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Fulwyler, Mack Jett (Ph.D., Biophysics)
Electronic Volume Analysis and Volume Fractionation Applied to Mamma~

lian Cells

Thesis directed by Professor Theodore T. Puck

The principle and apparstus of electronic cell volume analysis
and of a newly developed electronic cell separator capable of frace
tionating cells according to differences in volume are described.
The epparatus have been applied to the study of normal and abnormal
human leucocytes, and a correspondence between cell volume and cell
type has been cbtained. Abnormal volume distributions of infectious
mononucleosis, acute lymphoblastic leukemia, and chronic lymphocytic
leukemia are presented and compared with normal.

An analysis of mouse bone marrow is dsscribed which leads to a
correlation of cell volume with cell type. The effect of X irradiae-
tion on the volume distributions of bone marrow and spleen is shown,
and the rate of cell loss for several volume ranges is given.

Colony-forming units (CFU) found in mouse bone marrow and spleen
have been studied, and a volume distribution of these stem cells in
bone marrow is given. CFU's were found to be most abundant in the
volume range occupied by granulocytes and not in the volume range
wherein most lymphocytes are found, thus arguing against the idea that
CFU are small lymphocytes as some workers have suggested.

The sffect of development of early AKR leukemia on the volume
distribution of mouse spleen cells is shown. Further, it is shown
that the enlarged, transformed cells found in the spoleen are able
to initiate lsukemis in a recipient mouse whersas the smaller, nor-

mal cells of the same splsen are not.
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I. INTRODUCTION

Much of the compiexity of research in cell bioclogy is a result
of the heterogeneity of cell populations. The ability to isolate a
reasonable number of cells, homogeneous in some oroperty, would cer-
tainly be of value.

In the past many methods of cell separation have been tried
including those based on the following techniques: absorption (1),
flotation (2), agglutination and sedimentation (3), magnetic sus-
ceptibility (4), electrophoretic mobility (5), electromagnetic inter-
action (§), and recently counter-current distribution (7). Centri-
fugation techniques have been developed to the point where a partial
separation of the different human white blood cell types can be ob-
tained (B8). Goodman has described her method of separation of mouse
bone-marrow cells using density gradient centrifugation (9). More
recently 2 paper has appeared describing separation of Guinea-pig
bone marrow cells using a 1-g sedimentation system (10). This latter
technique appears to offer a promising method of cell separation which
is jointly dependent on cell volume and density, although primarily
on the former; however, from the data presented it is not vet poss-
ible to evaluate the resolution limits of this technique.

All of these techniques are unsatisfactory in one or more of the
following ways: a) The cell property upon which they operate is ofien
ambiguous or of questionable biological significance. b) Cell viz-
bility is often adversely affected by technical requirements of the
process. c¢) The degree of homogeneity obtained within an isclated

fraction is unsatisfactory.




Electronic separation of biological cells was first announced
by this author in 1965 (11). Somewhat later (1967) a similar tech-
nique involving electronic cell sensing was announced'by Kamentsky,
et al. (12). A brief description of this technique is called for
because of its similarity to the system to be described. In the
Kamentsky system, cells, in suspension, flow through a small channel-
which is illuminated with ultraviolet light. Absorption of 2537 R
light by nucleic acids attenuates the transmitted beam. A photo=-
multiplier tube produces an electronic pulse which is 3 measure of
the degree of attenuation. Pulses of a certain amplitude class
will activate 2 motor-driven syringe causing an increment of flowing
liquid containing the desired cell to be drawn into a side channel.
This system has two primary faults. Although the amount of liquid
pulled into the side channel is small (0.03 yl) it is still likely
to contain several cells in addition to the one desired, so that
purity is low. Also, because of the inherent inertia of motors or
other mechanically activated systems, the separation rate is limited
to perhaps 500 operations per second.

The electronic cell separator to be described here, is a new
approach to the problem of cell fractionation. A primary advantage
of this technique over nonelectronic systems is that, in theory,
individual cells can be analyzed and separated on the basis of one
or a combination of electronically measureable characteristics.
Separation is achieved without mechanical motion and the minimum
amount of liquid which can be isclated is one droplet, having 8 vol-
ume of asbout lD-Gml; consequently, the rate of cell analysis, rather

than separation, is the bredominant limiting factor.
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It is the obje:tive of this thesis to describe the principles
and apparatus of electronic cell volume analysis and electronie cell
separation and to present the results of application of these tech-
niques to an increasingly complex series of mammalian cell systems,
Artificial mixtures of human and chicken erythrocytes are fraction-
ated, illustrating the ability of the instrument to isolate pure
fractions of biological cells of differing volume. The volume dis-
tribution of normal human leucocytes is obtained, and the structure
within the distribution is identified with specific cell types.
Volume distributions of abnormal leucocytes, cbtained from persons
having infectious mononucleosis, acute lymphoblastic leukemia, or
chronic lymphocytic leukemia, are given illustrating the changes in
leucocyte volume which accompany these diseases, The apparatus is
also applied to the study of hemopoiesis in the mouse, establishing
the relationsghip between cell volume and cell type within normal
mouse bone marrow. Volume analysis is applied to mouse spleen, ill-
ustrating the differences in lymphocyte volume between this tissue
and bone marrow. Cell loss from mouse bone marrow and spleen follow-
ing X irradiation is studied, showing that lymphocytes are the first
cells to be lost., The volume distribution of colony-forming units
(CFU) in mouse bone marrow and spleen is obtained, indicating that the
majority of these stem caells are found in the vglume range of granulo-
cytes and that few are associated with small lymphocytes as had pre-
viously been thought. Development of early leukemia in AKR mice is
correlated with alterations in spleen cell volume, and it is shown
that the enlarged, transformed cells are capable of inducing leukemia

in host mice whereas the cells with normal volumes are not., Exten-




sion of electronic cell analysis and separation to other sensors is

discussed along with the limitations of the system as it now exists,
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II. APPARATUS, METHODS, AND HATERIALS

A. Physical Apparatus and Methods
1. Electronic Volume Sensing
a. Principle

With the development of the Coulter Counter (13), it became pos=
sible to measure the concentration of microscopic particles in liquid
suspension, This device operates by isolating, with a dielectric
material, twe volumes of electrically conducting liquid. Contained in
this dislsctric wall is an orifice connecting the two liquid reser-
voirs and through which the cell suspension is caused to flow by im-
posing a negative pressure (vacuum) on one side. By proper adjust-
ment of concentration, particles pass through the aperture one at a
time. An electric potential, impressed across platinum electodes
immersed in each reservoir, causes current to flow through the ori-
fice. Entry of a particle having conductivity different than that of
the suspending liquid produces 2 disturbance in the flow of slectric
current. By counting the number of disturbances (electric pulses)
corresponding to passage of a known volume of suspension, particle
concentration is obtained. The usefulness of the device is greatly
increased because the change in current is related to the volume and
shape of the particle. The dependence of current change on these
properties has been studied in considerable detail by others (14,15).
For spherical particlss the change in electrical resistance of the
aperturs contents, corresponding to the presence of a nonconducting
particle, is:

R = y(3/2)v/A%,




—
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where v = particle volume, A = cross-sectional area of the orifice,
and y = solution conductivity. This equation was experimentally
determined using a scaled-up model of the Coulter asperture and is
based on the assumption that the resistance-capscitance time constant
of the cell is much less than the rise time of the associated elec-
tronies (14). The time constants for most cells are on the order of
1l usec, compared to an amplifier integrating time of approximately

5 usec. An additional assumption is that the radius of the particle
is much less than the radius of the aperture. This expression is
expected to hold for spherpoids but not for short rods or discs.
Essentially, the Coaulter sensing principle measures ths volume of
conducting liquid from which the electric current is excluded. This
exclusion may be due to physical displacement of conducting liquid by
the nonconducting particle or to electric current lines avoiding the
conducting liquid contained within an indentation of the particle
surface if an a2lternate path of lower ?lectrical resistance is avail-
able. A very thin disc having a diameter four times its thickness
and moving through the orifice with its axis parallel to the axis of
the aperture will produce a resistance change twice that produced by
a sphere of equal volume. This difference is due to an edge effect
by which the electric current flow avoids the liquid near the center
of each face of the disc. Passing through edge-on, the same disc
will produce a resistance change approximately equal that of the
equivalent sphere. Fortunately, most mammalian cells, with the excep-
tion of erythrocytes, are spheroidal when in free suspension and lend
themselves to accurate volume determination by this method. Hydro-

dynamic shear within the orifice causes srythrocytes to orient




7
edge-on when entering the aperture and thus gives a resistance change
approximately equal that of a sphere of equivalent volume. The
rounded edges of the red cell further minimize end effects in the
edge-on orientation.

The accuracy of relative volume measurement has been shown to be
quite high. Kubitschek (16) determined the relative diameters of
1.3-U and 1.67~u polystyrene~latex spheres by optical microscopy and
by sedimentatisn in a sucrose gradient. The particles were then elec-
tronically measured using the Coulter principle and gave the expected
volume ratio to within 1%, Using a variety of mammalian tissue cul-
ture csll lines, Anderson and Petersen (17) have compared modal volume,
as determined by optical measurement of cell diameter, with that given
by electronic measurement. These populations of cells were randomly
growing; their diameters were measured as they normally occur in sus-
pension culture and also after swelling in hypotonic medium. The lat-
ter treatment serves to distend the cells into spheres, facilitating
accurate measurement of diameter. These studies indicate that the
electronically r :termined modal volumes have an absolute error of less
than 10%. In the work presented here, the apparatus were calibrated
primarily against 3.04-yu diameter polystyrene-latex spheres (18) and
secondarily against human and mouse erythrocytes, Shape effects were
assumed to be small and were ignored. Most of these distributions
were obtained using a sensing orifice S0 u in diameter and approx-

imately 22511 in length.

b. Apparatus

The aperture constant-current supply consists of a simple
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high-voltage source using large resistors to provide between 10 and
200 UA. Amplificétion of the particle pulse takes place in three sec-
tions. The preamplifier (19) is a low-noise, current sensitive device
of less than 1000 € input impedance, making the output insensitive to
changes in solution conductivity (14}. Transimpedance eo/in, a mea-
ure of the amplification occurring during conversion of a current
pulse (in) to 2 voltage pulse (eo), is 300 k2 . The main pulse-amp-
lifier (19) consists of two feedback amplifier sections operated in
series. Eacht section has a maximum gain of 100 and incorporates in-
tegrating and differentiating networks empirically selected to give
the best signal~to-noise ratic. For typical pulses having rise times
of about 10 jisec end durations greater than 20 psec, these time con-
stants are 5 an& 50 jusec, respectively. The magnitude of these amp-
lified pulses is proportional to the resistance change associated with
a particle in the aperture and is, therefore, a linear function of
particle volume. The output of the main amplifier is fed to an os-
cilloscope for pulse shape monitoring and to a multichannel pulse-~
height analyzer {20) which accumulatss the pulse-height distribution
which, in turn, represents the particle volume distribution.

At the conclusion of a run, the volume distribution is stored
in the memory of the multichannel analyzer. These data may be read
out on a printed tape giving the number of pulses recorded in each
channel or may be automatically plotted, giving a distribution as
shown in Fig. 1. This is the volume distribution of bone marrow cells
from the tibia of a CBA mouse. The horizontal axis is divided into
100 increments or channels and corresponds to particle volume in cubic

microns, The vertical &xis is, on a linear scasle, the percent of to-




Fig. 1. Volume distribution of marrow cells obtained from the
tibia of a normal CBA mouse. Each point represents one channel

of a multichannel analyzer. Projection of a point on the abscissa
is proportional to electronic pulsa-height and, therefore, to
particle volume., In this example, each channel represents a 6 }P
volume increment. The number of particles (pulses) falling within
this increment is reprssented by projection of the data point on

the ordinate.
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tal cells per volume increment or channel. Although this multichannel
analyzer has a 4f0-channel capability, only 100 were normally used;

thus, each point in Fig. 1 represents a single channel.

2. Electronic Sorting of Cells According to Difference in Volume

a. Ooeration and Construction

The cell separator has been briefly described elsewhere (11).
Presented here is a detailed description of the operation, construc-
tion, and electronics system of an advanced version of the device.

Separation of an individual particle from & suspension of heter-
ologous particles is obtained by sensing the volume of every particle,
isolating each in a single liquid droplet, and causing deflection of
the droplet containing the particle desired. Figure 2 illustrates
this scheme. Particles suspended in a conductive liquid enter the
volume sensor and droplet generator through an inlet tube. Ultra-
sonic vibrations produced by a piezoelectric crystal are transmitted
to the particle suspension by a coupling rod. The resulting disturb-
ances on the ligquid jet cause droplet formation, leading to isolation
of the suspended particles., Several adjacent droplets, one of which
contains the desired particle, are electronically charged as they
detach within the charging collar. The droplet stream continues on
into a constant electric field developed betwesn two deflection
plates, wherein the charged droplets are deflected, according to the
polarity and magnitude of their charge, and caught in a suitable
receptacle [commonly a 10-cc beaker (21)]. This method of droplet
formation, charging, and deflection is a modification of that de-

veloped by R. G. Sweet as an ink-writing oscillograph. (22).




Fig. 2. Operation and construction of the electronic cell

separator.
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L. Volume Sensor and Droplet Generator

Figure 3 is a cross-sectional illustration of the volume sensor
and droplet generator (23). A particle suspension, under a pressure
of 2-4 atm, enters through a platinum inlet tube which also serves
as an external electrical cennection to the platinum chamber. An
exhaust or flushing tube is provided to permit removal of air bubbles
which, at the beginning, may accumulate on the face of the coupling
rod, preventing transfer of acoustic emergy. This coupling rod,
constructed of plastic and catenoidal in shabpe, serves as an acous-
tic transformer, increasing displacement of the rod end in contact
with the suspension. Two rubber O-rings (not shown) isclate the
plastic coupling rod from the generator and its associated electronic
cabling. Becasuse of a favorable acoustic impedance match, energy is
efficiently transmitted from the rod to the cell suspension. The
interior shape of the chamber serves to concentrate this acoustic
energy in the vicinity of the orifice discs.

Externally closing the flushing tube ceuses the cell suspension
to pass through 2 glass orifice disc and a platinum orifice disc to
emerge as a liquid jet. To facilitate illustration, the diameters
of these openings have been greatly exaggerated; a typical diasmeter
is 45 M. The glass disc (serving as a volume sensor) and the plati-
num disc (serving as an electrode) are joined with an epoxy adhesive
and may be removed as a unit by unscrewing. This feature facilitates
cleaning and allows selection of a disc assembly suited to the par~
ticles being processed. The droplet generator and all associated
tubing, electronic cables, etec., are constructed of materials able

to withstand sterilization by autoclave.




Fige 3. Simplified cross-sectional illustration of the volume

sensor and droplet generator.
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Although it does occur, plugging of the apertures is not a seri-
ous problem. Before admission to the droplet generator, the particle
suspension passes through 2 go no-go filter constructed of parallel,
fused, glass capillary tubes (24). A commonly used filter has indi-
vidual bore diameters of 30 + 3 W thus passing particles of less
than 27 |4 and retaining those greater than 33 [{. Should it lodge in
the aperture, a particle may often be removed by closing the inlet
tube and opening the flushing tube to a vacuum, causing air to flow
in through the apertures.

Particle volume is measured using the Coulter principle, as
described in the preceding section. A direct constant-current supply
is connected between points A and B (Fig. 3). Current flows from the
platinum chamber, through the column of conducting liquid confined
within the glass disc to the platinum disc, and thence to point B.
This glass orifice is approximately 45 W in diameter and 500 W in

length; particle transmit time through the aperture is about 50 lisec.

2. Droolet Formation and Chaxging

Droplet faormation is a result of rapid pressure fluctuations
superimposed upon the ambient pressure. These fluctuations in pres-
sure cause small variations in the velocity of the emerging jet,
resulting in bunching of the liquid column. Surface tension causes
these disturbances to grow until the column is pinched into droplets
of very uniform volume and spacing. The rate of droplet formation is
equal to the frequency of oscillation of the piezoelectric crystal.

Figure 4a shows the emerging liquid jet breaking into approximately




Fig. 4, Liguid droplet formation and deflection (formation rate

70,000/sec, jet diameter approximately 40 L, and jet velocity

about 10 m/sec). The stable droplet diameter is approximately

90 p?, and each represents about 4 x 10-7 ml of liquid,
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70,000 droplets/sec., Jet diameter is about 40 }f, and its velocity is
about 10 m/sec. When first formed, the droplets are not spherical
but oscillate about the spherical shape which they quickly assume, as
shown in Fig. 4b; this photograph was taken about 3 cm beyond emerg-
ence and shows a group of 7 charged droplets beginning to undergo
deflection. Droplets are spaced at l4-usec intervals, and each rep-
resents about 4 x 10'.7 ml of liquid., The stable droplet diameter is
approximately 90 W. During separation, one of this group of 7 will
contain the cell of interest; the other 6 have a high probability of
containing no cells, for reasons which will be explained.

As shown in Fig. 3, droplets are charged by applying a pulsed
electrical potential between the charging collar C and point B, which
is in electrical contact with the liquid column es it emerges from
the platinum orifice disc. Electric current flows until the coaxial
capacitor, comprised of the liquid column and the collar, is charged.
Detaching droplets carry a charge proportional to the applied voltage;
thz numper cherged is determined by the time duration of the charging
pulse., The magnitude of these pulses can be varied to assure that
the deflected droplets will be adequately spaced from the uncharged
droplet stream. In normal operation, two distinct volume classes are
simultanecusly separated. A positive pulse is applied to droplets
containing particles of one class, causing their deflection to one
side, and a negative pulse is applied to droplets carrying particles
of the second class, causing their deflection to the other side of

the main droplet stream.




e e o ——

et a1

17

3. Separstion and Timing Considerations

The sequence of events leading to separation is as follows. As
2 particle enters the glass orifice disc, an electronic pulse -~ the
magnitude of which indicates particle volume ~- is developed between
points A and B. If the particle is within a volume range chosen for
separation, the electronic system will apply a charging pulse, caus-
ing deflection of the drop containing the particle into the proper
receptacle. This charging pulse must be delayed a time, typically
250 usec, adequate to allow the particle to move from %the sensing
aperture to the region of droplet detachment. At the conclugion of
this delay, the charging pulse is spplied and maintained for perhaps
100 usec., Assuming a formstion rate of 70,000 droplets/sec, 7 drop-
lets will form during this time, One of these 7 will contain the
particle of intersst. The charged droplets pass through the elec-
tric field and are deflected into the proper vessel, completing sep-
aration,

The necessity for charging several droplets arises from the un-
certainty in transit time of a particle from the sensing disc to the
point of droplet formation. Laminar flow through the orifices is
essential as liquid turbulence, with its accompanying disturbances,
causes random disintegration of the emerging jet. Hydrodynamic drag
on the liquid passing through the apertures tends to establish a sta-
ble, parabolic, velocity profile, consequently a particle near tha
wall moves more slowly than one on the axis. Depending upon liquid
pressure, aperture diameter, length of the liquid jet, and other fac-
tors, the average transit time is approximately 250 pusec with per-

haps 85% of the particles arriving within * 50 usec of this average.
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Thus, a charge~pulse duration of 100 usec gives an 85% probability of
"catching" the particle. 1If the desired particle is nct caught, the
separated droplets will probably contain no particles and conse=-
quently will not lessen the purity of the separated fraction. These
figures ars strongly dependent on details of platinum orifice de-
sign -- currently in a state of change. Unce the liquid stream has
emerged, the fluid velocity across the jet is constant, and no fur-
ther time errors of this type accumulate.

Another less important factor contributing to the timing un-
certainty is variation in length of the jet due to disturbances caused

by electrolysis of water with evolution of H_ bubbles a2t the platinum

2
disc, This factor, which requires that the sensing aperture current
be limited to the range 50-200 HA, produces a time error of perhaps

+ 10 usec.

In the earlier models, dilution of the particle suspension made
unlikely the co-occurrence of 2 particles in a group of 7 droplets.
For example, assume that a quantity of suspension containing 1500 par-
ticles passes through in 1 sec; this quantity of liquid is divided in-
to 70,000 droplets, giving 1 particle/47 droplets. The probability
of finding 2 or more particles in a group of 7 adjacent drops is less
than 2%. In order to process particles at a higher rate, the current
model incorporates an electronic anticoincidence circuit which senses
and rsmembers the time interval between passage of particles through
the aperture. Separation is allowed only if no particle has entered

the aperture within an adjustable time interval of perhaps 80 usec

preceding and BO usec following the perticle to bs separated.




19

b. Electronics

The block diagrem of Fig. 5 will be used in the following de-

scription of the system electronics.

1. Droplet Production

Cyclic pressure variations developed in the suspension by action
of the plezoelectric crystal lead to droplet production. This crystal
is excited by a sinusoidal signal provided by an oscillator {25) and
a power amplifier (26). The frequency at which most stable droplet
formation is obtained is primarily a function of crystal rescnance,
jet diameter, and jet velocity. With most aperture disc assemblies,
there are several frequency ranges available at which droplet forma-
tion is suitable. At resonance, crystal impedance is approximately
1000 Q. The voltage delivered by the amplifier is typically less
than 10 V rms, corresponding to less than 100 mW of power. Observa-
tion of droplet formetion is highly desirable and is achieved using
a long working-distance microscope (x 30 magnification) and a strobo-
scopic light (27). Because of the low firing rate of this light, a
dividing circuit is used to provide 1 output pulse per 512, or 1024
cycles of the sinusoidal crystasl-driving signalj; tﬁis output pulse
fires the light, making droplet formation appear stationary. The
droplet photographs of Fig. 4 were obtained using this scheme. A
delay, variable over 1 cycle, can be inserted between divider and
strobe light, allowing observation of any part of the droplet forma-

tion cycle.




Fig., 5. Block diagram of the electronics system.
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2. Droplet Deflection

Two 0-10 kV high-voltage supplies establish the fixed electric
field between the deflection plates. These are divided and refer-
enced to ground, providing 0-10 kV positive to one plate and 0-10 kV
negative to the other. In operation, the voltage difference between

plates is adjusted to approximately 12 kV,

3. Volume Sensing

Mgagsurement of cell volume is obtained using the Coulter prin-
ciple and the aperture current supply, preamplifier, amplifier, end
multichannel analyzer described in the preceding section. Ultrasonic
vibrations produced by the piezoelectric crystel introduce into the
volume-sensing circuit electronic noise of the crystel-driving fre-
quency. This noise is removed by an active, tuneable, bridged-T
notch filter (28) inserted between the preamplifier and main ampli-
fier. The output of the main amplifier is fed to an oscilloscope for
pulse shape monitoring and toc a multichannel pulse-~height analyzer,
which accumulates the particle volume distribution. Additiocnally,
the output goes to 2 single-channel analyzers (SCA's) and to a base-~

line diseriminator (BLD).
4, Particle Detection and Selection

The BLD ssrves two functions: first, to detect the presence of
a8 particle within the apértura, and second, to provide a zero time or
fiducial mark from which seversl logic functions will be timed.

Selection of volume pulses representing particles to be separated is
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the function of the SCA's. Each SCA consists of an adjustable lower-
and upper-level pulse-height discriminator. A volume pulse falling
within these limits produces an output pulse which passes into the
control and delay logic. Use of 2 SCA's permits simultaneocus separa-—

tion of 2 volume ranges from the sample,
5. Pulse Control and Delay

Severel functions are performed by the control and delay logics
[Fig. 6 (29V]. This system inserts a selectable time delay between
occurrence of a SCA output pulse and initiation of a droplet charging
pulse; it also specifies the duration and, according to which SCA was
triggered, polarity of this charging pulse. Also incorporated is an
anticoincidence circuit which assures that only the particle desired
will be found ui{hin a group of charged and deflected droplets.

Delay of the charging pulse is obtained as follows. An output
pulse from a SCA passes through an input gate into temporary storage,
from which a coded 2-bit word is inserted into a 40-bit shift regis-
ter (SR). A pulse from SCA No. 1 is encoded as 0l and from SCA No. 2
as 1ll. Information within the SR is transferred along at a 100-kHz
rate; consequently, each position represents a 10-usec delay., By
selecting the position at which information is removed from the SR,
delays of up to 400 ysec are available. The SR output is transferred
to a decoder, where 0Ol activates one output gate and 11 the other,

The charge pulse duration clock is initiated simultanecusly, providing
3 1=V output pulse of a duration adjustable in 10-usec steps from 10-
990 usec. Used in this way, a SR minimizes system dead time by allow-

ing a second pulse (particle) +o be processed while a previcus pulse




Fig. 6. Pulse control and delay logics.
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is being delayed.

As explained earlier, hydrodynamic drag within the apertures
introduces an uncertainty in particle position, requiring that sev-
eral adjacent droplets be charged in order to catch the one carrying
the particle. At low concentrations, the probability of finding more
than one particle in a group of deflected droplets is small: however,
at higher concentrations -~ desirable because of the correspondingly
greater rates of separation ~-- this probability increases, leading
to impure separated fractions. The anticoincidence circuit allows
separation of a particle only if it is sufficiently spaced from pre-
ceding and following particles so that it alone will be found in the
group of deflected droplets, This is accomplished by addition of
one timer ("anticoincidence clock") and use of the SR a3 a second tim—
er. The anticoincidence clock is set to run 2 time adequate to
ensure isolation of a desired particle from the preceding particle.
fach BLD pulse, representing a particle in the aperture, resets and
starts this timer; while it is running, the "AND" gate is disabled
and the input gates remain closed, preventing insertion of data into
the SR, The SR is used as a second timer by tapping (see "select
reset”) into & position corresponding to the selected anticoincidence
time. Each BLD pulse causes erasure of all data lying between the
first SR stage and the tapped position, thus ensuring that a par-
ticle will not be separated unless it is adequately spaced from
the following particle., SCA No. 2 code word 11 might be converted
into SCA No. 1 code word 01 by erasing fhe trailing 1; this is
avoided by allowing reset only if the next higher SR position con-

tains a 0.
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To aid explanation, consider an example in which the anticoin-—
cidence time is chosen to be B0 Usec (i.e., the anticoincidence clock
runs 80 usec, and the reset switch corresponds to the 80-usec posi-
tion of the SR). A particle within the desired volume range enters
the éggftJre. Because the clock is timed out, the BLD pulse opens
the input gates, resets and starts the clock, and resets the early
stages of the SR. After all of this has occurred, the SCA ocutput
pulse arrives and is passed into temporary storage, from which it is
encoded into the SR and transferred along at a 100-kHz rate. After
a total of 60 uMsec has passed, a second particle enters the aper-
ture, .roducing a BLD pulse which resets the early positions of the
SR and thereby erasing the previously accepted pulse. Because the
anticoincidence clock is running, the "AND" gate is disabled and the
input gates remain closed, preventing entry of a SCA pulse should it
occur. Additionally, the BLD pulse resets and starts the clock.
Consequently, in order for a particle to be separated, it must be
spaced at least 80 usec from the preceding and following particles,
Obviously, this scheme requires that each particle passing through
the aperture produce a BLD pulse which, in turn, requires that two
particles be spaced at least one aperture transit time apart —- about

50 usec. The anticoincidence time is adjustable from 80-200 usec.

6. Droplet Charging

The charging amplifier (30) of Fig. 5 receives from the logic
chassis a digital signal of predetermined duration. This charging
circuit must provide a stable analog output pulse of preselected

amplitude and of a positive or negative polarity, depending on which
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of the two input lines from the logics is energized. The charging
pulse produced is "square," rising in 1.5 usec to a stable level
which may be adjusted between 20 and 100 V. Two scalers count the
output oulses from the logics to give an estimate of the number of

particles separated.

B. Biological Methods and Materials

l. Volume Analysis of Human Leucocytes in Peripheral Blcod

a. Concentration of lLeucocvtes

Because leucocytes occur infrequently (1 in 500) among the cells
of whole blood, it is necessary to minimize interference by erythro-
cytes. Concentration is achieved using a modification of the proce-
dure described by Herbeuval et al. (31) in which saponin is used to
lyse the erythrocytes. The starting material is S5 ml of heparinized
whole blood. Herbeuval's orocedure is modified by first spinning
the cells down and then washing them in phosphate-buffered saline.
After lysis, the cells are layered over 1 ml of the donor's plasma
and centrifuged through, thereby minimizing further saponin action.
Finally, the pellet is resuspended and diluted with buffered saline
to a concentration suitable for analysis and separation. This method
produces a suspension stable in cell volume for about 1 hour. Lymph~
ocyte recovery is guantitative, but some loss of other cell types oc-

Curs.

b. Microscopic Examination of Separated Cells

In order to examine cells obtained by separation, it was neces-

sary to develop a technique to resmove quantitatively as few as 104
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cells from very dilute suspensions and to deposit them on a coverslip.
A special centrifuge tube was constructed of Teflon with a conically
shaped cavity tapering to a circulsr ares 3.6 mm in diameter. Cover-
slips are mounted against this opening to receive the centrifuged
cells, After deposition, cells are fixed and stained with Wright's

stain.,

2. Cell Volume in Mouse Hemopoiesis
a., Preparation of Cell Suspensions

Bone marrow cell suspensions are obtained by a modification of
the method of McCulloch and Till (32). Female CBA mice obtained from
Jackson Laboratories are killed by cervical dislocation. A tibia is
removed and cleaned of muscle, and the epiphyseal cap is detached.
The distal end of the bone is ssvered using scissors. Marrow is re-
moved by inserting a 26-gauge needle (20-gauge for femur) in the
severed end and aspirating through the shaft with 5 ml of diluent Ila
(defined on page 33). The resulting cell clumps are dispersed by
repeated, vigorous pipetting of the suspension in a S5-ml pipstte.
Treated in this way, the average tibia yields approximately B x 106
nucleated cells suspended in 5 ml of medium. Nucleated cell concer—
tration is obtained using & Coulter Counter Model B. Only cells of
volume greater than 90 ya are counted, giving a value in close agree-
ment with cell count after saponin lysis, Cell suspensions are nor-
mally kept in ice until needed.

Spleen cell suspensions are obtained by excising the spleen free
of supporting tissue., Two methods of cell dispersal have been tried,

but no significant differences were observed. In one method, the
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spleen is minced with scissors into small particles. Single-cell
dispersal is achieved by repeated, vigorous pipetting in a S5-ml pi-
petts. Besfore counting, the suspension is passed through a No, 500
stainless steel mesh of approximately 30 U opening diameter. In the
alternate method, the spleen is placed in a petri dish with 0.1 ml

3

of versene solution (2 x 107~ M EDTA, 5 x 10-4_ﬂ PO,, pH 7.0) and

4’
gently massaged to break the cells free of supporting tissue. Single-

cell dispersion is again obtained by vigorous pipetting.

b, Titration of CFU

The method of CFU titration used is a modification of that de-
veloped by Til1l and McCulloch (33)., Eight- to 12-week-old CBA mice
obtained from Jackson Laboratories were used in these experiments.
The number of mice used per experiment varied; however, 2 or more
were used for each CFU titration, Host mice are irradiated with =
eingle dose of 800 rads of 230~kV X rays. In some cases, mice re-
ceived 700 rads delivered whols body followed immediately by 450 rads
to the spleen only. No significent difference in endogenous colony
formation was observed; however, the latter method gives better survi-
val of young mice. Cell suspensions prepared as described above are
injected in a lateral tail vein using a 27-gauge, ¥-in. Huber point,
hypodermic needles normally 0.5 ml or less is injected. Unlimited
food and water ars allowed. Seven to 10 days after injection the
host mice are killed, and their spleens are excised, fixed in Bouin's

solution, and scored for colonises.
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c. Microscopic Examination of Separated Cells

Between 0.1 and 0.3 ml of cell suspension containing 104 or more
cells in diluent IIa is placed in the special Teflon tube previously
described and centrifuged for 5 minutes at 300 g. The supernatant
is removed using an absorbent wick of filter paper. The coverslip
is removed and air-dried for 10 minutes, fixed for 2 minutes in ab~

solute methanol, and stained with Wright's stain.

d. Differential Counting of Cell Types

A minimum of 200 cells per sample are counted and classified

according to the criteria of Puck (34).
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ITI. RESULTS

A. Volume Analysis and Particle Separation

l. Polystyrene Spheres

A fractionation of polystyrene spheres is sthn in Fig. 7.
These volume distributions were obtained using a modification of the
Coulter Counter and a current supply, preamplifier, amplifier, and
multichannel analyzer as described earlier. A mixture of polystyrene
spheres (18), ranging in diameter from £-14 M, gave the cuzve of
closed circles. The separator was adjusted to remove simultaneously
2 distinct volume ranges. These fractions were collected in beakers,
and their volume distributions were obtained giving the 2 remaining
curves. Fraction 1 had a modal volume of approximately 150 y? and
fraction 2 2 modal volume of approximately 250 u?. This volume dif-

ference corresconds to a2 diameter difference of about 1 u.

2. Mixture of Human and Chicken Ervthrocvies

Figure 3 illustrates application of the device to bioclegical
cells. It was the objective of this experiment, performed in collab-
oration with Dr. Wright Langham, to test the ability of the separator
to isolate cleanly 2 distinct classes of cells of differsnt volume.
Human and chicken erythrocytes, the latter being nucleated and larger,
were mixed and gave the volume distribution shown. The separator was
adjusted to remove cells from the indicated volume ranges, which are
widely spaced to avoid the ambiguous region in which the 2 populations
overlap. The isclated cells, along with the input sample, were de-

posited on microscope coverslips, stained, and photographed as shown




Fig. 7. Fractionation of polystyrene spheres of 6-14 u diameter.
The modal volume of fraction 1 is 160 u3 and of fraction 2 is 250 V;,

corresponding to & diameter difference of about 1 u.
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Fig. 8. Volume distribution of a mixture of human and chicken ery-
throcytes, Tle peak of smaller volume (modal value approximately
5 V3) represents erythrocytes from e microcytic individual, and
the chicken erythrocytes give the larger pesk (modal value approxi-
mately 120 19). The shadaed areas were separated, yislding a frac-
tion of which 95% were chicken cells and a fraction of which 99%

were human cells,
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in Fig. 9. Presented from left to right are the mixture, the cells
from the small volume fraction, the cells from the large volume frac-
tion, and a table giving the purity obtained from a starting mixture
of 60% human cells and 40% chicken cells. The lower purity of the
separateiichicken cells resulted because 2 small human cells stuck
together can produce a particle with the volume of a chicken cell.
Separation of this duplex particle results in a lessening of purity.

The reverse process, 2 chicken cells being mistaken as a human cell,

is not possible,

B. Application to Biological Problems

1. Development of a Volume-5tabilizing Medium

Meaningful use of volume sensing devices requires that cell
volume remain constant during the course of analysis, Shifts of cell
volume mav cause a loss in detail of the distribution and obscure a
minor cell population. For many applications of cell separation, the
volume distribution of the sample must remain stable for as léng as
2 hours. A medium (designated I1la) suitable for the described mouse
cells has been developed and consists of physiolcgical saline (9 g
NaCl/1. of HZD) to which is added 2 A/ml of fetal calf serum and
10 units/ml of heparin (Panhetrin-Abbot lLaboratories); the solution
is buffered at pH 7.0 with 3 «x 10-3 ﬂ-PUA' Distribution stability
is illustrated in Fig. 10. In this experiment,gcells were removeg
from the tibia of a [BA mouse and dispersed, as described in Methods,
in diluent Ila. VYolume distributions were obtained immediately

(curve of X's), 1 hour later (curve of closed circles), and at 1 hour

and 40 minutes (curve of open circles). There has been little, if




Fig. 9. Photomicrographs of & mixture of humen and chicken ery-
throcytes and of 2 separsted fractions, along with a table giving

purity of the separated fractions.
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Fig. 10. Volume distributions of mouse bone marrow cells at vari-
ous times aft=r dispersion in & volume-gtabilizing medium., The

distributions remain stable over a 1 hour and 40-minute period.

CFU viability is excellent.
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any, displacement of peak modal values. Vertical displacement of
the curves reflects the settling or attachment of cells tao the glass
walls af the counting vessel. Viability of colony-forming cells in

this diluent is excellent.

2. Viabhility of Separated Cells

For many applications of the cell separator, viability of sep-
arated cells is of utmost importance. A cell is subjected to ultra-
sonic energy while in the platinum chamber and traversing the ori-
fice. The amount of oower developed by the crystal-driving ampli-
fier is ordinarily less than 100 mW; however, due to the electrical
capacitance of the coaxial cahble, the low conversion efficiency of
8 piezoelectric crystal, and the losses associated with transfer of
acoustic energy from the crystal to the solution via the coupling
rod, the amount of energy delivered to the cell suspension 1is prob-
ably less than 10 mW, The cells are exposed to this treatment for
about 1 minute before entering the orifice. During passage through
the orifice, the cells experience hydredynamic shear forces until
emergénce in the liquid jet. As the droplet containing the cell
detaches, it may be charged by applying a nominal 30-V pulse to the
charging collar, giving a charge per droplet of ahout 10-12 coulombs,
Aerodynamic forces quickly act on droplets deflected away from the
main droplet stream to retard their “orward motion; consequently,
the droplets slow and strike the liquid surface in a receptacle sc
lightly that observation is difficult. During sensing and separa-
tion, the cell is enveloped in a favorable medium which can be

adjusted to specific cell requirements.,
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Studies at the Biomedical Research Group of the Los Alamos
Scientific Laboratory using Chinese hamster ovary cells have democn-
strated that at least 56% of the cells retain the function of active
membrane trensport as determined by the trypan blue exclusion test
and by the uptake of tritiated thymidine., The graowth rate of cells
passed through the separator was indistinguisbable from that of the
control populatiom (i.e., 21 hours!.

Using techniques described in the Methods section, 947 of the
colony-forming units (CFU's) found in mouse bone marrow retain their
ability to produce progeny after passage through the device. As used
here, survival is defined as the ratio of the titer (CFU/?Dd nu-
cleated cells) of the treated sample {passed through the separator)
to the titer of an untreated aliquot of the same sample. Within
statistical uncertainty of the titration method, this survival is
not distinguishable from 100%.

Chinese hamster ovary cells suspended in sterile balanced salt
solution were passed through the separator, collected, and plated in
4 ml of McCoy's FC-10 medium. One week later colony counts were made
and compared with the counts of an untreated control. Plating effi-
ciency was B85%, illustrating that nrocessed cells are able to prolif-

erate,

3. Volume Analysis of Human Leucocvtes in Peripheral 3load

The study of human leucocytes presents a potentially very fruit-
ful srea of application of electronic cell analysis, By establish-
ing the normal volume pattern and correlating this pattern with mor-

phological cell type, & reference is obtained to which abnormal con-




38
ditions may be related. Because of the rapidity of cell analysis
(over 50,000/min) and because of the sensitivity of these instruments
to small changes in cell volume, early indication of a pathological
state might well be possible. A portion of the work described in
this section has been published (35}. All of this work was done in
collaboration with Drs, M, A, Van Dilla and 1. !J. Boone of the Bio-

medical Research Group, Los Alamos Scientific Laboratary.

a, Normal Human lLeucocvtes

The volume distribution of leucocytes, obtained from a normal
male subject and processed as described in the Methods section, is
shown in fig. 11. Whole hlood, primarily erythrocytes, gives the
curve of open circles. The vertical sceles of the two distributions
are unrelated. The smail peak of the leucocyte distribution re-
flects incomplete lysis of erythrocytes. The leucocytes are larger
and show 3 bimodal distribution, Cells from the indicated areas 1,
2, and 3 were electronically separated, microscopically examined,
and photographed (Fig., 12). These photographs were taken at the
same magnification (x 680) and clearly show the expected progression
in size. Table I compares cells of the separated fractions (divided
into 3 classes) and the unseparated sample. The lesser volume leuco-
cyte peak (fraction 1) represents primarily lymphocytes. The cen-
tral part of the greater volume peak (fraction 2) is mostly poly-
morphonuclear granulocytes, and the tail (fraction 3) shows a 15-

fold enrichment of monocytes.




Fig. 11, Volume distribution of normel human leucocytes. The
3 shaded areas were separated, stained, and photographed. Whole

blood gives the curve of open circles and serves to establish a

volume reference.
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Fig. 12. Photomicrographs of separated fractions 1, 2, and 3 and
of the gross mixture. Of the cells in fraction 1, 99% are lympho-
cytes, of fraction 2, 93% are granulocytes, and of fraction 3, 67%

are granulocytes and 30% are monocytes,
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TABLE 1

HUMAN LEUCOCYTE SEPARATION: CELL TYPES PRESENT
IN THREE AREAS OF THE VOL!IME DISTRIBUTION

Distribution (%)

Volume Separation Lymphocytes Granulocytes Monocytes
N Unseparated 40 58 2
Fraction 1 99 i 0
Fraction 2 5 93 2
Fraction 3 3 67 in

b. Abnormal Human lLeucocvtes

Figure 13 gives the volume distribution of peripheral leucocytes
obtained from a person having infec£ioés mononucleosis., Comparing
this with the normal pattern of Fig. 11 illustrates that the abnormal
state of this disease is reflected in the leucocyte volume distribu-—
tion, Four fractions were isolated, as described ahove, and are shown
in Fig. t4. These photographs were taken at x 680 magnification, en-
larged x 2.61 and again show a progression in size., The cells ob-
tained from region 1 are small lymphocytes showing somewhat more cyto-
plasm. Abnormal cells characteristic of infectious mononucleosis
appear in region 3. Polymorphonuclear leucocytes, along with abnormal
cells are found in region 4,

Figure 15 presents the volume distribution of leucocytes from

another individual with infectious mononucleosis, For reference,




Fig. 13. Volume distribution of peripheral leucocytes from a
patient having infectious moncnucleosis., The 4 shaded and numbered

areas were separated, steined, and photogresphed and are shown in

Fig. 14.
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Fig, 14. Cells isolated from peripheral leucocytes of a patient
having infectious mononuclecsis. These photomicrographs were taken

at the same magnification and show & progression in size.







Fig. 15. Volume distribution of leucocytes in infectious mono-

nucleosis compared with normal leucocytes.,
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the distribution of normal leucocytes is given as a dotted line.
This pattern reflects differences from normal, as did the preceding
casa. Leucocytes from a case of acute lymphoblastic leukemia come
pare with the normal distribution as shown in Fig. 16, The great
abundance of large lymphocytes is obvious. A freshly diagnosed case
of chronic lymphocytic leukemia gives the leucocyte distribution of

Fig. 17; this distribution is again quite different from normal.

4, Cell Volume in Mouse Hemopoiesis

8. Volume Analysis of Normal Mouse Bone Marrow and Spleen

A representative volume distribution cf bone marrow cells obe
tained from a CBA mouse is shown in Fig. 18. The curve of closed
circles is the distribution of cells isolated, as described earlier,
from the tibia of a female CBA mouse. The curve of open circles is
the distribution of whole peripheral blood from the same mouse, It
can be seen that in region I the bone marrow distribution has 2
modal valuss, the smaller of which represents mature red blood cells
and corresponds to the modsl volume of peripheral blood {approx-
imately 60 }P in this medium)., The larger mode of this region
(approximately 82 ﬂ?) is thought to be a result of the abundance of
large, immature erythrocytes found in bone marrow. This distribu-
tion was selectsd because of the resolution of thess two mades; such
detailed structure in region I is not usually apparent unless special
effort is taken to disperse the merrow into single cells, as in this
example in which the cells were dispersed in a versene-containing
medium,

The modal value of the peaks in regions II and 111 were found to




Fig. 16. Volume distributions of leucocytes from peripheral blood

of a normal person and a person having acute lymphoblastic leukemia,
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Fig. 17. Volume distributions of leucocytes from the peripheral

blood of & normsl perscn and a2 person having chronic lymphocytic

leukemia,
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Fig. 18. A typical volume distribution of bone marrow cells ob-
tained from the tibia of a CBA mouse. The curve of open circles

represents the distribution of whole blood and establishes & volume

refersnce.
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be quite consistent among mice of the same age, sex, and condition.
In a group of 15 CBA mice, the modal value of the peak in region 11
3 . . . .

was 143 ®° with a dispersion given by S = 6 » and the average modal
. . 3. 3

volume of the peak in region I1] was found to be 254 K with S =8 W,

These measurements were based on calibration of the volume spectrom-~

. . . 3. .

eter with mouse erythrocytes (approximately §0 $ in diluent Ila).

By apblying the cell separator, a frequency distribution of cell
types within the volume distribution of marrow cells can be cbtained.
This is achieved by isolating a series of volume fractions spaced
across the volume distribution. Ceils of each fraction are centri~
fuged onto a coversalip, fixed, stained, and microscopically examined
to obtain a differential count. Figure 19 presents the frequency dis-
tribution of cell types found within the volume distribution of nor-
mal mouse bone marrow cells. These curves are based on differential
counts of 12 volume fractions. The ordinate has the units of percent
of total cells per division where only nucleated cells having volumes

3 . s e
greater then 110 W are considered. Cell types were classified accord-
ing to the criteria of Puck (34).

Normal mouse spleen cells, isolated as described in the Methods
section, give the voluwme distribution shown as a solid line in fig.
20. For reference, the distribution of bone marrow from thes same

mouse is given as a broken line. Assuming that the large majority

of spleen cells are lymphocytes, their modal volume is quite different

from that of lymphocytes found in bone marrow.




Fig. 19. Frequency distribution of cell types in bone marrow
volume distribution as determined by volume separation and subse-

quent microscopic examination.
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Fig. 20. Volume distribution of normal mouse spleen and marrow
cells, illustrating the difference in volume of lymphocytes of the

spleen and of the bone marrow.
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b. Effect of X Irradiation on Volume Distribution of Bone

Marrow and Spleen

During spleen depletion following whole~body X irradiation, a
bimodality develops in the spleen cell distribution, as shown in
Fig. 21. Here the solid line is the distribution of & normal CBA
mouse spleen; the broken line is the distribution of spleen cells of
& mouse 24 hours after receipt of 700 rads of 230-kV X rays to the
whole body, followed by 450 rads of 230-kV X ravs to the spleen re-
gion only. This bimodality can be seen as early as 4 hours post ire-
radiation. It seems apoarent that the lymphocytes of the soleen con-
sist of 2 or more types insofar ac deoletion following irradiation

is concerned.

¢=— - It is known that the cell posulation of mouse hone marrow de-

creases as 2 function of time after whole-body irradiation (36).
Fifteen female CBA mice were given 507 rads of 230-kV X rays deliv-
ered to all but the right hind leg which was protected by a lead
shield. At various times after irradiation marrow cells were har—
vested from both tibiae, and a volume distribution was obtained for
each. At time zero, immediately after irradiation, 5 mice were sac-
rificed; the distributions of unshielded vs. shielded tibiase are
neerly indistinguishable. By summing the area under the distribution
curve of the left tibia and dividing by the corresponding area of
the curve for the right tibia, a messure of cell loss is obtained.
Figure 22 shows the marrow distributions of a mouse at 6 hours post
irradiation. The 3 indicated regions were chosen for analysis.
Region I includes cells having volume between 110-180 Ha, region II

3
240-300 W7, and region III 325-378 18. At 6 hours post irradiation,




Fig. 21. Effect of X irradiation on volume distribution of spleen
cells, indicating a more rapid loss of cells in the range of 150-
200 ua. The distribution of a normal spleen is given as a broken

line,
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Fig. 22. Volume distributions of mouse bone marrow cells & hours
post irradiation with 500 rads of 230-kV X rays. The right tibia
was protected by lead shielding. These curves illustrate the early

loss of lymphocytes,
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there has been & considerable loss of cells from region I, little
loss from region II, and slight loss from region III. Fiqure 23 is
a8 plot of the left tibia/right tibia for the 3 volume ranges as a
function of time after irradiation, Immediately following irradia-
tion the number of cells in region I decreases, showing a 20% loss
at 4 hours. Cells in regions II and III show no loss until 6 hours,
beyond which the rates of cell loss are quite similar for all 3 re-
gions (t% = 13.4 hours, 16.5 hours, and 10.0 hours for regions I,

11, and III, respectively).

c. CLolony~-Forming Unites in Bone Marrow and Spleen

First described by Till and McCulloch in 1961 (33), the colony-
forming unit (CFU) of mouse bone marrow has been shown to be a hemo-
poietic stem cell. Although considerable effort has been directed
toward the problem, little success has been achieved in characteriz-
ing the responsible cell. Because of this need, an attempt was made
to determine the volume of the CFU using ths electronic cell sep-
arator., With this information in hand, perhaps the CFU could be
associated with a bone marrow cell type by demonstrating a common
cell volume,

Using the methods described above, marrow cells were obtained
from CBA mouse tibiae or femora. A volume distribution of the cell
suspension was obtained, and volume ranges of interest were isolated
and injected into host mice. After approximately 7 days, these mice
were sacrificed and their spleens scored for colonies. A typicel
experiment is shown in Fig. 24, The volume distribution of cells

from the tibiae of a 10-week-old female CBA mouse is given as a solid




Fig. 23. Bone marrow cell loss (unshieldad tibia/shielded tibia)
after receipt of 500 rads of 230-kV X rays. The 3 indicsted regions

refer to those of Fig. 22.
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Fig. 24, Volume distributions of the gross marrow cell suspension
and the 2 isolated fractions 1L and 1R which were assayed for CFU

content.
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line. For this fractionation, the cell ssparator was adjusted to
remove cells of volume 260-370 Pa (fraction 1L) and of volume 370-
600 M; (fraction 1R). Approximately 2 x 105 cells were collected in
fraction 1L and 1.6 x 10s cells in fraction 1R. A portion of each
isolated fraction was removed and analyzed on the volume spectrome

eter, giving the distributions shown; the distribution of gross mar-

i row is given for reference. A second aliquot of sach fraction was

centrifuged onto coverslips for cytological analysis, and the remain-
der was then injected into irradiated host mice to obtain CFU titer.
In a subsequent run, using the same gross bone marrow suspension,

2 additional fractions were isolated. Distributions of these are
presented in Fig., 25, Fraction 2L, contasining approximately 2 x 105
cells from 130-165 }9, consists primarily of lymphocytes. Fraction

3 cells of volumes between 200 and 260 F?. CFu

2R contained 1.6 x 10
titers were obtained on all of these fractions and on the gross cell

suspension which had not been passed through the separator. An ex-

pression for the percent of total CFU found within a separated frac-

titer of ssparated fraction
titer of gross

tion is given by x % of cell population
lying within the volume raenge of the fraction. Approximately 37% of
the total nucleated cell population lies within the volume range of
fraction 1R, Table II presents the differential count, CFU titer,
and percent of total CFU found in the gross suspension and in each
volume fraction. The majority of the CFU's was found in the volume
range 200-260 P? (fraction 2R). Note that this CFU abundance does
not correlate with small lymphocyte abundance.

A presliminary experiment has been performed to delineate the

volume of CFU's in normal mouse spleen. The spleen was removed fram




Fig. 25. Volume distributions of the gross bone marrow suspension
and the 2 isolated fractions 2R and 2L which were assayed for CFU

content.
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38 CBA mouse and dispersed into single cell suspension. Using the cell
separator, a volume distribution was obtained, and 2 fractions were
isolated., Fraction L contained 7.4 x 103 cells from the interval 125-
3 . . .- . 3
190 B'; fraction R contained 6.7 x 107 cells between 180 and 430 M.
. - 4 .
The titer of the gross suspension was 0.24 CFU/10 ; fraction L con-
4 4
tained 0.09 CFU/10 and fraction R 0.46 CFU/1D . Thus, the relative

titer of fraction

titer - of fractionm L is 90.25 and of fraction B 1.9,
titer of gross

d. Spleen Cell Volume in A¥R Mouse Leukemis

The spontanmeous development of leukemis in AKR mice is accom-
panied by the apoearance of large zeils in the spleen. These large
transformed cells are thought to originate in the thymus and subse-
quently to migrate to the spleen where they Droliferéte rapidly (37).
An experiment was undertaken to study this kimetic process in terms
of cell volume.

YUsing the methods for spleen cell dispersion described in the
Methods section, cells were harvested from the spleen of a normal AKR
mouse 10 days after it had received an intraperitoneal injection of
105 unfractionated leukemic cells. In this experiment the harvested
cell suspension has the volume distribution showr in Fig. 26 as the
curve of closed circles, A spleen cell sucpension from a normal AKR
mouse gives the distribution of open circles. It is readily apparent
that the leukemic cells proliferating in the spleen are unusually
large, ranging from 300-750 P?. The cell separator was adjusted to
remove 2 volume classes of cells: one from appraoximately 110-260 P;
and the second from approximately 300-800 P?. Aliquots of the sep-

arsted fractions were analyzed, giving the distributions of Fig. 27.




Fig. 26. Volume distributions of spleen cells from a normal and a
leukemic AKR mouse, illustrating the appearance of large, abnormal

cells in this disease.
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Fig. 27. Volume distributions of 2 fractions, L and R, and the
leukemic cell suspension from which they were isolated. These
2 fractions were injected into normal AKR mica to determine the

presence of viable leukemic cells.
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Normal AKR mice received intravenous injections of cells from

fraction L, fraction R, and from the unfractionated gross. The re-
sults are presented in Table IIT. Although still considered to be
preliminary, these results have been substantiated in a subsequent

experiment.




IV. DISCUSSION

A. Volume Analysis and Cell Separation

1. Minimum Sensible Volume

Passing a constant, direct current through the sensing aperture

results in electrolysis of water and evolution of H. at the platinum

2
disc electrode. A growing bubble of H2 appears electronically as a

particle in the aperture. If the bubbles are small when swept out

by the liquid stream, the pulses produced are of small amplitude and
appear as an electronic noise background which limits the ability to
sense very small particles. Several orifice designs have been tried;
the best to date allows resolution of particles the size of mouse red

blood cells (about 60 }P) but at some sacrifice in hydrodynamic per-

formance, Considerable effort is being directed toward this problem.

2. Resolution of Separation

An important characteristic of any technique of cell separation
is the degree of homogeneity obtainad. Fractions, isolated from
Chinese hamstsr ovary cells grouihg in suspension culture and subse-
quently analyzsd for volume, give distributions having coefficients
of variation of approximately 10%. This estimate is somewhat too
laxge as it incorporates 2 errors in volume measurement; the first
on passing through the separator and the second in the subsequent

analysis,

3. Limitation on Rate of Analysis

A fundamental limitation of this scheme is that every particle,




67

gecod or bad, must be analyzed. At present, analysis requires about
50}4sec per particle; consequently, in order to hold to an acceptable
level the probability of finding 2 particles in the aperture, the
maximum amalysis rate must be limited to approximately 200,000 par-
ticles per minute.

As explained earlier, the anticoincidence system acts to prevent
sepparation if 2 sensed particles might be caught in a group of de-
flected droplets. However, in order for this circuit to function,
the 2 particles must be electronically distinguishable (i.e., be at
least 50 usec apart when they pass through the aperture). It may be
possible to improve the time resolution of the system by differentia-
ting the relatively long Coulter volume pulses and by using this dif-
ferentiated pulse to activate the anticoincidence system. This may
permit resclution of particles 20 usec apart; if this is achievable,
the rate-limiting factor becomes the uncertainty in time of arrivesl

of a particle at the point of droplet detachment.

4, Extension to Other Sensors

In principle, this scheme can bs extended to other sensors or
to a combination of sensors. Other workers have recently developed,
for use with suspension flow systems, sensors for particle fluores-
cence (38), light-scattering ability (39), and ultraviolet absorp-
tion (40). Incorporation of these devices, perhaps in conjunction
with a Coulter volume sensor, would allow separation of particles
according to 2 or more simulteneously measured properties, thereby
greatly increasing the ability to discriminate among cells.

Development of a ssparator incorporating sensors of cell volume
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and cell fluorescence is underway. A potentially important applica-
tion of this instrument is in the field of immunology. If sensitiv-
ity is sufficient, use of fluorescent antibody~antigen techniques
might permit the isolation of cells on the basis of extremely subtle
differences, detectable only by specific antibodies. For example,
cells producing antibody can be specifically labeled by a two-step
process. First, unlabeled, homologous antigen is added and combines
with the antibody on the cell surface. In a second step, a few drops
of specific, fluorescently labeled antiterum, directed against the
antigen used in the first step, is added, rendering the cell fluores-
cent (41). Or, by using a certain cell type, these cells could be
uniquely labeled and isclated from a very large, heterogeneous popu~
lation. Such a dual parameter separator could be =z powerful tool in
the study of immune response, an area of paramount importance.

One of the criteria of cancer cell identification used in the
Papanicolaou test for uterine cancer is that such cells often have
an abnormally large ratio of nuclear diameter to cytoplasmic dia-
meter (42). A measure of this property could be obtained by using a
nucleus-specific fluorescent dye which, under ultraviolet excitation,
would give a fluorescence signal proportional to nuclear volume.
Cytoplasmic diameter is given by the Coulter volume pulss. Tha ratio
of these signals would be electronically generated and compared with
predetermined standards. Cells having a ratioc outside the acceptable
range would be e=numerated and isolated for later microscopic examina-
tion. Such automatic procedures could greatly increase the rate of
of sample analysis and by analyzing many more cells per sample, in-

cresse the probability of early detection.
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As described here, the device removes 2 volume fractions from
a sample; however, using an earlier system of electronics, simultan-
eous isolation of 4 fractions has been achieved. Extension to 6 or

more fractions seems quite feasible.

B. Biological Applications

1. Human Leucocytes

The volume distribution of normal leucocytes shows that lympho-
cytes and granulocytes are quite distinct in volume. Modal volumes
of the 2 peaks were found to be quite consistant. Among 7 presum-
ably normal male subjects the modal volume of the lymphocyte peak
ranéed from 250 to 265 ya and the granulocyte peak from 400 to 2440 pa.
The relative number of cells of each type (measured as the area under
the curve in the resnge of interest) was found to fluctuate sccording
to the health of the individual. The presence of a "cold" or other
minor infection was frequently reflected. In the abnormal condition
of infectious mononucleosis (Fig. 15), the lymphocytes appeared to
be of a somewhat greater than normal modal volume. Abnormal cells,
characteristic of this disease, appsared between the normal lymphoe
cyte and normal granulocyte peaks, causing broadening of the peaks
and shifting the modal volume of the granulocyte peak toc a smaller
value. Among the limited number of cases of this disease which have
been studied, this volume pattern appears to be cheracteristic.

In acute lymphoblastic leukemia (Fig. 16), the appearance of
enormous quantities of abnormally large lymphocytes is completely
consistent with clinical observation. However, electronic volume

analysis may be of use in the observation of hemopoietic system
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response to drug therapy. In the case of chronic lymphocytic leu-
kemia, the lymphocytes appear to be comprised of 2 populations: one
having a modal volume near normal and the other, more abundant pop-
ulation a modal volume perhaps thres-quarters that of normal. This
case was diagnosed quite early in its development and probably rep-
resents a supsrposition of normal and abnormsl hemopoiesis, These
cases aof abnormal human leucocytes raspresent the few instances in
which electronic volume analysis has been applied to leucocytes in

diseases involving the hemopoietic system,

2. CLell Volume in Mouse Hemopoiesis

a. Normal Mouse Bone Marrow
Seias ouse oone Narrow

The modal values of the peaks in regions II and III of Fig, 18
have been found to be quite consistent among mice and to have average
values of 143}13 and 254 Pg, respectively. These results compare
vaery favorably with the values of 146 P? and 245 }@ determined by
Robinson et al. (43) using a Coulter Counter calibrated with rat ery-
throcytes. Although the modal velumes of these peaks were quite sta-
ble, the relative numbars of calls in sach psak were fbund to be var-
iable and to be highly responsive to stresses such as infection or
ionizing radiation. The frequency distribution of cell type within
the volume distribution of bone marrow cells (Fig. 19) provides s
correlation of cell typs and volume, permitting interpretation of

such changes,

b, Effect of X Irradiation on Bone Marrow and Spleen

Based on the cell type curves of Fig. 19, it seems likely that
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the loss of cells from region I of Fig., 22 (110-180 }F) corresponds
to an immediate loss of lymphocytes. This was verified by separating
a fraction of volume 120-170 y? (within region I) from the marrow
eell suspension 16 hours after irradiation, Within this fraction
the abundance of lymphocytes was considerably decreased, the number
of post-mitotable erythrocytes was relatively unchanged, and the num-
ber of mitotable erythrocytes was diminished.

There is some suggestion that the lymphocytes remaining are
somewhat larger than the pre-irradiation lymphocytes. This also
seems to be the case with the lymphocytes of the spleen which develop,
as shown in Fig. 21, a bimodal volums distribution after irradistion.

As obtained from Fig. 23, the rates of cell loss from regions I.
11, and 111 (t% = 13.4 hours, 16.5 hours, andVIO.D hours, respective-
ly) are in rough agreement with an 1l1-hour half time for total nu-
cleated cell loss determined by Puck (36). This latter rate, being
an average rate of loss for all the cells in the marrow, would not

reflect a different rate of loss among diffsreznt call types.

c. CLolonv~Forming Units in Bone Marrow and Spleen

As first described by Till and McCulloch in 1961 (33), hemo~
poietic nodules develop on the spleen of a mouse which has received
a supralethel dose of X irradiation followed by an injection of bone
marrow cells from an isogenic donor mouse. In view of the fact that
the spleen nodules are similar in appearance to colonies formed by
single cells growing in vitro, the agent responsible was given the
operational designation of colony-forming unit (CFU). Later it was

gshown (44) that these spleen colonies did indeed develop from a
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single cell possessing a proliferative capacity sufficient to produce
a8 colony of several million cells in approximately 11 days. On close
examination, it was found that these colonies contained, along with
their immediate precursors, differentiated cells of the erythrocytic,
granulocytic, and megakaryocytic series (45-48). Often a single
colony would be found to contain a mixture of precursors and mature
cells of sach of these types; thus, it was suggested that the CFU
was, in fact, a hemopoietic stem cell capable of commitment %o
divergent paths of differmsntiation and of self-renewal, This last
postulate was given support by testing single colonies for the pres-
ence of CFU (44). On excising, dispersing, and injecting the cells
of & spleen colony of a single cell type into second recipient host
mice, it was found that CFU's were indeed present and that the cells
of colonies subsequently produced were of an sssorted nature, suggest-
ing that this second generation CFU was slso pluripotent. Conse-
quently, to the CFU can be attributed 3 properties: 1) the capacity
for extensive proliferation; 2) the ability to produce several dif-
ferentiated cell types; and 3) the capacity for self-renewal.

There is evidence that the direction of differentiation is deter-
mined by the micreenvironment of the stem cell (46), suggesting the
possibility of altering the fate of stem cell progeny through modi-
fication of stem cell environment. Because of these properties, the
CFU has been the subject of great interest and investigation; unfor-
tunately, it has not hitherto been possible to charscterize the
responsible cell beyond the fact that it produces & hamopoietic col-

ony on the splesn of an irradiated host mouse. Because of its low

abundance in bone marrow (approximetely 2 CF’U/1U4 total nucleated
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cells), little has been learned of its morphology or physical charac-
teristics, In an effort to charecterize further the CFU, many
workers have scught to define its density or to show its association
with specific cell types in bone marrow (9, 50-52). It has been
determined that the CFU is quite heterogenecus in density, ranging
from 1,015-1,090 g/cm3 with maximum abundance reported at 1,020~
1.025 g/cm3 by Niewisch et al. (52) and at 1.084 g/cm3 by Turner

et al. (50). Enrichment from sbout 2 CFU/10° nucleated cells to

6 CFU/fO3 has been obtained by these workers.

It is obvious from the volume distributions that the separa-
tions shown in Figs. 24 and 25 are not ideal, Each fraction con-
tains cells of volume smaller than the range chosen for separation.
In all 4 distributions a peak can be seen in the region of 60 yj,
corresponding to the volume of mature erythrocytes. It is likely
that these were isolated by 2 mechanisms: on entering the sensing
disc of the separator 2 or more red cells, stuck together, would
produce a particle with a volume falling within a selected rangs, Or
a red cell might stick to a larger cell (lymphocyte or granulocyte)
to produce a particle within the selected rangce. After separation
and collection, these aggregates would break up, giving the small
particle contamination shown.

Figure 28 presents a composite of 6§ expariments includiné thaose
of figures 24 and 25 in which 16 volume fractions were isclated from
mouse bone merrow and analyzed to obtain a volume distribution and
CFU titer. For reference, & typical volume distribution of mouse
bone marrow cells is given as a broken line. For each of thase 16

fractions CFU titer was obtained and compared with that of the gross




Fig. 28. CFU abundance within the volume distribution of mouse

bone marrow cells., The solid line represents the relative CFU

titer of volume fraction
titer of the gross

titer and refers to the left ordinate.
The histogram refers to the right ordinate and represents the
percent of all recovered CFU found in 25}13 increments between

163 and 488;13. For reference, the volume distribution of a

typical bone marrow suspension is shown as a broken line,
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suspension to give a relative titer as follows: relative titer =

titer of volums fraction
titer of gross cell suspension

. A plot of the average relative
titer as a function of volume is given as a solid line in Fig., 28
and refers to the left ordinate. This ratio is an expression for
CFY enrichment, which is maximum (1.5) at approximately 270]13.

An estimate of the percent of recovered CFU tao be found in a

averaqge titer in interval
titer of gross suspension

number of cells in interval . . o
total number of cells (> 120) = relative titer x % of total cells

given volume interval can be obtained by

(>120 y?) in volume interval. Using a planimeter, the latter factor
is easily determined by measuring the area under the volume distribu-
tion cuxve within the chosen interval and dividing by the total area
undexr the curve and above 120 }P. The histogram of Fig. 28 is an
estimate of the percent of recovered CFU's found in 25 }P volume in-
cremants between 163 and 488 h;. CFU's are most abundant at ZSD_Pg,
and 72% are found between 212 and 312 }P.

In a preliminary fractionation of spleen cell suspension, it was
found that in the range of 125-190 }P the relative titer was 0,25
compared to 8 relative titer of 1.9 for the range of 180-430 F?.

This preliminary sxperimsnt indicates that in the spleen, as in the
bone marrow, the CFU is more abundant above 180 }P than in the inter-
val 125-190 M?.

It hes been suggested that the CFU is a small lymphocyte (43,51,
53). While it is not possible in the work -eported here to show a
positive corrslation between a specific cell type and CFU abundance,
a negative corrslation with lymphocytes is apparent., Maximum CFU
abundance occurs in the volume range of 212-312 P?, whereas lympho=-

cyte abundance is maximum between approximately 120 and 1ao‘y?.
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Niewisch et al. (52), by observing the correlation between cell types
and CFU abundance, have implicated as responsible a large cell (14-
17 y.diameter smear) of homogenecus overall appearance. CFU abundance
did not correlate with lymphocyte abundance. In these experiments,
only cells of unusually low density (1.020-1.025 g/cc) were consid-
ered. This density fraction contained only about 1% of the total

CFU population.

d. Spleen Cell Volume in AKR Mouse leukemia

In Fig. 25 it is apparent that the spleen cell volume distribu=~
tion is altered by the devalopment of early leukemia. As hass been
suggested by Kirsten et al. (37,54), it seems likely that this popu~
lation of large cells is made up of progeny of the injected leukemic
cells; if so, then these cells should induce leukemia in host mice,
wheras the smaller, normal volume cells should not. This was found
to be true in these preliminary experiments. Few leukemia~inducing
cells are found with volume less than 300 P;. Bruce et al. (55) have
expressed the desirability of an assaey technique which will permit
enumeration of leukemic cells in the presence of nonleukemic cells,
The results of these preliminary experiments suggest that electronic

cell volume analysis might be developed into such a technique. .




V. CONCLUSION

Electronic analysis and subsequent electronic manipulation of
individual biological cells is a new concept. Because it has no
close parallel in currently available techniques of cytology, the
potential usefulness of this concept can be perceived only dimly.
Separation on the basis of small differences in volume, while tech-
nically most easily achieved, may not be the most useful embodimant
of the idea, A clearer delineation of the most fruitful direction
of future development must aweit the experience gained in application
of the device to & variety of problems.

Efforts sre currently underway to improve the reliability of
the device and to incorporate an existing laser-activated sensor of
cell fluorescence. Because of the variety and specificity of cell
fluorochromes and because of the possibilities of fluorescent antigen-
antibody tagging techniques, the scope of potential applications will

be grmatly enlsarged.




9.

10.

11.

12.

13,

VI. FOOTNOTES AND BIBLIOGRAPHY

W. 0. Fenn, "Effect of the Hydrogen Ion Concentration on the
Phagocytosis and Adhesiveness of Leucocytes,” J. Gen.
Physiol. 5, 169-179 (1522).

B. L. Vallee, W, L, Hughes Jr., and J. G. Gibson, "A Method for
the Separation of Leukocytes from Whole Blood by Flotation on
Serum Albumin," Blood, Special Issue No. 1, Morphologic Hema-
tology 82, (1947).

Je G. Li, and E. £, Osgood, "A Method for the Rapid Separation
of Leukocytes and Nucleated Erythrocytes from Blood or Marrow
with a Phytohemagglutin from Red Beans (Phaseclus Vulgaris),”
Blood 4, 670-671 (1949).

S. St. George, M, Friedman, and S. 0. Byers, "Mass Separation
of Reticuloendothelial and Parenchymal Cslls of Rat's Liver,"
Science 120, 463-465 (1954),

N. Coucroun, "Difference entre les electrisations de diverses
varistes de bacilles Tuberculex,™ Compt. rend. 199, 165-168
(1934).

A. Kolin, in "Methods of Biochemical Analysis,” Vol. VI.,
p. 259, Ed. by D. Glick, Interscimence, New York, 1958,

E. M, Brunette, E. A, McCulloch, and J, E. Till, "Fractionation
of Suspensions of Mouse Spleen Cells by Counter Current Distri-
bution,” Cell Tissue Kinet, 1, 319~327 (1968).

M. Bessis, Chap. 2, "Cytology of the Blood and Blood forming
Organs."” Translated by £. Ponder, Grune and Stratton,
New York, 1956,

J. W, Goodman, "Bone Marrow Cell Separation Studies,” Exp. Cell
Res. 21, B8-97 (1959).

t£. A, Peterson and W, H, Evans, "Separation of Bone Marrow Cells
by Sedimentation at Unit Gravity," Nasture 21, 824-825 (1967).

M. J. Fulwyler, "Electronic Separation of Biological Cells by
Volume," Science 150, 910-911 (1965},

L. A. Kamentsky and M, R. Melamed, "Spectrophotometric Cell
Sorter," Science 156, 1364-1365 (1967).

W. H. Coulter, "High Speed Automatic Blood Cell Counter and
Cell Size Analyzer," Proc. Nat. Elec. Conf. 12, 1034-1042
(1956).




14.

15.

16.

17.

18.

19’

20.

21,

22.

23,

24,

25,

25,

27.

28.

29.

30.

31,

79

E. C. Gregg and K. D, Steidley, "Electrical Counting and Sizing
of Memmalian Cells in Suspension," Biophys. J. 5, 393-405 (1965).

H. E. Kubitschek, "Electronic Measurement of Particle Size"
Research 13, 128-135 (1960).

H., £. Kubitschek, "Electronic Counting and 5izing of Bacteria,”
Nature 182, 234-235 (1958).

E. C. Anderson and D, F, Petersen, "Cell Growth and Division
I1. Experimental Studies of Cell Volume Distributions in
Mammalian Suspension Culture," Biophys. J. 7, 353-364 (1967).

UObtained from Dow Chemical Company, Midland, Michigan.

Volume-pulse preamplifier and smplifier schematic diagrams are
available from the Los Alamos Scientific Laboratory, Drawing

Nz, 4Y-89116.

Victoreen PIP, Victoreen Instrument Division, 1010% Woodland
Avenue, Cleveland, Ohio.

Other collection systems, such as a moving strip of filter
paper, may be used.

R. G. Sweet, "High Frequency Recording with Electrostatically
Deflected Ink Jets,” Rev. 5ci. Instr. 36, 131136 (1964).

Engineering drawings for the droplet generator and volume sensor
are availsble from the Los Alamos Scientific Laboratory, Drawing

No, 2Y-57315.

Mosaic Fabrications, Inc,, 205 Chapin Street, Southbridge,
Massachusetts.

Hewlett-Packard Model 200-CDR.

McIntosh Model MI-75.

General Radio Company Model 1531-A,

Krohn-Hite Model 315-AR.

A detailed block diagram of the control and delay logics is
available from the Los Alamos Scientific Laboratory, Drawing

No. 4Y-89354.,

A charging pulse amplifier circuit diagram is available from the
Los Alamos Scientific Laboratory, Drawing No. 4Y-89361.

R. Herbeuvsl, H, Herbeuval, and J. Duheille, "Technique foxr
Demonstrating the Presence of Cancer Cells in the Blood -
Leucocyte Concentration," Triangle 6, 47-52 (1963).




32.

33.

34.

35.

36,

37.

38.

39.

40,

41,

a2,

43,

a4,

80

E. A. McCulloch and J. E. Till, "The Radiation Sensitivity of
Normal Mouse Bone Marrow Cells, Determined by Quantiative
Marrow Transplantation into Irradiated Mice," Radiation
Res. 13. 115-125 (1960).

J. E. Till and E. A. McCulloch, "A Direct Measurement of the
Radiation Sensiivity of Normal Bone Marrow Cells," Radiation
Res, 14, 213-222 (1961),

T. T. Puck, in preparatian.

M. A. Van Dilla, M. J. Fulwyler, and 1. U, Boone, "Volume Dis-
tribution and Separation of Normal Human Leucocytes,” Proc.
Soc, Exptl. Biol, Med. 125, 367-370 (1967).

T. 7. Puck, "Cellular Aspects of the Mammalian Radiation
Syndrome - II. Cell Depletion in Home Marrow, Soleen and
Thymus of Young Mice," Radiation Res. 27, 272-283 (1965),

w. H. Kirsten and R. H, NDominguez, "Chromosome Studies on
Trensplanted and Virus-induced Lymphoid Leukemias in Rats,"”
Cancer Res. 26, B816-821 (1966),

M. A, Van Dilla, T. T. Trujillo, P, F,. Mullermey, and J. R.
Coulter, "Cell Microfluorometry: A Method for Rapid Fluor-
escence Measurement,” Science 163, 1213-1214 (13653).

P. F. Mullaney, P. N. Dean, and M. A. Van Dilla, "Light Scatter-
ing by Biological Cells and its Relation to Cell Size," Sum-
mary Reports, Third International Congress of Histochemistry
and Cytochemistry, New York, N.Y., August 18-22, 1968
(Springer~Verlag, New York, 1958), pp. 186-187.

L. A. Kamentsky, M. R, Melamed, and H., Derman, "Spectrophoto-
meter: New Instrument for Ultrarapid Cell Analysis," Science
153, 630-631 (1965),

M. Goldman, "Fluorescent Antibody Methods," Chap. 10, pp. 153-
173, Academic Press, New York, (1963).

G. Papanicolaou and H. Traut, "Diagnosis of Uterime Cancer by
the Vaginal Smear," The Commonwealth Fund, New York, (1943).

W. A, Robinson, R, R, Bradley, and D. Metcalf, "Effect of
Whole Body Irradiation on Colony Production by Bone Marrow
Cells in Vitro," Proc. Soc. Exptl. Biol. Med. 125, 3B8-391
(1967).

A. J. Becker, E, A, McCulloch, and J. E. Till, "Cytological
Demonstration of the Clonal Nature of Spleen Colonies Derived
from Transplanted Mouse Marrow Cells," Nature 197, 452-454
(1963).




-

45.

46.

a7,

45,

50.

51.

52.

53.

54.

55.

81

J. H. Fowler, A. M. Wu, J. E, Till, E. A, McCulloeh, and L.
Siminovitch, "The Cellular Composition of Hemopoietic Spleen
Colonies,™ J. Cell Physiol. 69, 65-71 (1967),

N. S. Wolf and J. Trentin, "Hemopoietic Coleny Studies, V.-
Effect of Hemopoietic Stroma on Differentiation of Pluripotent
Stem Cells,"” J. Exptl. Med, 127, 205-214 (1967).

J. L. Curry and J. J. Trentin, "Hemopoietic Spleen Colony
Studies 1. Growth and Differentiation," Develop. Biol. a5,
395-413 {1967).

I. Bleiberg, M. Liron, and M. Feldman, "Studies on the Regula-
tion of Hemopoietic Spleen Colonies," Blood 29, 469-480
{1967).

L. Siminagvitch, E. A, McCulloch, and J. E. Till, "The Distri-
bution of Colony-forming Cells Among Spleen Colonies," J. Cell.
Comp, Physiol. 62, 327-336 (1963).

R. W. A, Turner, L. Siminovitch, E. A. McCulloch, and J. E, Till,
"Density Gradient Centrifugation of Hemopoietic Colony-farming
Cells, J. Cell. Comp. Physiol, 59, 73-81 (1967).

G. Cudkowicz, A, C. lpton, L. A. Smith, D. G. Gosslee, and W. L.
Hughs, "An Approach to the Characterization of Stem Cells in
Mouse Bone Marrow,” Ann. N. Y, Acad. Sci. 114, 571-585 {(1964).

A. Niewisch, H., Vogel, and G. Matioli, "Concentration, Quantita~
tion and Identification of Hemopoietiec Stem Cells,"” Proc., Nat.
Acad. Sci. 58, 2261-2267 (1967).

G. Cudkowicz, M. Bennett, and G. M. Shearer, "Pluripotent Stem
Cell Function of the Mouse Marrow 'Lymphocyte’,” Science 144,
866-868 (1964),

W. H. Kirsten and C. E. Platz, "farly and Late Leukemias in
Rats after Transplantation of Leukemic Cells from AKR Mice,"
Cancer Res. 24, 1056-1062 (1964),

W. R. Bruce and B. E. Meeker, "Dissemination and Growth of
Transplanted Isologous Murine Lymphoma Cells,” J. Nat. Cancer
Inst. 32, 1145-1160 (1963).






