom line: you can sull read Practical
Flow Cytometry in the bathroom. You're on your own about
Web access there.

The puns. bad jokes, and occasional poems and lynes
that readers of previous editions have come o expecr are suili
here, starting below. | have tried 1o hit the high points — and
some of the low ones; it i3, unfortunately, somerimes the
casc that bad cytometry happens 1o good journais.

You can actually read this book from cover to cover, al-
though 1 suspect net many people do. However, whecher
vou are a flow novice or an old hand, you are ltkely ro bene-
fit from skimming the book from cover w cover. You may
find things you wouldn’t have found just using the Table of
Contents and the Index; these are likely to be the most idio-
syncratic parts of any book, and this book is mote wdosyn-
craeic than most.
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As ['d say, onc May in Monzpellier,
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Now to some serious stuff. The previous edition was
dedicated to the memories of my father, Alfred Shapiro,
“who goaded me and guided me in the study of a wide vari-
erv of subjects,” my mother, Jennie Shapiro, “a supermom
before it was fashionable, from whom I also learned a lot
about science,” and Jonas Gullberg, “who raught me a lot
about microscopes and their users in too short a time.”

I would have loved 1 keep thar dedication for this edi-
tion, but I felt compelled to memorialize the recent prema-
ture loss of three friends and colleagues who contributed a
huge amount to the field of flow cytometry.
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I had hoped chac Mack Fulwyler, one of the three fathers
of cell sorting, would jein the other vwo, Len Herzenberg
and Lou Kamentsky, in contributing a Foreword tw this
baok. (Len wrote one for the Third Edition and Lou wrore
one for the First), However, by the time 1 got around to
asking him, he was too sick to do it, and | decided nor o ask
anvone eise. I think cell sorting is worth a Nobel Prize {see
Chapter 12); [ was hoping to see it split three ways.

Bart de Grooth and Janis Giorgi have been eulogized by
their colleagues in the pages of Cyromerry™ ', and Janis was
profiled in The New Yorker in 1998™". | wish [ had had

more ame to hang out with all of thern.

Thanks for listening.

Howa Q> SHARIRD

4
WS G.63

West Newron, Massachusetss
May 11, 2003



FOREWORD TO THE THIRD EDITION

This is a light-hearted and very useful book on a
complex but very widely used technology. When we had in
hand the first working model of a flucrescence- activared cell
sorcer in 1969, we expected that the major applicarion
would be the sorting of live fluorescently stained cells to
obaain pure populations of cells that would then be further
analyzed off-line. However, implicic in the technology was
the on-line analytical capability, so nicely described in this
book by Howard Shapiro.

The first two editions from Dr. Shapiro’s prolific pen
maintained the fiction that working scientists, especially
biologists and medically ariented scientists, would build
their own flow cytometers. In this Third Edition, Shapiro
has bowed to practical reality, and does not predicate this
excellent text on flow cytomcury and sorting on the
“Cytomutt” and improvements as he had in the First
Edition, but continues the tradition he started in the Second
Edition principles  of modern
multiparamerer analysis (importandy, explaining what a
parameter is), so that working biomedical scientists can
understand how to get the best machines for their money,
how t evaluate capabilities of these machines, how and
where errors can come in, how to use the instruments most

of presenting the

¢ffectively in their important biomedical experiments, and,
finally, how some technologically-minded folk are trying to
advance the art of flow cytometry and sorting,

This rechnology has spawned an estimated four hundred
million dollars a year in sales of instruments and reagents in
1994, More than 900 participants, mostly machine
operators, €nginecrs, tcchno]ogic;ﬂ buffs, staff members of
principal investigators, and a relarive few of the principal
investigators  chemselves, are expected to attend the
International Saciety for Analytical Cytology’s meeting in
Lake Placid in the Fall of 1994. Also present will be many

members of the large and small companies that hope to

provide the macerial base for this field. Rubbing elbows ar
this meering will be immunologists, both basic and clinical,
oncologists and cell biologists, as well as molecular
biologists, AIDS specialists {and activists), pharmacologists,
and oo many types of flow cytometrists to name in this
Foreword. Nevercheless, all will find intormation that
interests and helps them throughout this book.
Highly capable vitally

components that must be included in medern cell analysis

compurers  are important
and sorting. Two-parameter analysis is the minimum that
any flow cytometer offers. Three, feur, and five flucrescence
parameters are available from the major producers in 1994.
Six, seven, and even ten such paramerers are available on
some experimental machines being put into practcal this
same year. Soon thereafter, there may be considerably more
than ten measurement parameters on the more advanced
instruments.

Consider the data taken at the Stanford Shared FACS
Facility in mid-1994 as typical of a heavily used multi-user
flow cytometry center. About 125 experiments arc analyzed
per week, averaging 30 samples per experiment, or 3,750
samples/week. This requires approximately 300 megabyres
(30,000 cells, 6 measurements, and 9 bit resolution produce
about 200 kilobytes/sample).
gigabytes of new data per year. This creates a need for very
extensive and sophisticated means of data management,
retrieval, and analysis.

We soon will have all these many gigabytes of data

Thus, we must store 15

available on-line, with access to investigator narnes, dates,
experimental parameters, eic; all of the ancillary
information needed for analysis of the accumulared dara
from current as well as previous experiments will be easily
accessible to the investigaror.

In order for all this data 1o be meaningful, excellent

standardization, compensation, and stability of measurement

AXXIX
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will have to be featured in the specificauons of all seripus
machines. This is done now in the Shared FACS Facility a
Stantord and should be done everywhere fluw cyomerry 1s
used.

Shapiro technical  and  sciendific
considerations in this excellent book and, as 1 said, treats

covers  many
them with light-hearted humor, Take, for example, “Flow’s
Golden Oldies” as a heading on page 63, or aphorisms like
“Shapiro’s First Law of Flow Cytomeuy: A 51 pm Particle
CLOGS a 50 pm Orifice”, on page 11,

[ rccommend a thorough reading for all who are using
and plan o use flow cyrometry in analysis and sorting of
cells and other binlogical particles.

Leonard A. Herzenberg
Seanford University
July 29, 1994
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LARGO AL FACSTOTUM

Turn on the lasers, turn on the flow.
Turn on the lasers, turn on the flow.

My book will give you a broad overview of flow;

['ll tell you more than you think thar you need to know.

When nor at leisure, here's whar [ rreasure:
[v gives me pleasure quickly to measure
Cells as they go, cells as they go,

In single file in a rapidly flowing stream,
Through the intense focal spot of a laser beam,

They scaceer light, and absorb, and fluoresce;
All this can be quantified with success.

Though forward scattering gives us a smattering
Of data related to particle size,

Change in refractien comes into action,
Decreasing signals, when a cell dies.

Light scattered wider gives us insider
[nformation about cells' detail,
Irregularicy and granulariry,

Which we can use and still stay out of jail.

But to learn most, we measure fluorescence,
Which is now flow cytometry's essence,
Much as tumescence is to male adolescence.

xli

Each fluorescent label I list in my table,
As long as it's stable, dispels the fable;
Honestly tells what's in the cells.

DINA ploidy, cell cycle position,
Chromatin structure, base composition.

RNA centent, protein as well,
With DNA, all in the same cell,

If your cytometer's clean, or is cleanable,

All these parameters now are amenable,

And there's one more, which [ cannort ignore,
‘Cause it's flow's major chore:

Antigens, antigens, antigens...

CD¥'s, six score, a CD-ROM can't store,

And labels in cherry and erange and lemon and lime,
Each with a reason and a rhyme,

No need to see cells; our industry sells

Things which count T-cells, one at a time.

Cytometry is fun; It keeps me on the run.
Shapiro here, Shapiro there;

Twa days a week, I'm in the air,

Now I count cells instead of sheep,

And I give lectures while I'm still asleep,
And so it goes.
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Before 1 close, I'll switch to prose,

Bure § propose one thing more to disclose:
I can eell a cell grew, using Brdl.

And 1 know vou can, wo.

Up 1o this juncrion, ['ve said naught of funcaon,
Of enzyme kinetics, or cell enerpetics,

Or how you can spy on the calcium ion,

pH and sulfhvdryls inside of 2 cell,

Nor have | mentioned that polarization

Can help you detect lymphocyte acuvation,

Or that viability, permeability,

And surface charge can be measured as well.

Though our field's barely our of its reens,
We can now look at microbes and genes,
An end thac justifies our means -

And our machines!

Music: “Largo al Factorum” {Rossini: The Barber of Seville))

This is the Third Fdition of 2 book in which 1 have tried
to 1nclude almosr everything anyene might want or need to
know about flow cytometry, with enough bad jokes
interspersed o give the reader a chance o saay awake.

The previous editions were well received, but it occurred
to me that I should have done some things differendy. In
the older books, I dragged the reader through decades of
history before | explained the barest detail of the gadgetry
being discussed.  This time around, ['ve tried to explain
what flow cytometry is and flow cyrometers are firse, then
consider how they got to be that way, and get into the real
derails afrer that,

I've rerained a lot of the practices 1 adopred in the
previous editions. When 1 want a word or phrase 1o catch
your attention, ¥'ve put it in boldface. 1 still emphasize the
fact that flow cytometry rests on the same foundations as
other techniques of analytical cyrology: the optics and
spectroscopy are the same, as are many of the parameters
measured and the probes used for thelr measurement. {fyou
want to do image analysis or confocal microscopy with DINA
stains or calcium probes, you can learn about the probes
here in about as much detail as you could get anywhere.

The First Edition had 623 references: | added 404 zo the
Second Edition, and [ have added another 1,288 10 this
cdition, selecting most of them from some 15,600 papers
dealing with flow c¢ytometry which were entcred inro the
MEDLINE database between July 1987 and June 1994, 1
still had <o leave our a lot of good stuff.

This edition omits the detatls of how o build flow
cvtometers; thousands of people have read the previous
editions, in which this material did appear, bus only 2 few
dozen people have built “Cytomuus” following the designs
in the books. 1 you're interested in building an instrument,
help is seifl available; see Chapters 9 and 11,

i have put in more, and | hope, better illustrations.
They include diagrams, photographs, and displays of flow
cytometric data. In the last two editions, there were only 2
couple of figures coneributed by other people. In this
edidon, | decided 1 couldn’t gee by without a lor of help
from my friends, and called 2 lot of people, asking them to
send me stuff representarive of their areas of expertise. The
response was enthusiastic, and 1 think the hoek is bereer for
i.

[ have continued o give priority to including references
describing new techniques or refinements, whether in the
area of mnstrumentation, sample preparation, cywochemistry,
or data analysis, or perraining to unusual applications.
There are now a couple of dozen other books available
which dcal with the bread-and-buuer applications and the
technical details, and 1 don't sce any point in duplicating
What § have wried ro do, instead, is to
provide my readers with enough information to enabie them

their contents.

to make informed decisions about cheosing instruments,
designing experiments, and belicving what comes our in the
literature,

The book has been called Practical Flow Cytomerry since
1985, and, if you have any acquaintance with the field and
the previous cditions, you are probably aware that things
which weren’t practical nine and six years ago are practical
now. In 1988, there weren't more than a few dozen papers
dealing with three-color immunofluorescence; in 1994, fous-
color immunefluorescence is becoming commonplace. We
have to think carefully in order to design experiments which
don’t involve hundreds of tubes; multiplex labeling, as
described on pp. 293-3, may be a practical solution to some
problems of this sort.

Quantitative immunofluorescence measurements (pp.
28-9 and 302-6), which really weren't practical in 1988, are
now, This will make ic easier to standardize measurements
made in large numbers of laboratories, and 1o analyxe
ceifular processes which are characwerized by quanurative,
rather than qualitative, changes 1n antigen expression,

New, simplified, powerful methods for analysis of cell
proliferation have become available, The SBIP method for
detection of DNA synthesis using bromodeoxyuridine as a
tracer (p. 325) offers considerable advancages over cuisting
cytochemical and immunochemical methods. Tracking dyes
{(pp. 312-3) now permit
generations of cells i wive and tn viro. and can be
tremendously helpful in clarifying the hetcrogeneity of
cellular immune responses.

Although the technology has not yet reached the clinical
microbiclogy faboratory, the utility of flow cytometry for
analyses of bacteria {pp. 412-25) has been facilitated gready
by the increased fluorescence and scatter measurement
scasitivity available in newer instruments, resuliing in rapid
growth of the literature in this area.

While ! have been described as, and am, opinionated,
I'm willing to change positions I've taken when presented
with new cvidence. I have done so, e.g., on the subject of

identification of successive



mathematical models for DNA histogram analysis (p. 372).
[f vou disagrec with me on other points, let me know. I'd
like the next edition to include doggerel, but not dogma.
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PREFACE TO THE SECOND EDITION

This book can tell you almost everything you need to
know abour flow cyrometry: whar it is, how it works, what
you can and can't do with it, and how to buy or build and
use flow cytometers. A pretty tall order? Well, F've got a
track record now. A lot of people bought the First Edition,
and most of them seemed wo like it - even the reviewers,

The things the reviewers liked least in the First Edition
were the dot macrix prine and the sloppy illustrations, so 1
spent the royalties from the Firsc Edition on the laser printer
and other desktop publishing hardware and software with
which this Second Edition is being generated. [ hope you
appreciate the sacrifices I've made for you...

The changes in this Edition, however, are a lot more
than cosmetic. A lot has happened in nearly all aspects of
the field of flow cyrometry. When the Firsc Edition
appeared in 1985, flow cyomerry and cell sorting were
already in demand by biomedical rescarchers, by warkers in
bictechnology, and even in clinical laboratories. More
people wanted flow cytometers than could afford them;
now, even with the advent of smaller, more user-friendly,
and somewhat less expensive instruments from the surviving
manufacrurers, there are still a lot of people who can't afford
flow cytomerers,

Before my original book, Building and Using Flow
Cyrometers, and its successor, the Firsc Edition of Practical
Flow Cytometry, appeared, building flow cytometers was not
considered feasible by most people because they thought it
required sophisticated skills and extensive resources, and
because the parts of many laboratory-built instruments were
ac least as costly as are some commercial instruments. A few
dozen people have now built “Cytomuus” following the
designs in the books, and it is now established that it isn’c all
that hard or that expensive to do. I've left the details on
instrument construction in the book, with improvements
added, but this Edition is written for the users, who
outnumber the builders by about a hundred to one. Even if
you have no intencion of building a flow cytometer, read the
chapter on the subject; you'll probably pick up a few rips
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which will help you keep your commercial machine
running. If you are incerested in building apparaws, this
editien will tell you how o0 build a smaller, cheaper, rasier-
to-build, and betrer performing multiparameter instrument
than was described in the last one.

I've tried to make the Second Edition a self-contained
treatise on flow cytometry, eliminating the “required rcading
list” I had in the First Edition. You'll sdll get something out
of reading some of the landmark papers in the field, but, if
you can't lay hands on them, it won't stunt your growth.
I've actually expanded the reference list for background
subjects such as optics, compurers, and spectroscopy, but
['ve also put in a lot of new marerial on the interactions of
light and matter, on optical systems, and on data analysis.
When [ want a word or phrase to catch your attention, I've
put it in boldface.

This time around, | emphasize the fact that flow
cytometry rests on the same foundations as other techniques
of analyrtical cytology, such as microspectrophotometry and
image analysis. The spectroscepy is the same, the optics are
the same, and many of the parameters measured and the
probes used are the same. This book is thus, in many
respects, 2s much 2 book on cytometry in general as a book
on flow cytometry. In keeping with this erientation, I have
included some material on alternative rechniques 1o flow
cytomnetry and situations in which these alternatives mayv be
Prcferﬂh]f_‘ (3} ﬂOW C}'tﬂmctry.

The discussion of applications has been expanded
considerably, reflecting the rapid growth in the use of flow
cytometry in routine research and clinical applications as
well as the change in the orientation of the book. There are
more references; ic's been nearly impossibie 1o keep rack of
all the papers which involve flow cytometry, and it would
have been impossiblc to mention all 2,000 lislings in the
computer data base 1o which John Maples and Par Reynolds
kindly let me have access.

I have rried, and 1 mean tried hard, 1o include references
which describe new techniques or refinements in echnique,
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whether they be in the areas of instrumentation, sample
preparation, cytochemistry, or data analysis. 1 have also tried
w provide thorough coverage of some fields in which the
application of flow cytomerry is in itself relatively novel. 1
haven't tried 1o include a reference to every article in which
flow cviometric immunofluorescence, or analysis of DNA
content, has been menuoned.  The purpose of this book is
o enable the reader o cvaluare the lovel of the flow
cvrometry in such papers andfor to reproduce experiments
reported in the literature - not that experiments involving
llow cywemetry are going to be any more repreducible than
others,

I obviously can'c read all of the journals all of the time.
Toward the end of the First Edinon, 1 asked readers to
please send me reprints. A dowen or so people, mostly in
Furope, took me seriously enough to do this, for which 1
thank them. | doubt thar I've referred to everydhing they
sent me, buc thor courtesy did insure that I'd have the
chance 1o see things | might otherwise not have seen. My
address 15 sull 283 Highland Avenue, West Newton,
Massachuseres 0246%; keep those reprints coming,

The commercial aspects of flow cytomerry have changed
a hit since the First Editon, with one major manufaceurer
out of the picture and several rew models available from the
survivors. There are also a few people, myself included,
sclling add-on hardware and software for the acquisicion and
analysis of flow cytomerric data. The chapter on “Sources of
Supply” sull fises suppliers for a wide range of things you
mght need if you do flow cytomerry.

Even with all of ¢his lovely word processing and
publishing hardware and sofrware (the compurter system and
accessories which produced this Edition cost about seven
times as much as what was used for the First Edinion),
writing this book hasn't been easy. Thus, | have wied o
make chis edirion one which will wear becrer, in the sense
that furure developmenzs will require that things be added
rather than changed. That way, in another two or threc
years, it will be time for 2 supplementary volume racher than
a rewrite, unless everybody's deserted flow cytomerry for
molecular biology by then.

‘The First Edition sold some 2,500 copies, which boggles
my mind. but whar boggles my mind cven more is thar the

gross proceeds from sales would not have paid for one 1op-
of-the-line commercial dual laser flow cytomewes.  The
royalties wouldn’t have bought 2 plasma wbe, much less a
big laser, buc the laser printer is 2 much nicer toy. so I'm not
complaining. I sdll think commeraai flow cyromezers are
too expensive, and ['ve told the manufacrurees how ro miake
them less expensive; if they don'r, § will,
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FOREWORD TO THE FIRST EDITION

[t is now just 21 years since | first saw clusters of dots on
an oscilloscope screen which I thought represented the roral
nucleic acids and proceins of cells flowing single file through
an uluavioler light beam. As Howard Shapiro correcdy
points out, the early work, including my own, in whar was
then called cytology automation was based on the pioneering
studies done during the 1930's and 1940s in Sweden by
Caspersson and Thorell. 1 had the good fortune to have
worked with Bo Thorell in both his lab in Stockholm and
mine in New York. [ believe much of the early development
of the biophysics and metrology of analytical cyrology was
influenced by his pioneering work and his often understated
advice. No discussion of the histary of this field could be
complete without acknowledging Bo Thorell's contributions
and I would like o do that on this 21st anniversary.
Howard's very complete treatise on how to succeed wich
flow cytomerry without trying too hard also provides me
with a vehicle o reflect on what we expected of this
technology and what was achieved as it reached maruricy.

I got into trying to quantify cell properties while
atccempting ¢o build a device to automate cervical cancer
cytology. Automating existing clinical laboratory tasks by
microscopic image analysis or flow cytometry was the
driving force for many of us during this first stage of
development. 1 would categorize the next years as the
childhood of flow cytometry, during which the technique
was applicd co a broader range of rasks in analyrical cyrology.
Next, with adalescence, came a search for power - bigger
lasers, higher sophisticated  computation,
multiple beams and measurement parameters. This got us
to the present generation of expensive, complex, hard-to-use
systems wicth which we must now contend. This book deals
with simpler approaches to many of these goals, which I
believe makes it timely as well as useful.

resalution,

I would like to briefly discuss each of the phases of the
early life of flow cytometry and describe what 1 expect
during its adulthood. Cytology automation, beginning with
the slide scanning studies of Mellors using fluorescent dves,
Tolles et al and Mendelsohn et al, using a variety of staining
techniques, and Coulter, using elecrrical
measurements, had becn concerned with automating two
tasks, cancer detecrion and blood cell counting. Although |
was involved in designing scanners and programming

resistance

computers to read text when I was introduced ro the
problem of automating cancer detection by Mike Melamed,
1 decided that making a machine 1o mimic a microscopist
was not appropriate to the state of the art in opuical scanning
I could ncither get
enough light through a microscope, nor process enough darta
fast enough, to examine the required large populations of
Also, 1 believed that flow

measurements inherently gave betier representations of the

and computer science at thar time.

cells in a reasonable time,

biophysical characteristics of cells.

This became the basis for the second phase of
development, analytical cytology by flow. Except for various
instruments that simply counted total red or white blood
cells, cytology automation did not succeed. We sought
better ways to prepare cells and better markers differentiating
cell ypes, but the markers never proved specific enough o
vield acceptable false positive rates. Paramerers such as
DNA content, while of some clinical urility, did not fulfill
their early promise as specific markers of cancer. Thus,
although there are now flow cytomerters in  clinical
laboratories, their applications remain limited by a lack of
specific matkers. It is my hope that the new techniques of
biatechnology will provide new reagents which will bind o
individual antigenic determinants with greater specificiry,
and other reagents which will hybridize to appropriate
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specific gene sequences, and thart chis will somehow break
this bortleneck. | am aiso hopeful that progress wilt result
from the application of newer biophysical techniques, many
of which originated during the second phase of
development.

i zend ro look upon the late 1960's, whick | define as the
era of analytical cyrology, as the golden age of fow
cytometry. During this time, we began o understand the
physical  factors  responsible  for  resolution  and
reproducibility of measurements, the effects of interactions
of different cellular parameters uvpon signals, and the
quanritacive relationships berween signal intensiues and
constituents or physical properties of celis, Fluorescence
measurements replaced absorprion measurements because of
the linear relationship ohserved berween fluorescence signal
intensiries and quantitics of various constituenzs present in
cells, and because artifacts due to ligh scattering conid more
readily be efiminared from fluorescence measurements using
optical filters. This made it necessary to find new dyes and
histochemical methods t0  replace such  problematic
techniques as the Feulgen reaction, and many dyes
applicable ro living and fixed cells came into use. Orher
properties  of fuorescence were exploited to provide
information refating to seructure and funcdon, in addition
o quandrty, of cellular constituents. During this time, the
application of Coons' fluorescent antibody rechnique to
immunologically mark cells containing specific protein
variants probably did more to revolutionize flow cytometry
than did any other development, and vaulied the fieid into
adolescence,

During the 1970's, the do-it-yourself flow cytomerry
community sought after ultimare sensitivity and resohution
as research goals. 1 believe that was desirable, but 1 also
believe it was overdone. In addition, the emphasis shifted
from analytical measurements to physical separation of cells
by flow cytometers and the devices began to be called
sorters. Having built and run sorters based on a varicry of

different principles, 1 learned of the problems of paving for
thern and keeping them running and wrote trying 1o make
arguments for other, more efficient bulk techriques for
isolating cell populations, the results of which could be
monitored by flow cytometry. | believe many biclogists who
bought sorters have used them only on rare occasions after
understanding the parameters and quirks which affected
their performance. The desire for sorting capacity whether
or not it was actually needed, the mistaken belicf that bigger
fasers avtomatically produced better results, and the
irrational demand for instruments to do evervthing anyone
else had done at the ume they were ordered fed 1o an
tnflation of flow cytometers’ complexity and cost which
outpaced even the high rate of inflation of health care costs.

I believe that there is much room for development of
new methodologics o study the interactions of cells with
light and, perhaps, with other energy fields: I belicve some
progress toward this may come through an understanding of
principles described in this book. Technology has come a
long way since 1963, when I discarded methods involving
imaging and computer analysis because they couldn’c be
implemented with existing hardware.  The equivalent
hardware is now orders of magnirude faster and/or cheaper.
ft would be nice to develop a new generacion of instruments
which could use some of the principles of flow cyrometry to
answer questions in biology which cannot be addressed
using flow cytometry. Among these are questions related to
the kinetics of individual cell functions in heterogeneous
populations and to celi-to-cell communication and control.
I look forward to some readers going beyond the building
and use of flow cytomerers, to develop new methodologies
which may solve 2 whole new range of biologic problems.

Louis A, Kamentsky
Cambridge, Massachusetts
April, 1984



PREFACE TO THE FIRST EDITION

This book can teli you almost everything you need to
know abour flow cytometry: what it is, how it works, what
vou can do with it, and how to buy or build and use flow
cytometers. A pretty tall order? Maybe, but I can deliver.
Bear with me.

If you're perusing this book in hope of learning
somcthing about flow cytomertry, you may know that flow
cytometry and cell sorting have become useful to biomedical
researchers and to workers in industrial and clinical
laboratories. You may alse know rhat many people who
would like to use these rechniques cannot afford commercial
apparatus at present prices.

Building flow cytometers was not considered a feasible
alternative by most of these people because they thought it
required sophisticated skills and extensive rescurces, and
because the parts of many laboratory-builc instruments are at
least as costly as are some commercial inseruments.

Some years ago, | set out to develop a multiple illumi-
nation beam, muldparameter flow cytometer  with
capabilities not then available on the marker. I made an
effort to make that system as simple as possible to build,
maineain, and operate. I was surprised to find thac 2 flow
cytometer competitive with some of the most sophisticated
inscruments described ar that time could be made from
readily available, relatively inexpensive parts, using minimal
clectronic and machine shop facilicies. 1 built one and
taught a few others to build them. We named the
insteuments “Cytomutts”.

Since we had already done the work, we followed
standard procedure and applied for a grant to build and use
a Cytomust and compare its performance with that of some
fancicr apparatus.  The reviewers decided that what we
proposed to do couldn’t be done, and didn't fund us. We
then ok a Cytomutt to a meeting and showed chac it
worked. Then we applied for a grant again, requesting

money to make the resules of our work available to interested
partics. The reviewers, at least some of whom had seen the
machine in operation, again decided it couldn’t be done.

By that time, some other people were believers; I was
spending more time than I wanted to building flow
cytometers, teaching people how to build flow cytometers,
and advising people lucky enough ro get funded abour
which flow cytomerers to buy. 1 had promised a few people
some detailed rechnical information about the hardware and
about flow cyrometry in general, so I gencrated a privately
printed volume called Building and Using Flow Cytomerers.
Knowing full well that that book would be handed to some
clectronikers who would be told to go build a flow
cytometer without being told what a flow cytameter was, |
included all the information about the history, operation,
and uses of flow cyrometers which I thought these
uninitiated readers might need.

I also put in really detailed instructions for building flow
cytometers. It scemed to me that the people | had taught
had learned by hanging around my laborarery, warching me
build things and asking questions. It thus seemed logical to
make the “how-to” book out of my side of 1he dialogue,
including answers to questions [ had been asked. The book
was, therefore, written and illustrared in a very informal
style, but it contained as many of the rclevant details as |
could think of.

Quite a few people who saw Building and Using Flow
Cytometers expressed incerest in buying a similar book which
would go into more detail about dyes, staining procedures,
and clinical and research applications. They expressed ¢ven
more interest in buying such a book for less than the price ]
was charging for Building and Using. h sounded good to
me, and it sounded good to Paulette Cohen ar Alan R. Liss,
Inc., and so Practical Flow Cytomerry was conceived. The
book had a longer gestation period than 1 envisioned because
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I wanted to begin ac the beginning and work up to the state
of the art for ditferent groups of readers, all of whom would
have to cross the boundaries of the disciplines in which they
were ariginally crained.

[ think that the best way to deal with such disparate
constituencies is w cover the fundamentals in detail and tel)
people where they can learn more if and when they need to.
Accordingly, after the “Overture,” which introduces themes
which will recur in the book's main body, there is a Chapeer
on "Prerequisites,” covering whar you may need 1o know to
get started, and where to find the information. In that
chapter, | list a few important papers which I think
everybody doing flow cytometry oughr to read.

The book continues with a history of the fleld; this
includes a lot of personal perspective because [ think it is
informative to understand why different people did or didn't
do things at various stages in the development of flow
cytometry. [ then go on to discuss how flow cytometers
work. and the whys and hows of data analysis and cell
sorung.

The Chapter on “Parameters and DProbes” includes
derailed discussions of the eellular characteristics measurable
by flow cytomerry, the dyes and other reagents used for such
measurements, and the results obtained. It is followed by an
overview of the applications of flow cytometry in various
areas of biological and medical research and in clinical
medicine.

The discussion of hardware begins by considering the
merits of several commercial flow cytometers. Then we get
down to the do-it-yourself manual; [ say “we” because this is
the part where you can, as it were, “sing along wirh
Howard”. Since Building and Using Flow Cytometers was
published, a number of people have built working
Cvtomutts from the plans it contained. You will learn how
to build everything from a simple, microscope-based
“Cytopup” to multstacon Cyromurts, complete with
multiparameter analyzers and computer interfaces. These
inexpensive and efficient analyzers and interfaces can be used
with commercial flow cytometers as well as with Cytomuuts.

At the back of the book, the Chapter on “Sources of
Supply” 1ells you where to find not only parts for Cyio-
mutts, but reagents, calibration particles, and accessories
which may be useful for any flow cytomerry laborarory. So,
there you go. Soup to nuts. T'ake my book. Please.
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. OVERTURE

This is 2 book about cytometry, in general, emphasizing
flow cytometry, in particular. In it, I hope to tell you what
cytometry is, how it works, why and how to use it, when
you should favor one type of cytometry or ancther, and
when ¢ytometry won’t solve your problem, This chaprer,
like the overture to an opera or a musical, presents impor-
tant themes from the body of the work, but may also stand
alone,

LI WHAT [AND WHAT GOOD) IS CYTOMETRY?

Cytometry is a process in which physical and/or chemi-
cal characreristics of single cells, or by extension, of other
biological or nonbiological particles in roughly the same size
range, are measured. In flow cytomerry, the measurements
arc made as the cells or particles pass through the measuring
apparatus, a flow cytometer, in a fluid stream. A cell sorter,
or flow sorter, is a flow cytomerer that uses electrical and/or
mechanical mcans o divert and collect cells {or other small
particles) with measured characteristics that fall within a
user-selected range of values.

Neither the cells nor the apparacus are capabie of putting
the process of cytometry in motion; the required critical
element for that is a human interested in obtaining informa-
tion about a cell sample and, in the case of sorting, extract-
ing cells of interest from che sample. Ac the most basic level,
2 cytometer might be considered to be a “black box” with
cells as “inputs” and numbers as “ourputs”; the outpurs of a
cell sorter would include both numbers and cells. However,
while some modern cytometers {and some modern users)
can obtain the desired results while running unattended in
“black box™ mode, it is fair to say that most of the applica-

tions, and all of the interesting applications, of cytomerry
call for some understanding and some intellectual effort on
the part of the user.

Tasks and Technigues of Cytometry

From the time of van Leeuwenhoek and Hooke unul
the mid-20th century, determining:

1} whether cells were present in a specimen,

2} how many were there,

3) what kinds of cells were represented, and

4) what their funcrional characreristics might be
required thar a human observer interpret a microscope im-
age. The same tasks remain for modern cytometry.

Although electrical and acoustic propertics of, and nu-
clear radiation emission from, single cells can be measured, it
is fair 1o say that optical measurements are by far the most
common in cytometry. A typical cytometer is thus a special-
ized microscope; the degree of physical resemblance s dic-
tated by the requirements of the measurement(s) to be madc,
which in turn are dicrated by whar the user needs to know
abour the cell sample. In successful applications of cytome-
try, electro-optics, electronics, and computers are employed
to improve on what could be obtained “by eye.” although
interpretation is required more often than not. The success-
ful applicarions are many, increasing in number, and com-
monplace in locales as diverse as clinical laboratories and
breweries.

Some Notable Applications

Cytometry is currently used to obrain the helper T lym-
phocyte counts needed to monitor the course and trearment
of HIV infection, and to determine rumor cell DNA content
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and proliferative activity, which may aid in assessing progno-
sis and determining treatment for pacients with breast cancer
and orher malignant diseases. The technology has also been
used to cressmatch organs fer transplaneation, to isolate
human chromosomes for the construction of genetic librar-
ies, to separate X- and Y-chromosome bearing sperm for sex
selection in animal breeding and /n vitre fertilization in hu-
mans, to identify the elusive hematopoictic stem cell and an
expanding family of other stem cell types, and (o reveal sev-
eral widely distributed but previously unknown genera of
marine microorganisms.

Biological particles that have been subjected to cytomer-
ric analysis range, in order of decreasing size, from mulricel-
lular organisms (e.g.. Drosophila embryos and adule Caenor-
habditis elegans nematodes} through cell aggregates {e.g.,
pancreatic islets and rumor cell spheroids), eukaryotic cells,
cellular erganelles {e.g., mitochondria), bacteria, liposomes,
individual virus particles and immune complexes, down to
the level of single molecules of proteins, nucleic acids, and
organic dyes. Cytometers can also be used for sensidve
chemical analyses involving the binding of suitably labeled
ligands to solid substrates or ta parricles such as polysryrene
beads.

The first practical applications of flow cytometry, begin-
ning in the 1940%s, were to countng blood cells in liquid
suspension, on the one hand, and bacteria and other small
particles in aerosols, on the other, based on measurements of
light scattering or electrical impedance: these signals were
also used to provide estimates of cell size.

In the early 1960%, light absorption measurements were
used for quantitative flow cyrometric analyses of ceflutar
nucleic acid and protein. Flow cytometers in modern clinical
hematology laboratories perform counts of red cells {erythro-
cytes), white cells {leukocytes), and platelets (thrombocytes)
in bload, as well as differential leukocyte counts, using com-
binations of electrical impedance, light scattering, and light
absorption measurements.

However, many people who know the term “flow cy-
tometer” tend to use it — incorrectly — to describe only in-
strumnents that measure fluorescence as well as light scarter-
ing. The first fluorescence flow cytometers were buile in the
late 1960’s; although there are now well over 10,000 in use
in clinical and research laboratories worldwide, they are still
outnumbered by impedance and scartering-based hematol-
ogy analyzers. So much for fluorescence chauvinism.

What is Measured: Parameters and Probes

The novice should not be intimidated by the jargon of
cytomeury; there are no native speakers, and he or she can
soon enough become as fluent in it as the rest of us. The
term parameter is, unfortunately, used in several different
senses in our jargon. [c can refer to a physical or chemical
characteristic of a cell {e.g.. cytoplasmic granularity or nu-
clear [DNA content) thar is measurable by cytometry; it can
also describe 2 physical property, measured by a sensor,

defined broadly (e.g., light scartering or fluorescence), or
more narrowly (e.g.. orthogonal light scattering or red fluo-
rescence), or a physical property of a cell-associated re-
agent (e.g., propidium fluorescence). A fairly comprehensive
list of measurable cellular parameters appears as Table 1-1
on the facing page.

I have characterized cellular parameters as intrinsic or
extrinsic, depending upon whether they can or cannot be
measurcd without the use of reagents, which are often re-
ferred to in cytometric jargon as probes. Some parameters
can, at least in principle, be measured either with or withcut
probes; cellular DNA content, for cxample, can be estimared
from ultraviolet (UV} absorprion at 260 nm in unstained
cells, but it’s much more practical w use a fluorescent dye
probe such as propidium iodide. A deeper philesophical
dilemma arises when considering fluorescence from Aeguorea
green fluorescent protein (GFP) or one of its genetically
engincered offshoots, introduced by cloning inte cells of
ocher species to report gene expression; one could characrer-
ize this as intrinsic or extrinsic, but I lean roward the lawer.

Paramerers can also be defined as structural or func-
tional, again with some ambiguiry. For example, the glvco-
protein efflux pump responsible for multidrug resistance in
rumor cells can be detected, and the amount presentin a cell
quantified, using fluorescent antibodies, but such antibodies
might also bind ro an inactive mutant protein, and thus
provide a measurement (in this case, inaccurate} based on
stcructure, The function of the glycoprotwein pump can be
demonstrated by measurement of uprake or loss of fluores-
cent drugs or dyes by cells over periods of time.

In a kinetic measurement such as thae just described,
time itself can be used as a parameter. When such analyses
are done by flow cytometry, the dynamic behavior of a cell
population must be inferred from observations of different
cells at different times, because conventional flow cytometers
cannot make successive measurements of a single cell over
time periods exceeding a few microseconds.

Both the novice and the expert in flow cytometry should
be aware thar almost every parameter that can be measured
by flow cytometry can also be measured by alternarive cv-
romerric methads such as microspectrophotometry. confo-
cal microscopy. image analysis, and scanning cytometry.
These methods are often applicable where flow cytomerric
metheds arc not, e.g., for true kinetic analyscs involving
repeated examination of the same cell or cells over a period
of time, or for in sitn analyses of cells growing in aggregates
attached to solid substrates. In general. the fluorescent
probes used for flow cytometry can be used with alternative
measurerncht techniques. However, most dyes and orher
teagents that are commonly employed in absorption mi-
ctospectrophotometry are not readily usable in fluorescence
flow cytometers.

1.2 BEGINNINGS: MICROSCOPY AND CYTOMETRY

It recently (i.e., since the last time { wrote an introduc-
tion te cytomeuy) occurred to me thar the best way in
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Table 1-1. Some parameters measurable by cytometry.
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Figure I-I. Interaction of light with a cell.

which to introduce the subject might be te consider how
cytometry developed from microscopy, emphasizing both
the similarities and the differences between the two, and
stressing how the information gets from the cells to the user.
That is what I will ry e do in the remainder of this chapter.
I hope this will be helpful for the uninitiated reader, bue,
also, that it will be equally thought-provoking, informative,
and at least moderately amusing to thase who have been
over the terrain one or many times before,

The first order of business in both microscopy and cy-
tometry is discriminating berween the cells and whatever else
is tn the sample; the next is often discriminating among a
number of different cell ypes that may be present. Opitical
microscopes first allowed cells to be discovered and de-
scribed in the seventeenth century, and were refined in de-
sign in the eighreenth and early nineteenth, but the capacity
of microscopy to discriminate among different cell cypes
remained limited by the relative difficulty of obraining con-
trast between cells and the background in microscope im-
EgC&

A Little Light Music

While all the senses can provide us with pleasure and
discomfort, it is predominantly vision that shapes our per-
ception of the world around us, and, without light, our vis-
ual imagery is restricted to memories, dreams, and hallucina-
tions. According to the Book of Genesis, the discrimination
of light from darkness is the divine achievement of che first
day of creation, and we humans, despite taming fire and

inventing light bulbs and lasers, remain aware of and pro-
foundly affected by the daily difference, not least during
power putages.

What most of us know as light is defined by physicists as
electromagneric radiation with wavelengths ranging be-
tween about 400 and aboutr 700 nanomerters (nm). Odher
specics can detect shorter and longer wavelengths, but most
lack our ability to discriminace among wavelengths, ie.,
color vision, and some of us have genetic deficiencies that
restrict this capacity.

When we look at the macroscopic world, most of our
retinal images are formed by light that we say is reflected
from objects around us, and an early concept of light was
that of rays traveling in straight lines, and reflecting from a
surface at the same angle at which they sirike it If we look ac
an object under water and attempt to grab it, we find thac it
is not exactly where it appears to be; this is explained by the
concept of refraction, according 1o which light passing from
one material medium into another is bent ar an angle de-
pending on 2 macroscopic property of the medium known
as the refractive index, and on the wavelength of the light.
The “white” light cmitted by the sun and by incandescent
and fluorescent bulbs comprises a range of visible wave-
lengths; objects and matcrials that absorb some, but not all,
wavclengehs reflect others, and thus appear colored.

As we turn our attention to smaller and smaller objects,
the concepts of reflection and refraction become less and less
useful, and we instead make usc of the concept of light scat-
tering. Figure 1-1 describes the interaction of light with a



cell in terms of scattering, absorption, and fluorescence.
The last of these phenomena is not readily explicable in
terms of either ray (geometrical} or wave optics, and can
only be dealt with praperly by che theory of quantum elec-
trodynamics, which considers light as particles, or photons,
which interact with electrons in atoms and molecules. The
energy of a photon is inversely proportional to the corre-
sponding wavelength; i.e., photons of short-wavelength, 400
nm violet light have a higher energy contenc than photons of
long-wavelength, 700 nm red light.

Scattering, which explains both reflection and refraction,
typically tnvolves a brief interaction berween a photon and
an electron, in which the photon is annihilared, transferring
its energy to the electron, which almost immediately releases
all of the energy in the form of a new photen. Thus, light
scattered by an object has the same (or almost exactly the
same) wavelength, or color, as the incidenr light. However,
the new photon does not necessarily travel in the same direc-
tion as the old one, so scartered light usually appears to be at
an angle to the incident beam.

In empey space, chere are, by definition, no atems or
molecules, and there are chus no electrons available to inter-
act with photens. Although, according o quantum electro-
dynamies, a photon has a finite probability of going in any
direction, when we actually calculate the probabilities thar
apply in the case of photons in empty space, we come up
with what look like rays of lighr craveling in straight lines.

As a general rule, the density of acoms and molecules in
acmospheric air is fairly low, meaning char there are few ap-
portunities for light to be scattered as it appears o traverse
distances of a few meters or tens of meters. However, we
note the blue appearance of a cdoudless sky, resulding from
light scattering throughout the atmosphere; the color resules
from the facc that shorter wavelengths of light are more
likely to be scattered than longer ones, with the intensity of
scattering inversely proportional to the fourth power of the
wavclength,

The well-known laws of reflection and refraction emerge
from quantum electrodynamics applied o objects substan-
tially bigger than the wavelength of light. Materials thar ap-
pear transparent to the human eye, e.g., glass and water, still
contain relatively high densities of atoms and molecules, and
thus provide numerous opportunities for scattering.

Some light appears w be reflected ac the interfaces be-
tween layers of different materials, with the angle of reflec-
tion equal ro the angle of incidence. The toral amounrt of
light reflected is found to be a function of the thickness of
the layers and the wavelength of the incident lighe; that is,
layers of different thicknesses reflect different colors of light
to different extencs. This interference effect, explained by
the theary of wave optics, accounts for the patterns of color
seen in peacock feathers, butterfly wings, diffraction grarings
in spectrophotometers, on credit cards, and in cheap jewelry,
and in opals in somewhat more expensive jewelry. It is ex-
ploited in optical design, notably in the production of inter-
ference filvers used to selece ranges of wavelengths to be
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observed and/or detected in microscopes and other optical
instruments. Quantum electrodynamics comes up with the
same results for interference and reflection as wave opucs,
even while taking into account that the phenomena are due
to scatering throughout objects, not just from frent and
back surfaces.

The apparent bending of light srriking an interface be-
tween two materials is described in classical optics with the
aid of invented quantities, called refractive indices, which
are characteristic of the materials involved. Light appears o
travel more slowly through a material of higher refracrive
index than through a material of lower index, and a "ray”
appears to “bend” toward the normal (i.c., toward a line
perpendicular to the interface) when passing from a lower-
index medium to a higher one, and away from the normal
when passing from a higher-index medium to a lower one.
The apparent velocity of light in a material is less than in
empty space; the higher the refractive index, the lower the
apparent velocity. Light of a shorter wavelength is “bent”
more than light of a longer one, allowing a transparent ob-
ject with surfaces that are not paraliel (i.e., a prism) o dis-
perse light of different wavelengths in different directions.

Armed with ray optics and the classical law of refraction.
we can calculate how an object with appropriately curved
surfaces, i.e., a lens, will “bend” light originating from twe
points separated in space. If the surfaces are convex, diver-
gent “rays” coming through the lens from two points a given
distance apart on the “input” side can be made te converge
at two points a greater distance apart on the “output” side;
this provides us with a magnified image. A magnifying lens
is, of course, the fundamental ingredicnt of a microscope.

Naot surprisingly, everything useful thar classical optics
tells us about refraction can be obtained using quantum
electrodynamics. Although actually doing this usually in-
volves a great deal of advanced mathematics, Richard Feyn-
man, who received his Nobel Prize for work in the field,
wrote a small book called QED™, in which he used simple
diagrams and concepts to make the subject accessible 1o a lay
audience (which, in this context, includes me). What 1 am
writing here paraphrases the master.

The light scatcering behavior of objects of dimensions
near the wavelength of light is not predictable fiom ray op-
tics. For spherical particles ranging in diameter from one or
two wavelengths 1o a few tens of wavclengths, most of the
light scattering occurs at small angles (0.5° 10 5°) 10 the in-
cident beam; the intensity of this "small angle.” or “for-
ward,” light scattering is dependent on the refractive index
difference berween the particle and the medium, and on
particle size. However, the relationship between patticle size
and small angle scattering intensiry is not monotonic, mean-
ing that, although a particle 10 pm in diameter will probably
produce a bigger signal than one of the same composition 5
pm in diameter, a particle 5.5 pm in diameter might pro-
duce a smaller signal than one 5 pm in diameter. It is thus
wise to avoid thinking of the small angle scatter signal as an
accurate measure of cell size.
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Smaller particles scatter proportionally more light ac lar-
ger angles (15° o abour 150°) to the incident beamn; the
amplitude of such signals, variously described as “side,” “or-
thogonal,” “lazge angle,” “wide angle,” or “99°" light scar-
tening, is, al! other things being equal, larger for cells with
internal granular structure, such as blood granulecyres, than
for cells withour it, such as blood lymphocytes.

Ray optics and wave optics break down when we con-
sider the process of light absorption. This comes down
photons and electrons, pericd. Quantum theory tells us that
the electrons in a given atom or molecule can exist only in
discrete energy states. The lowest of these is referred 1o as the
ground state, and the absorption of 2 photon by an efectron
in the ground state raises it to a higher encrgy excited state.
An electron in an excited staze can absorb ancther photon,
ending up in a saill higher energy excited state.

Like scattering, and all other quantum phenomena, ab-
sorprion is probabilisic. We cannot say that a particular
electron will absorb a particular photon; the best we can do
is calculate the probability that an eleceron in a paracular
energy state will absorb a photon of a particular energy, or
wavelength. This probability increases as the difference in
energy berween the current energy state of the electron and
the next higher energy state gets closer to rhe energy of the
photon involved.

In many molecules, the energy difference berween stares
is greater than rhe energy in a photon of visible light. Such
molecules may exhibir substantial absorption of higher en-
ergy, shotier wavelengeh photons, e.g., those with wave-
lengths in the uleraviolet (UV) region berween about 200
and 400 nm. Substances made up of such molecules appear
wransparent to the human eye; smearing them on exposed
skin decreases the likelihood thar ulrravielet photons will
interact with elecerons in DNA and other macromolecules of
dermal cells, and reduces the likelihood of sunburn (yay!)
and tanning {boo!}. We're not sure yet abour skin cancer.

For a molecule to absorb light in the visible region, the
energy differences beoween electronic energy states have to
be rather small. This condition is sausfied in some inorganic
atams and crystals, which have unpaired electrons in 4 and f
orbitals, in merals, which have large numbers of “free” elec-
trons with an almost continuous range of cnergy states, te-
sulting in high absorption (and high reflectance) across a
wide spectral range, and in organic molecules with large
systems of comjugated nt orbitals, sncluding naturd products
such as porphyrins and bile pigments, and syathedic dyes
such as those used 1o stain cells.

The snteraction of lighe with matter must abey the law
of conscrvation of energy: the amount of light transmitted
should therefore be equal to the amounc of incident light
minus the amount scattered and the amoune absorbed. But
what happens to the absotbed light? One would not expect
the electrons involved in absorption to remain in the excited
state indefinueely, and, indeed, they do noc. In somce cascs, ali
of the absorbed electronic energy is converted to vibrational
or rotational energy, and lost as heat. In others, some energy

is lost as heat, but the remainder is emitted in the form of
photons of lower energy (and, therefore, longer wavelengeh)
than those abserbed. Depending on the derails of the clec-
tronic energy transitions involved, this emission can occur as
fluorescence or as phosphorescence. Fluorescence emission
usually occurs within a few tens of panoseconds of absorp-
tion; phesphorescence is delayed, and may continue for scc-
onds or ionger. As is the case with absorprion, fluorescence
and phosphorescence are inexplicable by ray and wave op-
tics; they can only be understood in terms of quantum me-
chanics.

Making Mountains out of Molehills: Microscopy

When we are not looking at [uminous dispiays such as
the one § face as § write this, most of our picrure of the
world around us comes from reflected light. Contrast be-
tween objects comes from differences in their reflectivities ar
the same and/or different wavelengths. When ambient light
levels are high, we utlize our rexinal cones, which give us
color vision capable of prodigious feats of spectral discrimi-
nation (humans with normal vision can discriminare mil-
lions of colors), ar the expense of relatively low sensitivity to
incident hight. The high light levels bleach the visual pig-
ments in our more sensitive retnal rods; if the lighe level is
decreased abrupdy, it takes some time for the rod pigmens to
be replenished, after which we can detect small numbers of
photons, sacrificing color vision in the process. Thus, while
we can perceive large numbers of 450 nm photons, 550 nm
photons, and 650 nm photons, respectively, as red. green,
and blue light, using our concs, we cannot distinguish indi-
vidual photons with different energy levels as different col-
ors. Night vision equipment typically ucilizes monochro-
matic green luminous displays because the rods are most
sensitive to green light, but the cone systemn also exhibics
maximum sensitivity in the green region, making the spor
from a green laser pointer much more noticeable than thac
from a red one emitting the same amount of power.

While the spectral discrimination capabilities of the un-
aided human visual system are remarkable, its spatdial dis-
eriminanon power is somewhar limited. The largest biologi-
cal cells, e.g., ova and farge protists, are juse barely visible,
and neither the discovery of cells nor the appreciauion of
their central role in biology would have occurred had the
light microscope not been invented and exploited.

When unstained, unpigmented cells are examined in 2
traditional transmitted light, or bright field, microscope,
light absorption is negligible; contrast between cells and the
background is due solely to scattering of light by cells and
subcellular components, and the only information we can
gec about the cells is thus, in essence, contained in the scai-
tered light. Some of this is scauered out of the field of view:
we must therefore rely on slight differences in transmission
between different regions of the image ro detect and charac-
rerize cells. We are working against ourselves by presenting
our eyes {or the detector(s) in a cytometer) with a large
amount of light that has been transmited by the specimen.
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Figure 1-2. Transmitted light (bright field) {top
panel) and dark field (bottom panel] images of an
unstained suspension of human peripheral blood
leukocytes. The objective magnification was 40 x,

As it happens, the maximum spatial resolution of a mi-
croscope is achieved, i.e., the distance ar which two separate
objects can be distinguished as separate is minimized, when
illuminating light reaches, and is collected from, the speci-
men at the largest possible angle. The numerical aperture
(N.A.} of microscope condensers and objectives is a measure
of the largest angle at which they can deliver or collect light.
However, when the illumination and collection angles in a
transmitred lighe microscope ate large, much of the light
scattered by objects in the specimen finds its way back into
the microscope image, increasing resolution, buc decreasing
contrast. The top panel of Figure 1-2 shows a bright field
microscope image of a suspension of human peripheral
blood leukocytes; che condenser was stopped down to in-
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crease contrast berween the cells and background. The cyro-
plasmic granules in the eosinophil and neutrophil granulo-
cytes are not particularly well resolved, nor is it easy o dis-
tinguish che nuclei from the cytoplasm. Increasing the level
and angle of illumination might, as just mentioned, increase
resolution, burt this would not be useful. as conrrast would
not be increased.

Modern microscopy exploits both differences in phase
and polarization of transmitted lighr and the phenomenon
of interference to produce increased contrast in brighe field
images. However, staining, which came into widespread use
in the late 1800%, largely due to the emergence of synthetic
organic dyes, was the first generally applicable practical
bright field technique for producing contrast berween cells
and the medium, and berween different compenents of cells
in microscope images. Paul Ehrlich, known for his later re-
searches on chemotherapy of infectious disease, stained
blood cells with mixtures of acidic and basic dyes of different
colors, and idenrified the three major classes of blood granu-
locytes, che basophils, eosinophils {which he termed aci-
dophils), and neutrophils, based on the staining properties of
their cytoplasmic gra