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PREFACE 

Volume 111 of this treatise continues to present techniques and 
methods in cell research that have not been published or have been 
published in sources that are not readily available. Much of the in- 
formation on experimental techniques in modem cell biology is scattered 
in a fragmentary fashion throughout the research literature. In addition, 
the general practice of condensing to the most abbreviated form mate- 
rials and methods sections of journal articles has led to descriptions 
that are frequently inadequate guides to techniques. The aim of this 
volume is to bring together into one compilation complete and detailed 
treatment of a number of widely useful techniques which have not been 
published in full detail elsewhere in the literature. 

In the absence of firsthand personal instruction, researchers are often 
reluctant to adopt new techniques. This hesitancy probably stems chiefly 
from the fact that descriptions in the literature .do not contain sufficient 
detail concerning methodology; in addition, the information given may 
not be sufficient to estimate the difficulties or practicality of the tech- 
nique or to judge whether the method can actually provide a suitable 
solution to the problem under consideration. The presentations in this 
volume are designed to overcome these drawbacks. They are compre- 
hensive to the extent that they may serve not only as a practical intro- 
duction to experimental procedures but also to provide, to some extent, 
an evaluation of the limitations, potentialities, and current applications 
of the methods. Only those theoretical considerations needed for proper 
use of the method are included. 

Finally, special emphasis has been placed on inclusion of much refer- 
ence material in order to guide readers to early and current pertinent 
literature. 

DAVID M. PRESCOTT 
September, 1968 
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I. Introduction 

The measurement of particle concentrations and volumes by electric 
sensing zone instruments has found wide application in recent years. 
Such instruments are capable of rapid and very accurate measurement of 
particle concentrations, and of more or less accurate determinations of 
volume distributions of particle populations. 

The original biological application of the technique was in routine 
blood cell counting (Brecher et al., 1956). Kubitschek ( 1958, 1960) in- 
troduced modifications which permitted counting of bacterial cells, and 

1 



2 R. J. HARVEY 

pointed out that electric sensing zone instruments were capable of meas- 
uring cell volume distributions as well as numbers. With instruments 
currently available, particles ranging in volume from about 0.1 to 5 X 
10 pL3 (for corresponding spherical particles, a range of diameters from 
0.6 to loop)  can be counted and measured, provided only that the 
particles can be suspended in a medium of suitable electrical conduc- 
tivity. This size range includes a wide variety of types of cells, including 
bacteria, the smaller protozoa, red and white blood cells, and tissue cul- 
ture cells, all of which have been successfully studied by this method. 

A recent review by Kubitschek (1967) provides a comprehensive 
description of the methodology and the underlying theory of the electric 
sensing zone technique. In an earlier review Berg (1965) describes 
electric, optical, and sonic sensing zones for particle counting and 
measurement. 

The present paper is concerned with the accuracy of measurement of 
volume distributions by electric sensing zone instruments now in use. 
These instruments are: (1)  The Coulter Counter Model B (Coulter, 1953, 
Coulter Electronics Inc., Hialeah, Florida) ; ( 2 )  The instrument de- 
scribed by Harvey and Marr ( 1966) ; ( 3 )  The Celloscope 101 (Particle 
Data Inc., Elmhurst, Illinois); (4) The Nuclear Chicago particle meas- 
urement system ( Nuclear Chicago Corp., Des Plaines, Illinois). There 
is little question of the accuracy of all these instruments in the counting 
of cells. The accuracy and fidelity of measurement of volume is by no 
means as certain nor is it easily determined. Faced with this uncertainty 
most workers have evidently been content to accept the apparent volume 
distributions measured by their instrument as accurately representing the 
real distribution. More rigor is shown by Kubitschek (1967) who applied 
the criterion that measurements should be made under conditions where 
the variance of a standard suspension of particles is at a minimum. 

The only attempt at rigorous evaluation of the fidelity of measurement 
of volume distribution is that of Harvey and Marr (1966). The volume 
distribution of a suspension of latex spheres was measured by electron 
microscopy. The electron microscopic measurements were taken as a 
primary standard, and statistical comparisons of distributions measured 
by the electric sensing zone instrument with the primary standard were 
used as the criteria for fidelity and accuracy of measurement. Their re- 
sults are recapitulated in this paper, and the technique is used to 
evaluate the performance of instruments not tested in their original study. 

The value of electron microscopic measurements as a primary standard 
is not completely established. Bonse and Hart (1966) have shown that the 
mean dirlmeters of latex spheres measured by electron microscopy agree 
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very well with values calculated from X-ray diffraction measurements. 
Smaller particles (diameters < 0.5 p )  tended to be measured as too large, 
and larger particles (diameters > 2 p )  were measured as too small by 
electron microscopy, but in the range of diameters 0.5-2 p the agreement 
was within 1%. Since the X-ray diffraction data were shown to be free of 
any detectable systematic errors these results provide reasonable evidence 
of the validity of electron microscopic data as a primary standard. 

11. Design of Equipment 

A. The Electric Sensing Zone Transducer 
The transducer is a cylindrical aperture separating two electrode 

chambers filled with electrolyte. The aperture is commonly fabricated 
from ruby or glass, and may have a diameter of 10 p to 1 mm, the length 
usually being about equal to the diameter. 

The particles being measured are suspended in the outer electrode 
chamber and pumped through the aperture. When a dc voltage is 
applied between the electrodes, the aperture and a small hemispherical 
volume at either end of it provide the major resistance to flow of current 
and form the sensing zone of the transducer. During the passage of a 
cylindrical particle of volume o through the aperture, the resistance R 
of the sensing zone will be increased. The magnitude, AR of the re- 
sistance increase is a function of the particle volume (Kubitschek, 1958); 

-1 aR = K ( L  - 2) 
R v p - P O  

where V = 

A =  
PO = 

P =  
a =  

the volume of the sensing zone 
area of the apertJure normal to its axis 
resistivity of the electrolyte 
resistivity of the particle 
cross-sectional area of t,he particle normal to the axis of the 

apert,ure 

For particles with a < A Eq. (1) reduces to: 
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If the resistivity of the particle is much greater than the resistivity of the 
electrolyte, the response will become independent of the resistivity of the 
particle: 

A R  v 
€2 - v - N -  (3) 

Thus for particles with diameters much smaller than that of the aperture 
the resistance change produced by the particle is proportional to its 
volume. When the diameter of the particle is 10% of the aperture diameter 
( d A  = 0.01) the deviation from linearity will be 18, and this can be 
taken as setting a practical upper limit for the particle size which can 
be measured with a given aperture. 

This analysis holds for particles in the shape of a right cylinder. Under 
some circumstances particles of different shapes but equal volumes can 
give rise to different resistance changes. Gregg and Steidley (1965) 
showed that the resistance change produced by a disk with its face 
normal to the axis of the aperture was three times the resistance change 
produced by a sphere of equal volume. This is due to the fact that current 
flow lines will not follow flat surfaces normal to the flow of current, as in 
the case of the disk. Thus a volume of high effective resistivity is estab- 
lished greater than the volume of the disk. This will not be the case for 
particles which have no sharp edges or flat faces, and have smooth 
surfaces, a description which will fit most biological cells. For such par- 
ticles current flow lines will closely follow the surface, and the resistance 
change will not be greatly influenced by particle shape. Kubitschek 
(1967) has calculated that, when compared to a sphere of the same 
volume, a prolate spheroid with an aspect ratio of 4: 1 will give rise to a 
resistance change only 3% greater. 

The increase in resistance produced by the passage of a particle re- 
sults in a transient change in the voltage drop across the sensing zone, 
proportional to the resistance change, and this voltage pulse constitutes 
the output of the transducer. The form of the pulse would ideally be a 
square wave, but the actual pulse will not have this shape, primarily 
because of the gradient of the electrical field and the capacitance of the 
aperture. From the measurements of Gregg and Steidley (1965) this 
capacitance is of the order of 100 picofarads, giving the aperture a time 
constant of 1 5  psec, depending upon its resistance. Hence the minimum 
rise time of the pulse would be 2-10 psec. The capacitance of the particle 
could also affect the rise time. However, Gregg and Steidley (1965) have 
shown that for typical mammalian cells the time constant due to this 
capacitance is about 0.4 psec, making this effect relatively unimportant. 
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After the rise, the pulses may be flat-topped, but a slight concavity is 
often observed ( Kubitschek, 1967), which can possibly be attributed to 
the capacitances of the particle and the aperture. The pulse has a finite 
decay time, due again to the field gradient and aperture capacitance. 
Under normal conditions of operation, the mean transit time of particles 
through the sensing zone will be 1030 psec, depending on the dimen- 
sions of the aperture and the pressure applied across it. The overall 
pulse duration will be of this order of magnitude. 

The transducer described above is used in all instruments with only 
minor modifications. The pulses produced are amplified and measured 
and it is in the amplification and measurement systems that the instru- 
ments differ. 

B. Pulse Amplification and Measurement 

1. COULTER COUNTER MODEL B 
This instrument employs simple amplification of pulses by a vacuum 

tube amplifier. The time constant of the amplifier is about 30 psec, which 
results in about a 10-fold increase in the duration of pulses during 
amplification. The amplified pulses are measured by a single-channel 
analyzer, which allows manual measurement of size distributions. 

INSTRUMENT DESCRIBED BY HARVEY AND MARR (1966) 
The pulses from the transducer are first amplified by a Tennelec lOOB 

preamplifier ( Tennelec Instrument Co., Inc., Oak Ridge, Tennessee). 
The pulses have a duration of 200 to 300 psec at the output of the pre- 
amplifier, which is about 10 times greater than that expected from the 
mean transit time of particles through the sensing zone used. Since the 
preamplifier has a rise time of less than 1 psec, this distortion of the 
pulses must result from the design of the constant current device used 
to provide the voltage between the electrodes. The pulse shapes are 
restored by differentiation and integration using a Tennelec TC200 1' inear 
amplifier (Tennelec Instrument Co., Inc. ) . This procedure reduces pulse 
widths to about 10 pec,  and the amplitude of the resulting pulse is 
proportional to the true amplitude of the input pulse above any arbitrary 
baseline. As a result the true amplitudes of coincident pulses can be 
measured. A final differentiation produces pulses of suitable form for 
acceptance by a Nuclear Data 180-FM 512-channel pulse-height analyzer 
(Nuclear Data, Inc., Palatine, Illinois). The analyzer measures each pulse 
and stores it as a count in a channel of the memory unit, the channel 
number being proportional to the amplitude of the pulse. 

2. 


