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ABSTRACT Human peripheral blood lymphocytes are
stained with the metachromatic dye acridine orange and the
fluorescence of individual cells is measured by flow cytometry.
The relative content of stainable RNA per cell is estimated by
comparison with RNase-treated cells. Non-T and T lymphocytes
have different mean quantities of RNA per cell, and these
classes exhibit different distributions of RNA content. Non-T
cells have a unimodal distribution with a sharp peak and ex-
ponential distribution towards higher RNA values. T cells have
a bimodal distribution with two separate peaks. When T cells
having receptors for IgG (T., cells) and IgM (T,, cells) are sepa-
rated, each of these cell populations displays a unimodal dis-
tribution. Of these three lymphocyte subpopulations,T, cells
have the lowest content of RNA per cell. Non-T cells have
slightly higher RNA content than Ty, and T,, cells have twice as
much RNA as T cells. The RNA content, which surely relates
to the different functions of these lymphocyte subpopulations,
may also be a useful marker for rapidly distinguishing the
lymphocyte subpopulations.

Although immunologic functions of thymus-derived (T) and
bone marrow-derived (B) lymphocytes are very different, their
morphologic features are remarkably similar (1, 2). These cell
populations are indistinguishable by light microscopy and share
a number of cytochemical properties. Differences, however,
can be ascertained at the membrane level through analysis of
immunologic markers (3, 4). For example, human T lympho-
cytes consist of at least two subpopulations, namely cells having
receptors either for IgG (To) or for IgM (T,), as described re-
cently (5, 6). These two subpopulations, although clearly
functionally different, have thus far been indistinguishable by
morphological and cytochemical criteria.

Applying the recently developed flow cytometric technique
for simultaneous staining of cellular DNA and RNA (7, 8) we
presently describe differences between non-T and T cells and
between T cell subpopulations based on the content of stainable
RNA per cell. Flow cytometry, which permits rapid analysis
of many cells, makes possible analysis of the variations among
cells within subpopulations (9, 10). The present report repre-
sents an effort to use this methodology to further characterize
the lymphocyte subpopulations.

MATERIALS AND METHODS
Isolation of Lymphocytes. Mononuclear cells (sample I)

were separated from 50 cm3 of heparinized blood of healthy
donors by a Ficoll/Hypaque flotation method, as previously
described (11, 12). Cells were washed thrice with 0.9% NaCl,
resuspended in RPMI-1640 medium (Grand Island Biological
Co., Grand Island, NY) containing penicillin (100 units/ml),
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streptomycin (100 ,ug/ml), and 20% fetal calf serum, and in-
cubated 30 min at 370 after addition of carbonyl iron particles.
Following centrifugation on a Ficoll/Hypaque gradient,
density 1.077 g/ml, the cell pellet consisted of monocytes
phagocytizing carbonyl iron. The nonphagocytizing cells of the
interface were washed thrice in saline (sample II). Fewer than
1% of the cells from the interface were peroxidase positive.

Purification of T Lymphocytes. T lymphocytes were pu-
rified from non-T cells by rosetting (one hour, 40) with sheep
erythrocytes and separated on a Ficoll/Hypaque density gra-
dient (30 min, 200 X g). The T cells were 90-97% pure as de-
termined by rosette formation with sheep erythrocytes. Cells
of this population lacked surface immunoglobulins as ascer-
tained by staining with polyvalent (Fab')2 antiserum to human
immunoglobulin (Cappel Laboratories, Cochranville, Pa.).
More than 98% of the cells were viable as determined by trypan
blue dye exclusion. Non-T cells were removed from the inter-
face of the Ficoll/Hypaque gradient. Sheep erythrocytes at-
tached to T cells were lysed by incubation for 6 min at 370 with
Tris buffer containing 0.83% ammonium chloride (sample III).
The same incubation was done with non-T cells (sample IV).
Cells were then washed thrice in saline.
T Cell Subpopulations. T cells were resuspended in RPMI-

1640 medium containing penicillin (100 units/ml), strepto-
mycin (100 Ag/ml), and 20% fetal calf serum at a concentration
of 2 X 106 cells per ml. These cells were cultured at 370 in a
humidified incubator with 5% C02/95% air for 20 hr. At the
end of the incubation, cells were washed thrice in phosphate-
buffered saline and resuspended at a concentration of 4 X
106/ml (sample V). More than 98% of cells were viable as tested
by trypan blue dye exclusion. Cells were then assayed for TM,
and T7 subpopulations as previously described (12).

Antibodies to Ox Erythrocytes. These antibodies were
prepared as described elsewhere (13).

Preparation of Ox Erythrocyte-Antibody Complexes. Ox
erythrocytes were washed thrice in phosphate-buffered saline
and resuspended to a concentration of 2%. Equal volumes of
ox erythrocytes and purified rabbit IgM anti-ox erythrocyte
antibody (1/250 dilution) or anti-ox IgG antibody (1/100
dilution) were mixed and incubated at room temperature for
90 minutes. Following incubation, cells were washed thrice in
phosphate-buffered saline and resuspended to a concentration
of 1%. Ox erythrocytes with IgM (EAm) or IgG (EAg) were
prepared fresh each time.
T Cells with Receptors for IgM (T.,) and IgG (To). One

hundred microliters of EAm for T. or EAg for T.) was mixed
with 100 ,d of T lymphocyte suspension (5 X 106/ml) in 10
different tubes. After centrifugation at 50 X g for 5 minutes,

Abbreviations: AO, acridine orange; T cells, thymus-dependent lym-
phocytes; non-T cells; thymus-independent lymphocytes; Tp, T cells
bearing receptors for IgM; Ty, T cells bearing receptors for IgG; EA,
erythrocyte-antibody.

1938



Proc. Natl. Acad. Sci. USA 75 (1978) 1939

100 0

100

100

N
50 100 0

7-

50
F>600, arbitrary units

100 0

RNase

50 100

FIG. 1. Computer-drawn histograms representing red fluorescence values (F>600) of AO-stained human peripheral blood lymphocytes. Five
thousand cells were measured for each histogram. The lymphocytes of three different individuals (A, B, C) are presented to illustrate the variation
of the RNA distributions between individuals before and after cell separation. Nonseparated mononuclear cells (lymphocytes, after depletion
of monocytes, "all cells") show a bimodal distribution with two peaks of various heights. T cells, isolated by rosetting with sheep erythrocytes,
also have a bimodal distribution, while non-T cells (predominantly B cells) are characterized by a single peak with an asymmetric distribution
skewed towards higher F>600 values. For comparison, vertical lines are plotted, indicating positions ofB cell peaks in respect to peaks ofT cells
and nonseparated lymphocytes. B cells have a slightly higher peak value than the first peak ofT cells. The lowest row (RNase) indicates F>600
of nonseparated lymphocytes following incubation with RNase for 20 min at 37°. The different positions of the peaks among A, B, and C indicate
day-to-day variation of the setting of the flow cytometer; the samples from each individual, however, were measured under identical condi-
tions.

the cells were incubated at 40 for 30 min. Cell pellets from the
two incubations were resuspended and centrifuged for 30
minutes at 200 X g in Ficoll/Hypaque gradients. Cells from the
interfaces (samples VI, VII) and from the pellets (samples VIII,
IX) were collected separately, incubated 6 minutes at 37° in
Tris buffer with 0.83% ammonium chloride, and washed thrice
in phosphate-buffered 0.9% NaCl. More than 95% of cells were
viable as tested by trypan blue dye exclusion.

Staining of DNA and RNA. The method of cell staining is
presented in detail elsewhere (8), and was presently used with
minor modifications. Aliquots (0.2 ml) of cell suspensions
(0.2-0.4 X 106 cells) were mixed with 0.4 ml of a solution con-
taining 0.05 M HCl, 0.15 M NaCl, and 0.1% Triton X-100
(Sigma Chemical Corp., St. Louis, MO). After 30 sec. 1.2 ml of
a solution containing 0.2 M Na2HPO4/0.1 M citric acid buffer
(pH 6.0), 1 mM NaEDTA, 0.15 M NaCl, and acridine orange
(AO) at 8 Ag/ml (AO chromatographically purified, obtained
from Polysciences, Inc., Warrington, PA) was added. The cell
fluorescence was measured during the next 10 min. As shown
before (8), pretreatment of cells with Triton X-100 at low pH
makes them permeable to the dye, while nucleic acids remain
insoluble in these unfixed cells. Subsequent staining with AO
in the presence of chelating agents (EDTA, citrate) results in
denaturation of all cellular RNA, which then stains metachro-
matically red (14) due to electrostatic binding of AO and dye

stacking (15), while native DNA intercalates the dye and stains
orthochromatically green (16).
The specificity of staining was controlled by incubation of

the permeable cells (i.e. after treatment with Triton X-100 and
subsequent staining at pH 6.0) with 2 X I03 units of RNase per
ml, at 370 for 20 min (chromatographically purified RNase,
Worthington Biochemical Co., Freehold, NJ), and subsequent
measurement under the same conditions, as described (8).

Fluorescence Measurements. Fluorescence of individual
cells was measured in the FC 200 Cytofluorograf (Ortho Di-
agnostic Instruments, Bio/Physics, Westwood, MA) interfaced
to a Nova 1220 minicomputer (Data General Corporation,
Southboro, MA). Fluorescence and light scatter signals are
generated by each cell as it passes through the focus of a 488-nm
argon-ion laser beam. The red fluorescence emission (F>6Mo,
measured in a band from 600 to 650 nm) and the green fluo-
rescence emission (Fs30, in a band from 515 to 575 nm) from
each cell are separated by optical filters and recorded by sep-
arate photomultipliers, and the integrated emission values are
stored in the computer. Background fluorescence of the AO
solution in which cells are suspended is automatically sub-
tracted. The pulse width of green fluorescence, i.e. the time
taken by the cell nucleus to pass through the illuminating beam,
is also recorded and is used to distinguish single cells from cell
doublets, as well as to estimate nuclear size, as described before
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FIG. 2. Computer-drawn histograms displaying red fluoresence (F>6Wo) measurements of AO-stained human peripheral blood lymphocytes.
The lymphocytes of a single individual were measured under identical conditions: "All lymphocytes" are mononuclear cells after depletion of
monocytes (sample II, see Materials and Methods), "non-T cells" are nonrosetting (sample IV) lymphocytes, and "T cells" are resetting (sample
III) lymphocytes. The broken lines indicate the mean values of F>6eo after RNase treatment (F>6w0 unspecific for RNA). These values can be
used as a zero point to rescale the ordinate (corrected RNA values, see Table 1). The peak value of non-T cells is slightly higher than that of
the first peak ofT cells.

(17, 18). More detailed description of the instrument and the
computer data-handling system is given elsewhere (9, 17). The
data presented are based on a total of 5000 cells measured per

sample. The experiment was repeated 10 times on blood from
10 different healthy persons.

Nonstimulated lymphocytes from peripheral blood, when
compared with other cell types (i.e., blastoid cells, tissue culture
cell lines) have very low quantities of RNA per cell and thus
exhibit low intensity of red fluorescence (F>60W) after AO
staining (7). Therefore, the F>6Wo measurements were done in
the current experiments at a 10-fold increased F>6oo photo-
multiplier sensitivity. Consequently, the nonspecific (RNase-
resistant) component of F>60o (which presumably reflects some
AO stacking on DNA and/or staining of polyanions other than

RNA) is relatively high. The RNase-sensitive component of
F>6o0 in contrast to other cell types in which it represents over
85% of the total F>&io (7), is only 30-60% of the total F>60o in
lymphocytes (see figures and tables). In all of the data pre-

sented, therefore, the control measurements of the RNase-
treated cells are included, to indicate the quantity of stainable
RNA in relation to total F>600

RESULTS
DNA Distribution. The DNA of the total lymphocytes and

the several subpopulations as measured by AO green fluores-
cence displays a unimodal distribution around the Go/G1 peak,
fewer than 1% of the cells being in the S phase of the cell cycle.
The coefficient of variation of the mean value of the mea-

surements was between 3% and 4%, and no difference in the
mean values was detected (data not shown).
RNA Distribution. Frequency histograms of RNA content

of the nonseparated lymphocytes show a bimodal distribution
indicating the presence of at least two cell subpopulations with
different RNA contents (Fig. 1, upper row). Large differences
were observed among normal-individuals, expressed as varia-
tions in the respective heights of-the peaks. The variations ob-
served from person to person are illustrated in Fig. 1, which
shows representative samples from three individuals. Mea-

surements of isolated T cells (sample III; Fig. 1, second row) also
display a bimodal distribution, while non-T cells (predomi-
nantly B cells, sample IV) have a unimodal distribution with
a low value, a sharp peak, and an exponential shape towards
higher values (Fig. 1, third row). In this respect, the shape of
the non-T cell RNA histograms is uniform in samples from all
individuals. In all samples the non-T cells have higher F>6oo
values than the median of the first T-cell peak, as indicated by
the vertical line in Fig. 1.
The bimodal shape of RNA histograms of T cells indicates

at least two T cell subpopulations (Fig. 1 and 2). When T7 and
T. cell subpopulations are separated (Fig. 3) and measured,
each displays a unimodal RNA distribution. Thus, T,, cells have
a peak value at low fluorescence intensity skewed to the right;
TM cells, on the other hand, have higher fluorescence and the
distribution is skewed to the left.
The cells found in the interfaces of Tz and TM, gradients show,

as expected, complementary distributions of RNA as compared
to those cells found in the pellets, indicating the presence of TM
cells in the interface of the Ty gradient and vice versa.
The histograms shown in Fig. 2 and 3 are all from the same

experiment; their numerical evaluations are presented in Tables
1 and 2. In Table 1, after subtraction of nonspecific red fluo-
rescence, corrected RNA values describe the sequence of the
three peaks (Tpeak 1, non-T, Tpek 2) according to their in-
creasing RNA content. Tpeak 2 has more than twice the RNA
content of Tpmk 1; non-T is slightly higher than Tpek 1. Table

2 (corresponding to Fig. 3) shows values of T cells incubated for
20 hr and of separated T7 and TM cells. Again, the corrected
peak value of T, cells is more than twice as high as that of the
T,, cells. The coefficient of variation of the mean values of these
measurements was between 9% and 20%. Because of the
skewness of the distributions (which might be related to in-
complete separation of the subpopulations) the peak values are

more descriptive than the mean values.
Nuclear Diameter. Measurements of nuclear diameter by

use of the green pulse width show small but consistent differ-
ences in all experiments between T (mean value 37.8) and
non-T (mean value 39.1) cells (Table 1). No difference, how-
ever, is found between TM, and T.y cells (Table 2). The coefficient
of variation of these measurements is 4-6%.

.0
E
C

U

cu
._

RNase

100 50 100

Proc. Nati. Acad. Sci. USA 75 (1978)



Proc. Natl. Acad. Sci. USA 75 (1978)

Table 1. Fluorescence values of acridine orange-stained T and
non-T lymphocytes

All lympho- Non-T T cells
cytes cells Peak 1 Total Peak 2
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FIG. 3. Computer-drawn histograms displaying red fluorescence

(F>6w0) of AO-stained human peripheral blood T lymphocytes. Sep-
arated T cells (histogram shown in Fig. 2) were incubated in RPMI-
1640 medium supplemented with 20% fetal calf serum at 370 for 20
hr ("T cells 20 hr"; see Materials and Methods, sample V). The bi-
modal distribution of these cells is still apparent following incubation.
Incubation of these cells with ox erythrocytes coated with either IgM
or IgG results in rosette formation. Rosetting cells were separated
from nonrosetting cells by Ficoll/Hypaque gradient centrifugation.
Rosetting cells, found in the pellet, were either T., or Ty. Their F>600
histograms are unimodal and skewed either to the right (Ty) or to the
left (T,). Cells found in the interfaces of the gradients ("Inter") dis-
play reversed F>600 distributions (see text). Incubation of T,, and Ty
cells with RNase results in narrowly distributed histograms with lower
peak values, as shown in the bottom row. The broken lines can be used
to rescale the ordinate. For numerical evaluation see Table 2.

DISCUSSION
The lymphocyte populations have been subdivided in both
human and animal systems according to their immunological
functions. While B lymphocytes produce antibodies (1, 4), the
T lymphocytes are responsible for cell-mediated immunity. Tz
cells act as suppressor cells and T., cells as "helper" cells in the
differentiation of B cells (19). T, and Ty have been observed
to differ in their sensitivities to prednisolone, ionizing radiation,
and influences by thymopoietin (13). They also manifest dif-
ferent dose-response patterns to phytohemagglutinin and vary
in relative proportions in patients with immunodeficiencies (6,
12). Receptors for IgM and IgG were found on leukemic blast
cells with T cell properties (E rosettes) (20).

In the present study, several subpopulations of lymphocytes
have been shown to vary in the amount of AO-stainable RNA.
Because it may be assumed that different cell functions require
different proteins, which implies differences in transcriptional
and translational activities, it should not be surprising to find
various quantities and intercellular distributions of RNA in the
several functionally identifiable lymphocyte subpopulations.
It has been shown by use of metabolic inhibitors that formation
of rosettes with sheep erythrocytes requires transcription,
translation, and protein synthesis (21).

AO Mean 59.7 50.2 43.3 58.0 65.7
Peak 45 43 41 41 63

AO + Mean 34.2 30.8 32.9
RNase Peak 35 30 34

F>600, Mean 42.7 38.6 24.0 43.2 49.9
% loss Peak 22.7 30.2 17.1 17.1 46.0

Corrected Mean 25.5 19.4 10.4 25.1 32.8
value Peak 10 13 8 8 19

Green Mean 39.1 37.8
pulse
width

Red fluorescence (F>6wo) peak and mean values ofhuman periph-
eral blood lymphocytes stained with AO. The AO row = F>600 after
staining with AO as described in Materials and Methods; AO +
RNase = F>6W0 after treatment with RNase; F>600, % loss = decrease
of F>600 after treatment with RNase in percent as compared to AO;
corrected value = relative F>60W values in arbitrary units, given as
differences between AO and AO + RNase; green pulse width =
measure of nuclear diameter in arbitrary units. All lymphocytes =
lymphocytes prepared as described in Materials and Methods, sample
II; non-T = nonrosetting cells (predominantly B cells); T cells = cells
forming rosettes with sheep erythrocytes.

Non-T cells display a unimodal, exponential distribution of
RNA with a relatively low mean value. The non-T lymphocytes
with higher amounts of RNA probably represent cells re-
sponding to antigens; e.g., lymphocytes respond to antigenic
stimuli with an increase in cellular RNA content prior to DNA
synthesis (7). Interestingly, the shape of the distribution of
non-T cells according to their RNA content is strikingly similar
to that reflecting esterase activity in these cells (ref. 22; tenta-
tively confirmed in our laboratory). This curve is also similar
to that defining the distribution of cells engaged in antibody
production (23).
The bimodal distribution of T cells appears to be a conse-

quence of the presence of two subpopulations of lymphocytes
that have different RNA contents. The mean RNA content of
T.) lymphocytes is slightly lower than that of non-T cells. TM,

Table 2. Fluorescence values of acridine-orange stained T cell
subpopulations

T (20 hr) Tl To,
AO Mean 56.7 54.5 59.7

Peak 42 47 63
AO + Mean 30.6 29.3
RNase Peak - 31 29

F>6w0, Mean - 43.9 50.9
% loss Peak 34 54

Corrected Mean 23.9 30.4
value Peak 16 34

Green pulse Mean 37.8 37.8 37.7
width

Red fluorescence (F>6wo) peak and mean values ofhuman periph-
eral blood T lymphocytes and T lymphocyte subpopulations stained
with AO. Abbreviations are as described for Table 1. T (20 hr) = T
cells incubated in RPMI-1640 medium for 20 hr. For details of
preparation see text.
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lymphocytes, on the other hand, have a higher RNA content
than non-T cells and twice the RNA content of Tz cells. The
non-gaussian distribution of RNA content in both T, and Tz
cells may be the consequence of either incomplete separation
of two populations by the rosette technique employed or the
existence of different functional states within each subpopu-
lation. Alternatively, this finding might reflect the existence
of additional T cell subpopulations not yet identified.

Since biochemical evidence suggests that about 80% of the
total RNA in each of the cell types is composed of rRNA (24),
it appears the present method reveals mostly rRNA, and the
total amount of tRNA, heterogeneous nuclear RNA, and mRNA
cannot be larger than 20% (14). It should be emphasized that
the content of RNA, as presently detected, may not necessarily
be directly correlated with the rate of RNA synthesis, i.e., re-
vealed by [3H]uridine incorporation. The content is a function
of the rates of both RNA synthesis and RNA degradation. It is
entirely possible that the turnover of RNA varies in lymphocyte
subpopulations.
A second parameter, nuclear diameter, also appears to differ

between non-T and T cells. Estimation of nuclear size, which
can be derived from the green fluorescence pulse width mea-
surement, revealed that non-T cell nuclei are larger than T cell
nuclei, but no differences were observed between the sizes of
T., and Tz cell nuclei.
The results described herein show that lymphocyte sub-

populations can'be identified by a metabolic marker, namely
by RNA content. This nonimmunological parameter certainly
relates to the immunological functions of these cells and pro-
vides, in addition, a new marker for identifying the lymphocyte
subpopulations. This marker alone, while it can serve to separate
T cell subpopulations, is not adequate to distinguish between
Tz and non-T cells. Because T and non-T cell subpopulations
are distinguishable by their esterase activity (22), the combi-
nation of these two methods, both of which can be quantified
by flow cytometry, should provide a method for separating and
analyzing these three lymphocyte subpopulations.
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