
CA9200277

AECL-10025 ^KB^k

ATOMIC ENERGY W i f f t f ENERGIE ATOMIQUE
OF CANADA LIMITED ^ f i ^ DU CANADA LIMITEE
Research Company ^ ^ 1 ^ ^ Societe de Recherche

original contains
coior illustrations

THE USE OF FLOW CYTOMETRY IN RADIATION BIOLOGY

EMPLOI DE LA CYTOMETRIE DES FLUX EN RADIOBIOLOGIE

Joseph G. Szekety, G. Peter Raaphorst, Anya U, Lobreau,
Michael Einspermer, Malcolm D. Sargent, Edouard I. Azzam

Whiteshell Nuclear Research Etabiissernent de recherches
Establishment nuc lea ires de Whitesheil

Pinawa, Manitoba ROE 1LO
September 1989 septembre



Copyright Atomic Energy of Canada Limited. 1989.



ATOMIC ENERGY OF CANADA LIMITED

THE USE OF FLOW CYTOMETRY IN RADIATION BIOLOGY

Joseph G. Szekely, G. Peter Raaphorst, Anya U. Lobreau,
Michael Einspenner, Malcolm Sargent and Edouard I. Azzam

Whiteshell Nuclear Research Establishment
Pinawa, Manitoba ROE 1L0

1989

AECL-10025



EMPLOI DE LA CYTOHÉTRIE DES FLUX EN RADIOBIOLOGIE

par

Joseph G. Szekely, G. Peter Raaphorst, Anya U. Lobreau,
Michael Einspenner, Malcolm D. Sargent et Edouard I. Azzam

RÉSUMÉ

On s'est servi du cytomètre de flux pour un certain nombre de

projets à l'Établissement de recherches nucléaires de Whiteshell à Pinawa,

Manitoba, Canada. Dans le présent rapport, nous avons résumé les méthodes

et les résultats obtenus lors du programme de radiobiologie cellulaire.

Les techniques employées lors du programme comprennent l'analyse des

lymphocytes morts/vivants, l'identification des sous-ensembles de moelle

osseuse, l'analyse des chromosomes, l'analyse du cycle cellulaire, le

classement des cellules et la quantification des antigènes d'enveloppes.
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ABSTRACT

The flow cytometer has been used in a number of projects at the

Whiteshell Nuclear Research Establishment, Pinawa, Manitoba, Canada. In

this report we have summarized the methods and results obtained in the

cellular radiobiology program. The techniques used in the program included

live/dead analysis in lymphocytes, identification of bone-marrow subsets,

chromosome analysis, cell-cycle analysis, cell sorting and the quantifica-

tion of surface antigens.
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The Ortho-Diagnostic Cytofluorograf® system 50-H was installed in
1983 at the Whiteshell Nuclear Research Establishment (WNRE) in the labora-
tories of the Medical Biophysics branch. From that time until 1988 it was
used extensively in the cellular radiobiology program.

The Cytofluorograf system 50-H is a modular flow cytometer con-
sisting of a dual-laser cytometer, cell sorter and dedicated computer. The
dual-laser cytometer contains a 0.8 mV helium-neon laser and a 4-W (all-
line power) argon-ion laser as excitation sources. Optical signals are
converted into electronic signals by three photomultiplier tubes and one
PIN photodiode. A Multichannel Distribution Analyser and Multichannel
Signal Processor allow the detector output to be processed in three sepa-
rate modes: pulse height analysis, pulse area analysis and pulse width
analysis. Either or both of the two lasers illuminate (interrogate) the
cells and optical measurements can be made at seven different stations. As
many as four different measurements can be processed at any given time.
This system permits cell sizing, scatter characterization and the use of
both fluorescent and nonfluorescent dyes for defining and quantifying
heterogeneity in cell populations.

The cell sorter employs electromechanical means to separate those
cells from the mainstream that display preselected characteristics. Sorted
cells may be deposited on microscope slides or into separate containers.
This means that viable and homogenous populations of cells may then be
further characterized either in short- or long-term cell culture or using
analytical techniques, which cannot be done by flow cytometry. The cell
sorter is capable of providing a much more homogenous population of cells
than is possible by other means.

The Data General Micro-Nova MP200 computer is used for sta-
tistical analysis and/or storage of data (up to 5 Mbytes per hard disk) as
well as controlling the sorting process. Peripherals include a video hard-
copy unit and a color-graphics monitor.

The aim of this report is to demonstrate the usefulness of flow
cytometry in radiobiology and to describe the main applications carried out
at WNRE. The report is not meant to be a complete list of applications,
but a summary of the six research areas in which workers at WNRE made a
substantial contribution. Each research area is described in a separate
section complete with an introduction, materials and methods, results, and
discussion subsection. The references, tables and figures are collected at
the end of the report.

2. CELL VIABILITY ANALYSIS IN LYMPHOCYTES

2.1 INTRODUCTION

Cell death that is not associated with cell division has tradi-
tionally been measured by observing the uptake of a vital stain such as
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trypan blue: a time-consuming procedure, which can only be applied to a
small number of cells. Lymphocytes, however, which die an interphase death
after irradiation or glucocorticoid exposure, produce a signal on the flow
cytometer sufficient to differentiate between live and dead cells [1,2].

The key feature of radiation-induced lymphocyte death is that it
is by apoptosis. The term apoptosis was proposed by Kerr et al. [3] to
describe cell death that appears to be actively programmed in the cell to
respond to stimuli. It is characterized by condensation of the cell, but
with organelle integrity maintained. Pycnotic nuclei form, the plasma
membrane loses its surface projections and Na+-K+ transport is decreased.
The pycnotic nucleus plus the loss of surface projections, combine to alter
the axial light loss and right-angle light scatter.

2.2 MATERIALS AND METHODS

2.2.1 Cell Culture

The MOLT-4 cell line, American Type Culture Collection (ATCC) CRL
1582, was established in 1972 from a 19-year-old male who was receiving
chemotherapy for acute lymphoblastic leukemia; the S49.1, ATCC TIB 28, cell
line was established from a lymphoma in a BALB/c/st mouse by phage and oil
induction; Rl.l, ATCC TIB 42, was derived from a thymoma that arose spon-
taneously in a C57/J mouse; and UEHI7.1, ATCC TIB 53, was derived from a
thymic lymphoma, induced in a BALB/c mouse by repeated X-irradiation. The
cells were grown in RPMI-1640, containing 10£ heat-inactivated fetal calf
serum. They were maintained in loosely capped T75 Falcon plastic flasks at
37°C in a humidified atmosphere of 5% C02 in air. The doubling times
ranged from 16 to 32 h. Cultures were maintained in log-phase growth by
subculturing every 3 to 4 days. They were diluted to 0.25 x 10 cells/mL
and allowed to grow to 1.5 x 106 cells/mL. Experiments were carried out
when the cells were at a density of 0.5 to 1.0 x 106 cells/mL.

2.2.2 Glucocorticoid Treatment

Dexamethasone or methylprednisolone (Sigma) was dissolved at
10"4 mol/L in RPMI 1640 as a stock solution. The appropriate amount was
added to the growth medium to give the treatment concentrations.

2.2.3 Irradiation

Cells were irradiated at room temperature using a 250-kV Westing-
house X-ray unit equipped with a 1-mm aluminum filter.

2.2.4 Trypan Blue Staining

Cell death was assayed by adding one part of 1.0% trypan blue in
distilled water to 5 parts of cells in medium. After a 5-min equilibration
period, the cells were scored under an optical microscope and cells that
had taken up the stain were scored as dead cells.



2.2.5 Flow Cytome try

A 4-mL sample of the cell suspension (~ 1. b x 10f' cell/mL) iu
RPMI 1640 medium was analyzed using the 0.8 mW HeNe laser as the light
source. The flow rate was 200 to 500 cells/s. The cytogram generated by
displaying the axial light loss (y-axis) versus right-angle scatter
(x-axis) was used to determine the number of live and dead cells. Regions
of analysis were selected around the peaks in the cytogram and the statis-
tics associated with each region were calculated by the Micro-Nova computer
and displayed on the screen. The fraction of dead cells was calculated as
the number of counts in the dead-cell region divided by the total counts in
the dead- and live-cell regions. When desired, cells within each region
were sorted into culture dishes, using the cell-sorting capability.

2.3 RESULTS

Figure 1 shows a typical cytogram obtained for S49.1 cells after
48-h exposure to 10"6 mol/L of dexamethasone. The two regions containing
the live and dead cells are shown in Figure la, the histograms of cell
number versus right-angle scattering in Figure lb and the axial light loss
in Figure lc. Using the flow cytometer signals, as a measure of cell
killing caused by a 48-h exposure to 10"8 mol/L dexamethasone, we found 30
and 38% apoptotic cells from S49.1 and Rl.l, respectively, and less than 5%
apoptotic cells in UEHI 7.1 and MOLT-4 cells.

The concentrations of dexamethasone used to test the effects of
the glucocorticoid hormones were 10"8, 10"n and 10"6 mol/L. The effects
were small but observable at 10"8 mol/L, whereas significant cell killing
was seen at 10"6 mol/L. The trypan blue results are shown together with
the values obtained with the flow cytometry in Figure 2.

Apoptotic death is also caused by ionizing radiation [4,5]. A
three-dimensional isometric display of MOLT-4 cells, which were exposed to
0.25 Gy of X-rays, is shown in Figure 3. Once more the good separation
between the live and dead cells is apparent. As we have reported pre-
viously, for irradiated cells the trypan blue dye exclusion test and the
flow cytometer give similar results [1].

In an attempt to extend the technique from cultured lymphocytes
to circulating human white blood cells, we isolated lymphocytes from blood
samples and measured them in the flow cytometer. Figure 4 shows a cytogram
of unstained isolated lymphocytes. A comparison of these lymphocytes to
blood lymphocytes irradiated 48 h earlier to 3.0 Gy (Figure 4b), shows that
a large number move out of the region of the cytogram containing control
cells. The separation is not clear enough to quantify the percentage of
dead cells, as is possible with the cultured lymphocytes, but it suggests
that conditions allowing the live and dead cells to be separated may be
found.
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2.A DISCUSSION

We have shown that cell death in cultured lymphocytes can be
measured rapidly and easily without cell staining by using the flow cytom-
eter. Flow cytometry offers additional advantages: measurements are made
by instrument and not influenced by observer bias; and a large number of
cells can be measured, e.g., 25 000 in the same time it takes lo count 100
to 200 cells by trypan blue staining. The method is effective whenever
cells die by apoptotic death. As we have shown elsewhere [1], radiation-
induced killing of MOLT-4 is measurable down to doses of 0.05 Gy. We have
now extended the measurement of cell killing to include glucocorticoid
exposure. Three mouse cell lines S49.1, Rl.l and UEHI 7.1 and the human
T-lymphocyte line MOLT-4 have all been measured using the flow cytometer
with results comparable to those obtained by trypan blue exclusion. Our
preliminary experiments with human circulating-lymphocytes suggest that
with further development work the flow cytometer may be used to measure
radiation exposure in radiation workers at doses of interest in radiation
protection.

In conclusion, the flow cytometer is valuable for measuring cell
death in unstained cultured lymphocytes and it has the potential to be
extended to human circulating blood lymphocytes.

3. CELL CYCLE ANALYSIS

3.1 INTRODUCTION

The flow cytometer is especially useful for analyzing the cell-
cycle distribution in a population of cells. This gives information on
division delays induced by chemical or physical treatments in a cell popu-
lation, and allows the number of quiescent cells to be quantified in sta-
tionary phase or starved populations [6,7]. These techniques have also
been used to observe the effects of hyperthermia and/or radiation on the
cell cycle [8-15]. Cell-cycle progression was also monitored in quiescent
cells stimulated by LiCl exposure [16]. The results from LiCl-stimulated
cells were of special interest because low doses of X-rays reduced the
number of cells that could be stimulated to begin active growth.

3.2 MATERIALS AND METHODS

C3H-10T1/2 mouse embryo cells and Rat-1 rat fibroblast cells used
in the LiCl-stimulation experiment, and V79 cells used in hyperthermia
experiments were cultured in DP medium containing 10% fetal bovine serum.
Profiles of DNA were used to define the cell cycle. The method used was a
modification of Vindelov's method described in 0RTH0 Protocol #28 [17].
Briefly, the cell suspension (106 to \0n cells/mL) in pH 7.6 TRIS buffer
was added to a permeabilizing hypertonic salt solution with Triton-X-100,
RNase and ethidium bromide. The suspension was incubated at 0°C for 10 min
followed by an incubation at room temperature for 10 min. The cells were
then ready for flow cytometry.
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The fluorochrome, ethidium bromide, intercalates into the DNA and
is excited by the argon laser (488 nm line). Cells are analyzed at a rate
of 200 to 300 cells/s. The fluorescent pulses are passed through a Schott
RG630 filter and processed. A two-parameter analysis is done by examining
the red-fluorescent-pulse area versus pulse-peak height (see Figure 5). A
two-dimensional region is defined to exclude G0/G1 doublets, which would
otherwise be counted within the G2/M subpopulation.

Histograms of fluorescence intensity (DN<.) per cell ar^ then
displayed for the region. The number of cells in the G0/G1, S and G2/M
phases of the cell cycle are determined by the polynomial method using
ORTHO software on the Micro-Nova computer. Alternatively, a manual method
can also be used.

3.3 RESULTS

Figures 6a and 6b show the DNA content for a control population
of 10T1/2 cells. In Figure 6a the fluorescence intensity histogram is
shown as it is collected from the cytometer. The fitting program supplies
the best fit of this histogram to define the growth phase. In this case,
the fitted histogram is shown in Figure 6b. The calculated percentages of
cells in each phase are 50.7% in GO/G1, 38.3% in S, and 10.9% in G2/M. The
root mean square (rms) of the fitted versus actual histogram is 1.5393.
The fit is considered acceptable if the rms value is less than 1.6.

An example of the use of cell-cycle data is in cell stimulation
experiments using lithium ions [16]. Cells are grown and held in a sta-
tionary phase to collect a majority of cells in G0/G1. The quiescent
cultures were given a 1-h exposure to 0.15 mol/L of LiCl. Control cultures
were left untreated; for manipulated controls the medium was removed and
re-added. Figure 7 shows the results of LiCl addition on quiescent cells.
By 20.5-h post-treatment, the percent of cells in G0/G1 decreased as cells
began to proceed through the cell cycle.

The DNA profile of V79 cells was also used to monitor cells mov-
ing out of a metaphase block after colcemid treatment. Figure 8a shows the
fluorescence distribution, which represents the DNA content per cell, from
cells blocked in mitosis by exposure to the drug. When the V79 cells are
placed in fresh medium, the cells begin moving through the cell cycle and
rapidly move into Gl phase (see Figure 8b). After 1 h in colcemid the Gl
peak has increased to 74.2% from 1.3% in colcemid.

3.4 DISCUSSION

The flow cytometer offers a rapid and simple method of quanti-
fying the cell-cycle distribution of a population of cells, as can be seen
from the two examples shown (see Figures 7 and 8). We have been able to
study the effects of radiation, drugs and hyperthermia on the cell cycle.
The work with LiCl [16] demonstrated a radiation effect on the stimulation
of quiescent cells into the cell cycle by addition of a single ion.
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4. CHROMOSOME ANALYSIS

4.1 INTRODUCTION

The development of flow cytometry and flow sorting made possible
the rapid and quantitative analysis of mammalian chromosomes. This is of
considerable importance to radiobiologists monitoring the effects of ioniz-
ing radiation on chromosomes, since the damage induced by radiation to the
chromosomal material is presumably one of the causes basic to the induction
of proliferative death, mutations and malignant transformation in mammalian
cells.

Prior to the advent of flow cytometry, it was only possible to
separate isolated metaphase chromosomes into a few size classes by velocity
sedimentation using steep sucrose gradients [18]. By employing flow cytom-
etry all chromosomes, characteristic of the cell type under examination,
are obtained [19,20]. The information is usually presented as a histogram
relating chromosome counts to relative fluorescence after staining with a
DNA-specific fluorochrome.

Furthermore, cytometric instruments are able to physically iso-
late chromosomes of interest for further study, thus providing new tools of
study to previously inaccessible aspects of mammalian cytogenetics. The
direct mapping of the chromosomal site(s) of any gene for which a nucleic
acid probe is available is currently possible. Moreover, it is now fea-
sible to construct genomic libraries from single-sorted chromosomes.

Whereas velocity gradient separation of chromosomes is based on
mass and size, chromosome shape can vary from cell-to-cell owning to meta-
phase contraction of the chromosomes. Flow cytometric sorting avoids this
problem and separates chromosomes according to DNA content only [21].

In Section 4.2, we describe a method for the preparation of a
chromosome suspension and we assess X-ray damage (Doses ranging from 0.75
to 5.0 Gy) to chromosomes from mammalian cells grown in culture. The
effects of heating at 45°C and combination of heat and X-rays are also
evaluated.

4.2 MATERIALS AND METHODS

4.2.1 Cells

The cells used are Chinese hamster lung fibroblasts derived from
the V79-S171 cell line and designated V79-S171-W1.

Cells are set up 40 to 48 h prior to the start of the procedure
for chromosome isolation, in 75 cm2 Lux tissue culture flasks (Miles Scien-
tific, Rexdale, ON) at a density of about 2.5 x 105 cells/flask. Cells are
from an exponentially growing culture maintained in DF medium, which is a
mixture of Dulbecco's Modified Eagle medium and Ham's F12 medium containing
10% heat inactivated (56°C for 30 min) fetal calf serum (Hy-Clone, Sterile
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Systems Inc.) and 25 fig/mL gentamycin sulfate (Gibco). Further details
concerning cell culturing and incubation are described elsewhere [22].

4.2.2 Preparation of Chromosome Suspensions

The technique adapted for the preparation of chromosome suspen-
sions for flow cytometric analysis was developed by van den Engh et al.
[23] with some modifications that yielded chromosome profiles with better
defined peaks and lower amount of small particle debris.

Exponentially growing cells were used. The growth medium in the
culture flasks was decanted, the monolayers were washed twice with culture
medium and once with 0.22-^m filtered conditioned medium. A 10-mL volume
of a 1:1 mixture of fresh to conditioned culture medium with 0.04 fig/mL
colcemid was added and the culture flasks were returned to the incubator
for 3 to 4 h. The temperature of the medium was kept close to 37°C and the
manipulations of washing the monolayers were done as rapidly as possible.
Mitotic cells were harvested by tapping the side of the flask firmly, once,
with the palm of the hand (approximately 105 cells/mL are released from
control flasks in this way), and pooled in a glass bottle. Aliquots of
approximately 2.5 x 105 cells were dispensed in conical, 15-mL tubes and
centrifuged at 75 x g for 4 to 5 min in a fixed-angle rotor. The
supernatant fluid was removed by aspirating with a Pasteur pipette or by
decanting and draining the excess medium by standing sample tubes over
absorbent paper (not to exceed 2 to 3 min). A 1-mL volume of swelling
buffer was added and the tubes were kept at room temperature. They were
gently tapped a few times at the beginning and subsequently once or twice
every 2 min. The pellet was observed to disperse gradually with time.
After 10 min, 0.1-mL Triton X-100 solution was added to a final
concentration of 0.25%. Again the tubes were tapped gently a few times
initially and then once or twice every 2 min. At this stage the pellet was
totally dispersed. After 10 min at room temperature, the suspension was
transferred to a 60-mm petri dish and forcefully syringed three times
through a 26-gauge needle; foaming of the sample was avoided as much as
possible. This was followed by a 30-min incubation at 37°C in swelling
buffer to allow hydrolysis of RNA. At this stage the suspensions were
sufficiently stained with propidium iodide to be measured on the
cytofluorograph or stored at 4°C; if treated aseptically, the addition of
sodium azide to the chromosome preparation is unnecessary.

4.2.3 Preparation of Swelling Media

a) The swelling buffer is 65 mmol/L KC1, 10 mmol/L MgSOj, 5 mmol/L
HEPES, 3 mmol/L dithiothreitol (DTT), 20 fig/mL propidium iodide
(PI), and 0.25 mg/mL RNase A adjusted to pH 8.0.

The swelling buffer was made 1 to 2 h in advance from 10 times
concentrated solutions of KC1, MgS04, HEPES and DTT prepared in
double-distilled, autoclaved water. Stock solutions of PI and
RNase were made at twenty times their final concentration in
double-distilled, autoclaved water and in 75 mmol/L KC1, respec-
tively. Axl stock solutions were filtered through a 0.22-/im fil-
ter (Nalgene Labware, Rochester, NY). Once reconstituted, it was
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found unnecessary to filter the swelling buffer; the 10-times
concentrated solutions were kept sterile and they were used over
a period of seven months with reproducible results.

b) Triton X-100 solution was made in swelling buffer to a concen-
tration of 3.25%.

4.2.4 Chemicals Used

Colcemid (Lyophilized) (Gibco); Ribonuclease A 4250 /ig/mg,
bovine, pancreatic (Cooper Biomedical); HEPES, sodium salt (Calbiochem-
Behring); magnesium sulfate, 7-hydrate crystal, reagent grad, (Baker);
potassium chloride, reagent grade, (Fisher); propidium iodide, (Sigma);
Triton X-100 (Rohm and Haas Canada Ltd.).

4.2.5 Protocol of Irradiation and Heating Cells

Cells were irradiated and/or heated approximately 32 h after
plating. They were exponentially growing. Immediately after treatment,
they were returned to the incubator for about 16 h prior to addition of
colcemid. Details concerning irradiation and heating equipment are
described in reference 22.

4.3 EESULIS

The distribution of DNA fluorescence for the isolated V79-cell
chromosomes of a control sample is shown in Figure 9. Superimposed upon
the peaks is the linear region used to calculate the number of chromosomes
within each peak. In these and other experiments the distributions were
divided into 12 peaks. Since the Chinese hamster cells have a modal di-
ploid chromosome number of 22, the chromosomes are grouped and the peaks do
not necessarily represent a single chromosome. In the experiments done to
date, X-irradiation and heat treatment did not alter the chromosome dis-
tributions at 16-h post-treatment. The peak locations and percentage of the
total population within a peak did not change significantly with radiation
and/or heat treatment, as shown in Tables 1 and 2. V79 cells have a gener-
ation time of approximately 12 h; thus, the cells would have traversed less
than one generation when radiation and heat-induced division delays are
taken into account.

4.4 DISCUSSION

As can be seen from the profiles shown in Section 4.3, the flow
cytometer was not used to karyotype cells, since there are more peaks than
chromosomes. It does, however, separate the chromosomes into distinct
groups with a similar DNA content. This suggests, however, that by using
alternate fluorochromes to label other components of the chromosome, we may
be able to identify the total chromosome complement.

The V79 cells did not show significant differences in the chromo-
somes fluorescence after X-irradiation or heat treatments. However, blood
lymphocytes of humans have been shown to yield a quantifiable number of
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aberrations following doses as low as 0.25 Gy. Thus, there is potential for
this to become an automatic method of observing chromosome aberrations.

Chromosome separation techniques, such as this, have a great
potential in molecular biology, since large numbers of chromosomes can be
separated into unique classes or, in some cases, separated as unique chro-
mosomes. The isolated chromosomes are then available for localizing
specific genes and sequences within the chromosome.

5. CELL SURFACE ANTIGENS

5.1 INTRODUCTION

The identification of surface antigens on lymphocytes has been
developed into a routine procedure using immunofluorescence techniques.
Specific surface antigens on subsets of T and B cells or cells associated
with disease states can be identified [24,25] along with a number of tumor
markers [26,27]. Fluorescent staining of surface markers is a natural
technique for use with the flow cytometer, both to identify specific cells
and to study the effects of chemical or physical agents on the binding of
the fluorescent antibody to the antigen.

5.2 MATERIALS AND METHODS

5.2.1 Cell Culture

The MOLT-4 cell line, ATCC CRL 1582, was grown in RPMI-1640
medium, containing 10% heat-inactivated fetal bovine serum. The cells were
maintained in T75 Falcon plastic flasks at 37°C in a humidified atmosphere
of 5% CO2 in air. Cultures were maintained in log-phase growth. The doub-
ling time ranged from 24 to 32 h and the cells were diluted to 0.25 x 106

cells/mL.

5.2.2 Fluorescent Staining

Antihuman T-cell glycoprotein T-65, (T101, Antibodies
Incorporated), is specific for an antigen found on T-cells in normal pe-
ripheral blood and lymph nodes, thymocytes, cultured T-cells, and the neo-
plastic cells of T-cell acute leukemias and lymphomas. The T-65 antibody
was chosen as the cell surface antibody with which to develop the technique
of surface labelling for the flow cytometer.

A cell sample of ~ 106 MOLT-4 cells/mL was spun for 12 s in an
Eppendorf Centrifuge 3200. The medium was gently aspirated and the cells
were washed two times in cold Phosphate buffered saline (PBS) plus 1% fetal
calf serum (FCS). Next the sample was incubated for 30 min at 4°C with
100 fil of 1:7 dilution (in PBS + 1% bovine serum albumin) of the T-65 anti-
body and washed two times with PBS + 1% FCS. The cells were then incubated
for 30 min at 4°C with fluorescein-conjugated F (ab 1^ fragments of goat
anti-mouse IgG (Antibodies Incorporated) and finally washed three times
with PBS + \% FCS.
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5.2.3 Flow Cytome try

A 4-mL sample of the MOLT-4 cell suspension in PBS + 1% FCS was
analyzed using the argon laser as the light source. The flow rate was 200
to 500 cells.'s. The green fluorescence intensity versus number of cells
was plotted (Figure 10).

5.2.4 Irradiation

Cells were irradiated at room temperature using a 250 kV Westing-
house X-ray unit equipped with a 1-mm aluminum filter at 15 mA.

5.3 EES1ILIS

The MOLT-4 cells show a moderate level of staining by the T-65
antibody. Figure 10a shows the green fluorescence at the surface of the
cells demonstrating the presence of the 65 000 dalton glycoprotein on the
plasma membrane. The shape of the curves suggests a lognormal distribution
of fluorescent intensities, in agreement with the report of Watson and
Walport [28]. The values of the mean and peak height taken from the histo-
grams of the irradiated and control samples are shown in Table 3. Cell
samples were divided into three sets: one was irradiated to 2 Gy, one ir-
radiated to 30 Gy, and the third was the control. Figure 11 shows a second
experiment where MOLT-4 cells were irradiated to various doses before being
stained for T6 antigens.

The interval marked in Figure 10b (labelled 1) shows the channels
included in the analysis: Channel 2 to 999. Although the experiments are
preliminary, a number of experiments have shown the same pattern: a de-
crease in the maximum channel number at 2 Gy and an increase in the mean
channel number. This implies that the most frequent fluorescence level
seen is lower in the 2-Gy irradiated population than in the control; how-
ever, the mean fluorescence level increased in the irradiated sample. The
results are not as consistent at high doses (30 Gy) although the pattern
shown in Table 3 is frequently seen. The modal fluorescent level decreases
along with the mean level. The forward blue scatter signal, also col-
lected, suggests that there is significant cell death at 30 Gy confounding
the analysis.

5.4 DISCUSSION

The preliminary data shown here suggest that the binding of
fluorescently labelled antibodies offers a useful technique for observing
the effects of agents such as ionizing radiation on the surface of cells.
The binding, as measured by the flow cytometer, can reflect the destruction
of antigenic sites on the cell surface, the destruction of large-scale
intersite organization or alternately, the clumping together of sites due
to cross-linking. The latter alternative fits the data shown for 2 Gy. By
3 h the peak height has moved to a smaller value, while the mean value
increased. This suggests that the surface antigenic sites have formed
aggregates after the radiation exposure. At high doses such as 30 Gy, the
situation is confounded by the occurrence of apoptotic death at 3 h [1].
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In addition to the changes in surface structure we report here, the immuno-
fluorescence technique is useful for identifying classes of tumor cells
that carry unique surface antigens. We have analysed the fluorescence
distributions in terms of the mean and peak height; however, an improvement
can be made by developing curve-fitting computer programs and using sub-
traction routines.

Thus, although flow cytometry is only beginning to be used to
study cell surfaces, it holds great promise.

6. CURVE FITTING OF FLOW CYTQMETRY DATA

The peak height and/or mean of unimodal histograms, such as those
produced in immunofluorescent staining, are calculated and displayed auto-
matically; however, even in this simple case, background counts and dis-
tortion introduced by the analogue-to-digital conversion confound the
straight-forward calculation of these distribution parameters. Hence,
curve-fitting techniques are required. In the more complicated case of
multimodal histograms, such as DNA distribution or chromosome analysis, the
parameters of each peak must be considered separately. Some methods, based
on partial or approximate curve-fitting schemes, are reported in the liter-
ature [28-3OJ. A complete parametric analysis of the histograms obtained
from flow cytometry is possible; however, several iteration methods using
the least-square best-fit, or the maximum likelihood estimator have been
suggested [21,31]. The Nova computer, with its Pascal compiler, is inte-
grated with the ORTHO system. It has the power to enable us to develop
programs to fit the DNA and chromosome profiles and immunofluorescence-
intensity histograms discussed in this report.

7. CELL SORTING AND PLATING

7.1 INTRODUCTION

Many flow cytometers have the capacity to sort cells, which can
be collected under sterile conditions and replated. This can be done to
separate specific cell types from a mixed population, such as lymphocytes
from a leukocyte population or to identify cells in a homogeneous popu-
lation with special properties, such as a specific portion of the ceil
cycle or a special size range. In the research program in the Medical
Biophysics branch, cells were sorted to identify live cells in a cell-sur-
vival assay [1,2] and to separate and culture bone-marrow progeniter cells
[32-34].

7.2 MATERIALS AND METHODS

7.2.1 Cell Culture

MOLT-4 cells were cultured as described in Section 2. Bone-
marrow samples were obtained from healthy volunteers, and nucleated cells
were separated from red blood cells by standard methods [32].
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7.2.2 Flow Cytometry

Bone-marrow cells were diluted to a final concentration of
2 x 106 cells/mL with sterile (PBS). MOLT-4 cells were sorted directly
from the growth medium at a concentration of 2 x 106 cells/mL. The flow
rate was ~ 200 cells/s. An 0.8-mW He-Ne laser or a 500 mW argon ion laser,
operating at 488 nm, was used as the light source. The axial light loss or
forward-angle scatter, and the right-angle scatter were collected for
analysis. The three-dimensional scattergram, generated by plotting the
axial light loss or forward-angle scatter on the y-axis and the right-angle
scatter on the x-axis, was used to determine the number of live and dead
cells in the MOLT-4 population, or the subpopulation of interest in the
bone-marrow cells. Regions of analysis were selected around the peaks in
the scattergram (see Figure 1) and the statistics associated with each
region were calculated by the Micro-Nova computer and displayed on the
screen.

The cells within each region were sorted into prepared culture
dishes for colony assay or sterile tubes in PBS. If sorting took place
over a long period of time, the collection vessels were grounded to dis-
sipate electrical charges built up from the electrostatically charged drop-
lets. The unit was sterilized and the samples were collected using 0.85%
NaCl as the sheath fluid. To assay cell survival, droplets containing
cells were electrostatically deflected and deposited into 60-mm tissue
culture dishes. These dishes contained the following: 0.8 % methyl cellu-
lose, 25% conditioned RPMI 1640 medium and 75% fresh medium for colony
growth of MOLT-4 or a 1.0-L underlay of 0.7% agarose in whole McCoy's 5A
medium covered by a semisolid layer of 0.3% agarose in whole medium for
bone-marrow cells. Mo-cell conditioned medium was used as a source of
colony stimulating factor for the bone-marrow culture [33,34]. The dishes
were incubated until macroscopic colonies appeared (14 to 24 d). The
colonies were counted with a stereomicroscope.

7.3 RESULTS

Cell sorting was used to identify live and dead MOLT-4 cells to
confirm that the flow cytometry measurements of cell survival were accu-
rate. Cells from the two regions representing live and dead cells (see
Figure 1) were sorted into petri dishes. The live-cell region had a plat-
ing efficiency of 17.6 ± 0.7%, which was similar to that for unsorted cells
(10 to 30% in our hands). The dead-cell region had a plating efficiency of
0.062 ± 0.044%. These results confirm our interpretation of the scatter-
gram on the screen.

For the enrichment o£ human bone-marrow cells, the sorted cells
were deposited into 35-mm dishes containing the 1.0-mL underlay and 0.1 mL
of liquid McCoy's 5A enriched medium. The scattergram contained three
regions, each with a varying numbers of cells. The first region containing
up to 72% of the population was made up of granulocytes and macrophages.
The second region, which had approximately 18% of the cells, contained
lymphocytes, whereas the third region, the smallest, with ~ 5% of the
total, contained a mixed population of monocytes, granulocytes, lymphocyte
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and myeloid progeniter cells. Cells from the first two regions gave few
colonies and had plating efficiencies of less than 0.1%. Cells from the
third region, on the other hand, showed plating efficiencies, ranging from
approximately 0.17 to 0.7%. Thus the smallest region, which contained tlie
least number of cells, contained the clonogenic subpopulation. A collec-
tion of cells from all three regions had the same plating efficiency cis
unsorted cells, thus the processing did not lower cell clonegenicity.

7.4 DISCUSSION

These experiments have shown the value of the cell-sorting capa-
bility of the flow cytometer. Without the ability to sort the cells in a
sterile environment, we would not have been able to show the clonogenicity
of the MOLT-4 cells in the region we had identified as containing the live
cells nor to locate tlie clonogenic subpopulation of human bone marrow
cells.

The sorting capability can be used for many other purposes.
Cells having any other characteristic, identifiable by the flow cytometer,
can be enriched by cell sorting. Fluorescent dyes can be used to identify
the cells of interest. Lymphocytes bearing specific surface antibodies,
for example, can be separated from the total blood cell population. In
addition, subcellular components, such as individual chromosomes, can be
isolated in large quantities for further analysis.

8. DISCUSSION

Flow cytometry has a number of applications in radiation biology
as shown in this report. The flow cytometer has been used tor cell-via-
bility testing in lymphocytes to measure radiation survival. The tech-
niques developed here were subsequently extended to hormone-induced cell
death. Cell-cycle analysis has wide applications in radiobiology including
division delay and cell-cycle effects on radiation sensitivity. Chromosome
isolation using flow cytometry is in its infancy; however, the technique
offers great promise both as an instrumental method to measure aneuploidy
and chromosome aberrations in a large population of cells, and as a method
to isolate large numbers of individual chromosomes for genetic analysis.
Flow cytometry is widely used to measure surface antigens. We have shown
that it can be used to observe the effect of radiation on the surface of
human T-lymphocytes. The sorting of cells with the flow cytometer has also
been shown to be useful in radiobiology. The clonogenic potential of vari-
ous subpopulations of cells, sorted according to light scattering or other
properties, can be measured on sorted cells, and their plating efficiency
was not decreased by the sorting procedure.

Thus, a wide range of techniques have been developed at Atomic
Energy of Canada Limited in the Medical Biophysics program that have effec-
tively used the flow cytometer. Flow cytometry has been shown to be a
useful technique in radiation biology and its use can be expected to con-
tinue to expand.
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TABLE 1

PERCENTAGE OF CHROMOSOMES IN HISTOGRAM PEAK

Peak Number

1
2
3
4
5
6
7
8
9
10
11
12

Irradiated

Control

7.0
7.6
9.4
3.8
5.2
6.0
4.7
3.1
13.2
17.0
13.5
4.7

1.5 kGy

6.2
7.4
10.3
4.2
5.2
5.0
4.9
3.2
13.0
17.3
13.4
4.5

2.5 kGy

6.9
8.4
10.0
5.4
4.6
5.2
4.5
4.1
10.2
17.7
13.2
4.4

5.0 kGy

7.3
7.9
9.9
4.7
5.2
5.3
5.1
3.3
9.8
17.3
11.7
4.3

45°C, 5 min

Heated
Control

6.3
7.8
9.5
4.7
4.9
5.1
4.7
4.0
12.4
18.1
13.3
4.6

Heat Plus Radiation

1.5 kGy

7.1
8.6
9.4
4.8
5.8
5.2
4.2
3.4
10.8
17.2
13.6
4.2

2.5 kGy

7.3
9.0
10.0
5.2
5.2
5.4
4.1
2.8
10.8
17.7
13.7
4.0



TABT.E ?.

POSITION OF CHROMOSOMF, PEAK ON CYTOMF.TER HISTOGRAM

Peak Number
2.5 kGy

1
2
3
4
5
6
7
8
9
10
11
12

Irradiated

Control

8.1
14.0
23.6
31.0
37.9
82.6
96.1
158.4
180.5
48.0
63.0
121.3

1.5 kGy

7.8
13.4
22.6
30.0
37.2
79.5
92.9
153.5
176.0
47.5
61.3
117.6

2.5 kGy

7.9
13.6
22.8
30.6
37.4
81.7
94.9
158.3
180.2
47.9
62.3
118.8

5.0 kGy

7.9
13.8
23.3
31.3
38.3
84.7
97.3
162.1
183.8
49.1
64.4
123.4

45°C, 5 min

Heated
Control

7.7
13.4
22.9
30.3
37.0
80.9
94.0
155.5
178.4
48.0
62.0
119.1

Heated Plus

1.5 kGy

7.9
13.7
23.2
30.5
37.5
81.9
95.9
157.1
180.3
47.9
62.8
120.6

Radiation

2.5 kGy

7.7
13.5
22.8
30.3
37.3
80.6
94.5
156.2
178.5
47.5
62.4
119.5

CO

I
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TABLE 3

FLUORESCENT INTENSITY OF MOLT-4 CELLS LABELLED

WITH T-65 ANTIBODY. 3 h AFTER IRRADIATION

Control

2 Gy

30 Gy

Channel Number at
Maximum Peak Height

242

211

177

Mean Channel
Number

316

351

291



FIGURE 1: Scattering Parameters of S49.1 Cells After an Exposure to Dexamethasone. (a) A cytogram
of axial light-loss versus right-angle scatter. Regions 1 and 2 are positioned around
the signals given by live and dead cells in the population, (b) A plot showing the
number of cells with each value of right-angle scatter. (c) A plot showing the number of
cells vith each axial light-loss value.
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FIGURE 2: Dexamethasone-Induced Killing of Rl.l, S49.1, UEHI 7.1 and
MOLT-4 Cells After a 48-h Exposure. Each data point represents
eight counts of 25 000 cells for the flow cytometry points and
four counts of 200 cells for the trypan blue points.



FIGURE 3: Flov-Cytometry Data Showing the Separation Between Unstained Live and Dead MOLT-4 Cells.
The plot shows right-angle scattering versus axial-light loss. Cell number is
represented by the height on this three-dimensional representation.
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FIGURE 4: Cytograms of (a) Control and (b) 3-Gy Irradiated Human Blood
Lymphocytes. Axial light-loss is plotted on the y-axis and
right-angle scatter is plotted on the x-axis. An arrow shows
the location of the area containing more cells after
irradiation.
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FIGURE 5: Cytogram of RAT-1 Cells with Red-Fluorescent Peak-Height on the
Y-Axis and Red-Fluorescence Area on the X-Axis. The elliptical
region labeled 1 contains the cells that are analysed for cell-
cycle position.
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FIGURE 6: Number of Control 10T1/2 Cells (y-axis) Versus DNA Content as
Measured by Red Fluorescence (x-axis): (a) Data as Collected,
(b) Data after a Computer Fit
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FIGURE 7: The Number of RAT-1 Cells with Various DNA Contents 20.5 h After the Experiment Began:
(a) Control cells, (b) Cells exposed to LiCl. Many cells have moved out of G0/G1 phase
in the LiCl-treated population. There are 52.5? treated cells in Gl compared to 86.6£ in
the control population.
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FIGURE 8: The Effect of Colcemid on the Cell Cycle of V79 Cells: (a)
Cells Exposed to Colcemid Have Been Blocked in Mitosis. The
single peak, which contains 88.7% of the population, represents
cells in G2/M phase, (b) One hour later 74.22 of the population
has moved into the Gl phase peak. The G2/H peak contains only
6.92 of the cell population.
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FIGURE 9: Histogram of Number of Chromosomes Versus Fluoresence Intensity.
Some of the regions used to define the first eight chromosome
peaks are numbered in the figure.



FIGURE 10: Light-Scattering Signals Produced by MOLT-4 Lymphocytes, (a) A cytogram of axial light-
loss versus right-angle scatter. A collection region has been placed around the live
cells, (b) A histogram shoving the number of cells vith various fluorescence intensities
in the live-cell region.
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FIGURE 11: Staining of MOLT-4 Cells by the Antibody T6 24 h, After
Irradiation: (A) Mean Fluorescence Value in Arbitrary Units,
(o) Skew Value of the Fluorescence Intensity Distribution
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