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PREFACE

This study will concern cellular spin resonance of

Saccharomyces cerevisiae and it's polarizability. Appendix

A with additional information will be included in this
thesis.

The selection of cellular spin resonance behaviors of
yeast as the topic for this thesis came about for several
different reasons. First, my having biological background,
studying cells seemed to be a good, logical and natural
choice. My desire to learn a little applied physics and
computer also contributed to my choice. Most important,
the chance to work in collabration with Dr. Herbert Pohl
who had started me off in research while I was out of
school. I wish to express my sincere gratitude to Dr.
Herbert Phol, who is one of the best in his trade, for his
patience and encouraging me to carry on.

I also wish to thank Dr. Herbert Bruneau who advised
me on academic portion of the graduate degree. My thanks
also to Dr. Kent Pollock, and Dr. William T. Philips for
helping me and answering my many questions as they
pertained to physics.

Special thanks to Dr. John Wills for his support and
help during my graduate work.

Special thanks go to the Pohl Cancer Research Labor-

iii



TABLE OF CONTENTS

Chapter Page
I. INTRODUCTION. . « v v « v v « « . 1
IT. APPARATUS AND EXPERIMENTAL PROCEDURES . 6
Chamber. . . 6

Cell Preparation . 6

Procedure. 7
Temperature. 8

ITI. RESULTS AND DISCUSSION. 9
IV. SUMMARY AND CONCLUSION. . . . . . . . . . . 25
Looking Ahead 26

SELECTED BIBLIOGRAPHY. . 27

APPENDIX - ELECTRICAL ASPECTS OF DIVISION
CONTROL IN SACCHAROMYCES. . . . . .

[N)
O



LIST OF FIGURES

Figure

1. Phase Shift Circuit. . . . . . . .

2. Spin Rate of Single Cell Stage of Yeast.

3. Spin Rate of Small Bud Cell Stage of Yeast
4, Spin Rate of Medium Bud Cell Stage of Yeast.
5. Spin Rate of Large Bud Cell Stage of Yeast
6. Spin Rate of Cytokinetic Cell Stage of Yeast
7. Variation of Spin Rate at Slected Frequencies

as a Function of Stage in Cell Cycle .

8. Polarization Mechanism .

9. The Ionic Double Layer Polarization. .

10. Plasmodial Polarization. . . . . . . . . .
11. Dipole Orientational Polarization.

12. Maxwell-ngner Polarization.

vi

Page

13
14
15
16
17
18

19
20
21
22
23
24



CHAPTER I
INTRODUCTION

Suspended living or dead cells can be observed to spin
when in a rotating electric field, such as that provided by
a four-pole electrode system. The phenomenon is observed
to be 1linked to several factors such as: cell species,
age, type, health, and culture age. The spinning occurs in
a resonant response to the applied frequency. It has been
proved that the spinning of live cells differs from that of
dead cells. Live cells usually rotate counter-field with
except at very high frequency. By using the technique of
cellular spin resonance (CSR), each cell can be individ-
ually studied during its advance through the 1life cycle.
This will be the thrust of my research, i.e., to study the
changes in electrical properties of cells as they advance
through the life cycle (1983a).

Seventeen years ago, Pohl and Crane showed that yeast
cells can rotate with a frequency a few HZ in an alter-
nating electrical field in the frequency range between
100HZ and 500KHZ (1971). Research is currently very active
in this new area. Pohl and Crane (1971) used the descrip-
tive term, "cellular spin resonance'" (CSR) for this

phenomenon, because the spinning of the individual cells



appears at a sharply resonant frequency of external field,
especially when cells are subjected to a rotating electric
field. Nevertheless, it is often possible to find spinning
cells at certain applied frequencies even in a non-rotating
AC field, mainly in direct contact with electrodes. This
may be due to the occurence of natural oscillating dipole
fields from within the cells themselves that interact in a
resonant fashion with the externally applied AC field.

In normal CSR, cells could start rotating when exposed
to AC fields. The rotating of cells is dependent on the
electric field. Sometimes cells rotate very fast and other
times they rotate very slowly. Several different research

studies have been done on yeast cells (Saccharomyces

cerevisia) such as: (1) How cells rotate and in what
directions, (2) 1Is there any difference between the
spinning characteristics of dead or live cells?--At what
frequency do they rotate most rapidly? These experiments
have been done mostly with two-pole, three-pole and four-
pole chamber electrode chambers (1982).

In the two electrode experiment, it is observed that
CSR is affected by age, the physiological condition, and
the phase of the cells life cycle (Pohl & Crane, 1971; Pohl
and Braden, 1982; Zimmermann, Vienken and Pilwat, 1981;
Holzapfel, Vienken, and Zimmermann, 1982). In such experi-
ments, two types of CSR have been studied: (1) that in
massive clumps of cells; or (2) that of lone cells. It was

thought that "lone-cells'" spinning is associated with the



natural cellular oscillating dipoles, whereas the spinning
of cells while en masse CSR instead reflects that and yet
other electrical attributes. Some experiments have been
done with tripole and fourpole chambers; and the results
were the same.

The principle of operation of CSR is simple, and
requires only that one be able to observe cellular rotation
while the fields are applied. At the present time, direct
human observation through the microscope aided by a video
recorder (VCR) system is used. There are three types of
CSR. 1In the first, lone cell spinning, which appears to be
little affected by local field pertubation due to delayed
polarization, can be seen to spin resonantly and to spin at
a frequency of rotation which is much less than frequency
of applied field. In the second type, particles spin
because of interactions due to delayed polarization acting
on each other at angle off that the main field. The first
type of spinning was reported by Pohl and Crane, (1971),
Michel and Lamprecht (1982). The observation of lone cells
spinning out in the medium is usually only very brief. The
cells often move quickly to an electrode or form pearl-
chains with other cells near by. vThis is the usual result
of dielectophoretic forces or perhaps other rather more
mechanical forces such as streaming, thermal upsets, etc.
Lone cells could be easily observed to spin when they are
against a mirror-smooth noble metal electrode (e.g. Pt)

while they are in the presence of no other visible source



of pertubation by polarizable particles.

The third type of CSR, due to current-carried change
deposition on particles can be observed for inanimate
particles present in static or AC field of very low
frequency. The mechanism for this type of CSR depends on
the action of ambipolar current in producing surface charge
dipoles on bodies having a conductivity or dielectric
constant different from the suspending medium (1983c).

In the above discussion of the effects of cell 1life
cycle phase these can be covered very clearly in the
experiments with yeast cells, for the yeast cell almost
uniquely shows readily observable morphologically its point
in its life cycle. However, there were unanswered questions
as to the mechanism of CSR which leave an empty hole in our
understanding. One is: Are there observable CSR differ-
ences attributable to two different media? What 1is the
effect of different pH but the same conductivity? Such
experiments will heip show up the role of surface charges
and their degree of dissociation in cell behavior.

To sum up, we asked the questions: How does the
electrical polarizability of living cells change during
their 1life cycle. There have been increasingly frequent
studies of CSR on cells from which much can be learned
about the electrical polarizability, a unique and hitherto
little known attribute of cells. With CSR it is ©possible

to examine individual cells. The yeast, Saccharomyces

cerevisiae was selected for this study because of 1its




readily observable morphological changes during its 1life
cycle. Because of 1its sturdiness, it offers a wunique
opportunity to observe changes in the electrical polariz-

ability of cells during their life cycle.



CHAPTER II
EXPERIMENTAL PROCEDURE
Chamber

A circuit capéble of producing a rotating electric
field (CRS) chamber consists of four platinum electrodes
having shiny spherical tips with a spacing of 300
micrometers between tips across from each other. The
electric circuit was capable of spacing the useful range of
100HZ to 2MHZ is shown in Fig. 1. The design was suggested
by Karan Kaler and R. J. Adamson, University of Calgary,
was built with slight modifications by Douglas West of

Stillwater, Oklahoma.
Cell Preparation

Cells of Saccharomyces cerevisiae were grown in

sterile sabouraud medium (Difco) for one to ten days. 1.5
ml of cellular suspension was centrifuged for five minutes
and the supernatant was discarded. Cells theﬁ were
resuspended in deionized water and again sedimented by
centrifugation for five minutes and supernate was discarded
again. This purification was repeated three times. The
final pellet was resuspended in distilled water for a very

low conductivity.



Procedure

Dielectrophoretic rotation was observed under a micro-
scope type ortholux (Leitz/Wetzlar) equipped with tele-
vision camera (Philips EL 8000), ‘a monitor (SABA240F) and a
video recorder (JVCHR 3660EG). The time for ten cycles
was measured directly, and cell morphology was measured by
monitor during replay from the video recorder at low speed
(see Appendix).

Measurement of cellular spin rate was done by placing
a drop of very dilute cell suspension on the electrode
region, covering with a microscope cover slip, applying the
rotating electric field,. and determining the spin rate by
direct microscopic observation and taping by video cassette
camera. Typically a potential of 2 volts was applied. As
each of the several frequencies was applied, the spin rate
of ten cells of the desired morphological shape was
measured. The mean and standard deviation was calculated.
The five measurements of cell morphologies are: SC, bud-
less single cell; SB, cell with small bud, i.e, a bud
diameter less than 1/5 the mother cell diameter; MB, cell
with a bud diameter between 1/5 and 1/3 the Amother cell
diameter; LB, cell with a bud diameter between 1/3 and 2/3
the mother cell diameter; C.K., cell within or nearly in
the cytokinetic stage, having two etities of closely the
same diameter.

Actual performance of the experiment can be broken

down as follows:



1. Cells or particles are placed in a pre-washed
chamber and covered with cover slip.

2. Power is then applied to four pole circuit and
'balancing' of the circuit is done.

3. The observation of the cell rotation rate is made
by using a stopwatch to time the rotation of the cell.

4. Following the reading, the stopwatch is reset, the
frequency generated is switched to the next desired
frequency and the circuit is rebalanced as in step 2.

5. In this way a series of spin rates versus

frequency measurements are obtained for the CSR spectrum.
Temperature

Cells of Sacchromyces cerevesiae was grown at room

temperature from 1 to 7 days.



CHAPTER III
RESULTS AND DISCUSSION

The results of determining the spin rate of the yeast
cells are shown in Figs. 2 to 7. 1In Figs. 2, 3, 4, 5, and
6 are shown the spectra for each cell stage. The points
are averages of ten determinations on ten different cells
of the same morphological type. The standard deviations
are shown plotted on the graphs and are most often too
small to show. In Fig. 7 are shown the variations of the
spin rates at selected frequencies as a function of the
stages in the cell cycle (see Appendix).

To Dbegin with, we can comment that the effective
dielectric constant of bodies in aqueous media often
display the responses shown diagramatically in Fig. 8. The
several well-known polarization mechanisms (cf. Pohl, 1978,
Chapter 14) usually considered as associated with suspended
particles 1in aqueous media and having ionic double layers:
the '"tight ions'" are more stiffly held, the "loose ions"
move more in a sidewise electric field, the stiffly-held
ions can follow even .high frequency E-field changes;
plasmoidal-type regions: anions bound to chains (Coo~) and
cations chich are loose (H+, Na+, K+) (see Figure 10);

dipoles: negative and positive charges of cells which act
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differently in charged field and from unchanged field (see
Figure 11); and interfacial bulk-bulk interactions (i.e.
Maxwell-Wagner polarizations): polarization of positive
charges from aquaous layer toward the waxy layer of cell
wall and reducing the applied field (see Figure 12) are
pictured és arising in rather localized frequency regions.
With these in mind, we can begin an interpretation of the
observations.

Throughout the low-frequency range (i.e., less than
100kHz) of observations of these live yeast cells, the
cellular spin is opposite to that of the direction of
rotation of the applied electric field. This one can
understand as meaning that the total effective polariz-
ability of the cells is less than that of the supporting
medium, water of low conductivity. In the high-frequency
region, the cell spins in the same direction as the applied
field moves. However, there are statistically significant
variations of the cellular spin rate throughout the entire
range of 3 x 1¢* Hz to 1 x 10° Hz. One can take all this to
mean that various polarization mechanisms of the cells vary
significantly in this frequency range. If in the lower-
frequency range the cells are seen to spin more slowly in
the anti-field direction, this then implies that some
cellular polarization mechanism is increased. In the high-
frequency range, of course, higher spin rates still imply
higher cellular polarization responses, since the cells are

spinning with the field. The spin rate of the cells, then,
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is a measure of the cellular polarization at a particular
frequency.

We suggest the following provisional interpretation of
the results:

a. the spin at 1-10 KHz as due to loosely bound ions
of the outer ionic double layer (Dukhin and Shilov, 1974),

b. the spin at 10 kHz as due mainly to loosely bound

ions on the cell surface, and in the cell wall (plasmoid-
type polarization response) (Einolf and Carstensen) (1971),

c. the spin at 30 KHz as due to tightly held ions of
that outer ionic double layer (Schwarz, 1962), and

d. the spin at 100 KHz as due to the sum of two
overlapping mechanisms, that of the tightly held ions of
the outer double layer of the cell, and that due to
Maxwell-Wagner bulk-bulk polarization. As can be seen the
polarizability of the yeast cells at 100 kHz then remains
quite constant throughout the life cycle (Schwarz 1962),

e. the spin at 300 kHz as due more or less solely to
Maxwell-Wagner polarization. It increases slightly as DNA
doubling takes place, and decreases somewhat as the cell
forms its large daughter cell (Séhwarz 1962),

f. the spin at 1000 kHz as due to the overlapping of
Maxwell-Wagner (M-W) and some higher-frequency-associated
dipolar polafization, such that the total response remains
rather constant throughout the life cycle, except perhaps
in the single cell phase where inner dipole structures such

as DNA, RNA, and large protein molecules are beginning to
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show relaxation polarization (Schwarz‘1962).

Then one can observe that:

a.} The '"loose ion'" and wall-type polarizability 1is
maximal in the single cell and large bud stages.

b. The '"tight ion'" polarizability is minimal in £he
single cell and cytokinetic stages.

c. The M-W polarization varies slowly throughout the
life cycle; it is maximal at or near the small bud (DNA
reproductive) stage, and minimal at the large bud stage.

Said another way: in the single cell (SC) stage, the
loose ion condition dominates, and the tight ion condition
is repressed. In the budding stages, gradual growth of the
tight ion condition occurs until at the cytokinetic stage
this trend is gradually reversed so that the ratio of loose
and the tight ions' contributions approximates that of the
single cell stage. Overall, the polarizability changes
indicate that the ions associated with the ionic double
layers gradually tighten their association with the outer

cell wall during the advance through the cell cycle.
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CHAPTER IV
SUMMARY AND CONCLUSIONS

Individual cells may be made to spin by the
application of alternating electric fields. The spinning of
a given living cell is observed to respond rather sharply
and in a resonant manner at several frequencies, ehnce the
term '"cellular spin resonance" (CSR). The spin rate of
cells 1is linked to several reasons such as type, age and
health of cells. All live cells will rotate counterfield
with exception of very high frequencies which indicates
that polarizability will change because of associated ions
with other 1ionic double layers gradually tighten their
association with the outer cell wall during the advance
through the cell cycle.

The spin rate at 1-10 kHz is due to loosely bound ions
of the otuer ionic double layer. The spin rate at 10 kH is
due to loosely bound ions on the cell surface, ' and in the
cell wall. At 30 kH is due to tightly held ions of outer
ionic double layer. At 100kH is due to the sum of two
overlapping mechanisms, tighly held ions of the outer layer
and Maxwell-Wagner bulk-bulk polarization at 300kH is due
to Maxwell-Wagner polarization and at 1000 kH is due to the

overlapping of Maxwell-Wagner and dipolar polarization.
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Looking Ahead

There is still much to be done with CSR such as: the
effect of chemicals on cells; continual study between CSR
in four pole configuration; difference of cell rotation in
several different pH's; effects with the cell age or life
cycle of between mamilian cells and their oncogenetic
state; effect of different conductants on spin rate of

cell.
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Electrical Aspects of Division Control

in Saccharomyces

SOHEILA HADDAD, J. KENT POLLOCK, WILLIAM T. PHILLITS, and HERBERT A POHL

Foll Concer Reseorch Lebauraiory, 515 Harned Avce., Stillwater, OR 74075

AFSTREACT: Feadily discernable
ctianpes in electrical character take
rlace during the divielon cycle of the
yesst, Saccharomveces cerevisiae. By
uring the technique of cellular spin
rescnance, the electrical pelarizability
of individual) cells can be sren to
change with the life cycle, as
determined by cel) morpholecgy. The
pelarizability changes indicate that
during the advance through the life
cycle, the Jjonic double layers
aseociated with the outer cell uall
gradually tighten.

1IRTRODUCTION

The cell divislion cycle of yeast,
Saccharomvces, has been extensively
stuvdied. (Hartwell et al. 1973; 1974;
Reed, 1980; Pringle and Hartwell, 1981)
The essential physioclogical and morpho-
genic events coxprising cell division
and replication appear to be the result
of processes in several interlocking
pathways. Their organizstion appears to
converge at the outset of the Gt inter-
val, and diverge at ite end. The para-
digm in this organism is that cell div-
ision is controlled at this period 1iu
response to both food limitations and
xating phenomenon stimuvlation. These
different signals can injtiate operation
of a single starting event following
which DRA replication and division pro-
ceeds in 8 manner relstively independent
of externsl events. Reed (1964) enpha-
sizes that duplication of the spindle
pole body best signals the execution of
the “rtarting event™. The spindle pole
body iz the principal microtubule-
organizing organelle of the yeast cell,
and is centrally involved in the organ-
ization of the mitotic apparstus. The
initiation or starting event of such a
new cell division cycle can 2l20 be
monitored morphologically by the emer-
gence of a8 bud (Hartwell, 1972) In the
prerent study of the Saccharomvces

cell cycle we have used the bud emer-

gence and §ts subsecuent growth to mon-
jtor the advance through the cycle.

Previous studies of the electrical
characteristices of Sacchsromveesr
cerevirjse (Pohl and Crane, 1972;
Firchel and Lamprecht, 1962: Mirchel and
Pohl, 1963) showed the rate of rpinzing
in sn spplied electrical fielc to relate
to the colony age and the share of the
cell. The natural electrical o=cill-
ations of the cell, as exhiblted by its
own erlernal electric field, was shoun
to be maximal at or near the “starting
event”™ of divisjion. In the present study
we have focussed on making more prectise
the knowledge of the polarizability
changes of the cell during its cycle.

To follow the polarizadbility of
Individual cells wse use the delicate
technique of cellular spin resonance.
Here the rate of spinning of individual
cells, far renoved from others, is mea-
sured »s a function of the frequency and
intensity of an applied rotating elec-
tric field. The theory for this phen-
onenon in rotating sinusoldally varying
filelds (Mischel and Pohl, 1983; PFobl,
1963a3 Rlock et al., 1984) and in r:lsed
rotating fields (Pohl, 1983b, 19B63c)
has been studied. The rate of epinaning
cf 8 cell (ca. &8 few hertz), normally is
far lers than the rate of the field
rotstion (typically kilo~hertz to wmega-
hertxd. It is readily measured directly
or with the gid of a stroboscope. The
cellular spin rate, urvally measureé in
an squeous medium that is isocosmotic
with the cell but of Jow Jonitc streagth,
can be related to the effective
dielectric constant of the cell. Theory
suggeets that the spin rate is rels-
tively independent of the cell radius
because ©of the concomitant viscous crag
of the medium that is compenesastingly
radiuve dependent, Since the polar-
izabjlity of bodier in aqueous media
varjes strongly with the aprlied fre-
quency of the electric fileld, vreful
spectra can be derived. The sharpness
with which the cellular spinning
responds to the freguency hLae occarsrioned



the term “cellvdar rodn resorance™ (CSR)
1o dercribe the techrigue. The Inter-
Fretation of the 2rectirad rerponrer can
be rade in termse of varjouvs modecuvlar,
interfacial, and racrorclecuvlar mech-
anjsrE,

FEXFERINLRTAL BETHODS

Cells of (Secelererveesr gerevisioe)
Jn refis of low conductivity were pre-
tared Ly centrifuging freshly harvested
cells fror. growth redivn (Difco
Cabcu-svd Liguid Yediur), rejecting the
suvjersate, and diluting the cellr with
Ceiorized vater or relected seldiuvr for
the (¥ study. The condvctivity of the
firsl sve;ersicn vae Létaeen & &nd 9
ricrorho/en. The Cevelcrrent through the
cel) cvcle »as fellcved by melecting the
fcllowing five celdl norjhelogdca) types
for reasurerent: SC, ludlers single
cell; SB, cell with 3 sral) bud, 1. e.,
witk » bud diareter less than 1/5 the
rother cel)l dismeter; MNB, cell with a
tud Ciameter hetreen 175 and 1/3 the
rcther cell diareters LE, cell with &
bvd C¢ianetler Letmeen 172 and 2/3 the
rotrer cell ciareter; CK, cell in or
rearly in the cytolkinetic r£tare, Laving
two entities of closely the sane dia-
neter.
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The CSP clarber v closely sinllar
to that Cescribed carlier (Mixchel €t
31., 19E2) and Incluvded  four plsiinum
electlroCer having shiny spherjcal tirs
with 2 eracing of 200 wn between
t3re scress fror €ach cther. The €dez-
trics) circult, cz;atdle of s7anring the
vseful s5rpe of 10D Kz tc slouvt & hiz,
S2 =hcun in Fig. 1.

Fearurerent of the cellvlar srin
rate w25 rade by rlacing a drop of the
very dilute cel) gurpension onto the
electirode regdon, covering the whole
with & micrcrcope cover =)ip, spplying
the rotating €leciric field, and determ-
Ining the =rin rate by ¢€éirect micro-
scoplec cotservstion. Typicslly 2 poternt-
jal of 2 V p-f wse applied. At esch of
1he severs) {requencies srrlied, the
£pin rster of st least 1en cells of the
derired sovphelogical shape vere mes-
fsured snd averapged, and the sisncaré
deviation waf determined.

RESULTS AND D)SCUSS]IOK

The resulte of cetermining the spin
rste of the yesst cellr are showun in
Figs. 2 and 2. In Fig. 2a-€ aré shosn
the spectra for cach cell siage. The
points are averages of ten determin-
stione on ten different celle of the

FHASE SHIFT CIRCUIT

€,

2K3884

‘)47( L Driver Stage ——O’ ¢

'— Driver Stage [—O, " Driver Stage —O

Priver Stage

vie 415 v, .
Ve 215 V.

Figure 1.



sare morgtologicad tyre. The ptandard
ceviaticns are shcwn pictted on the
grarhe and are reat often too srall to
thow., ln Fig., 2 are shoxn the sarjeticne
of the £53n ratesr 2t relected fre-
quencier aF 2 function of the stsge In
1te c€l) cycle. looled 5t 5n thir form,
1le €545 57€ riert eardd)y drlerpretistle.
Jc legit with, e can tourrent tlat
the effective Crelectric cerrtant of
leCies 3n Frecus: refldz oflern display
the ressomrer shiwn disgranatically in
F:F. 4. The revera) well-knoan polar-
$zz%50r rectarisre tecf. Fohl, 1978,
Ctar. 14) vrially consicered 55 arsroci-

sted with surpended particdes i aGgLEDULE
redis snd tiving Jondc double lzyers,
Flatneldal-type reglons, dipoles, and
irterfaclal bulk-bulk Interactions (§.e.
Yavvell-Wagpner pclarizstions) z:e Fict-
urec af arifing 3n rather Jocalized fre-
SGLency segions. Vith tlhese in mind we
tan Legin an Interjretstion of the
obrervztions.,

Througlout the Jew-freguency range
(S.e., Jess tlan 100 kEz) ©f Clrerv-
alions of these live yesrt cells, the
cellular £pin 38 crpueite to thst of the
direction of rotstion of the arpljied
edectric field. Thie cne can understand

1.59¢
I3
+
<
r .6
2 .
3 * N\
- - H »
- s
< #
= :
T [
e s
3 - e N
©
N o -
s 4 < €
106 TEIPUINCY
b
1.57
)
-
a
r 1.8
Z
o -
- <} /4‘
- r
¢
i 5?
3 -5 N’
]
v
-3.€
3 4 < €
LO0 TRIOUINCY
d

1.%
.
-
[
£ 1.8 /,/,
3 /
- .5 4
- 7
c E:
- g
€ ¢ - —
1
2. . A4
g ~G
< l ‘\\\‘,/
1t P s €
LOL THIGUINCY
&
1.5
e
-
[4
g 1.8
2 ) d’ »
- ;
<
Lo 5
c & 7
[ -4 Fi
y;
K] -
: -.5 .’,—4”_“\~’f
©
-3 P) s €
100 FRIGUINCY
[ 4
1.5
[ Y
>
Qe
e 3.8
:
- .5
>
q
-
c e
| .4
o
Q2 =5
®
0
-1.¢
3

100 TFIQUIHCY

[ 2

Figure 2.

32



CELL 8SPIN RATE

af rzaring that the totald effoactive
Jclarizability of the celds Jr less than
tt ot of the FrLjprorting medium, sater of
Jor counduttivity., 1r the higl-frequency
the c€l) srirne §n tlie same

region,
Clrection ag the arylied field noves.
Feeerver, there a-€ £tat8rtically £ig-

celluvlar srin
renge of 230 x
csn

rarious

the cells
frequency

raficant varisticinr of Lhe
1€ ‘hrovphocut the entire
1¢% Fz te ¢ x 1Ul° Fz. One
ta2}e 311 thise Lo r=an thst
Felerdzstlon nertenisns of
vary sigrificartly ir 4hle
Jf in tte Jcmer-frecuency range

TerEE.
tle tells are secr te spin nmure rlowdly
in the snti-field cdirection, this then

irrlles t¢hot fsorne c2Qlvlar polar-
Yzztscern recharndiern §e dncreased. In the
tipgt-frecuency range, ©f ccurrse, higher
£7ir rites £t31) S¢ply higher cellvlar
Fclardzatlon resjenser, £ince the cells
arec srinning with the field. The zpin
rate of the cellr, then, 3f a nearure of
the celdluvlar polarizztion at & jart-
Jevlar frecuency.

¥e rusgpest Lthe following pro-
vificnal interzretstion ©f the resvits:

300 1

oMW /

# 1000
Vs -
N\, 7/
\\ /7
~. //
©.2} (MAXWELL-WAGNER) 7
©.0 + — - +
(waLL) W0
-0.2 :i}~ -
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sC SB MB LB CK
(SINGLE (SMALL (MEDIUM (LARGE (CYTOKINETIC)
CELL) 8UD) 8UD BUD)

LIFE CYCLE STAGE

Figure 3.
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We »3)])
(z)?

arfurme?
the srin at 1-10 XKz a¢ duve to
Jocsely Lound Sons of the covler
Sonfc drutle dayer (Dukhinp and
Shilov, 1574),
the 25ip 2t 10 LHz a2 due zaindly
to locrely tound Sons on the
cell fsurfscre, and in the cell
»2)) (fFlasrcid-type pelarizstion
resporse) (Fincdf and Carrtensen,
Lthe £rin at 30 YXFz as cdue to
tightly held Sons of 1Lt cuter
Jonic cCrutle dsyer (Schwarz,
1962), and
the erin st 100 F¥Ez 28 due to
Lhe sun ©f two overdarring mech-
anisme, tlat of the tightly held
june of the ovter doublie lsyer
of the cell, and tlat due to
Faxwell-Yagner bulh-bulk jclar-
Jzstion. £ can be reen, the
polarizability of the yeast
celle at 100 LEz then renmsins
quite cor=tant throughout the
Jife cycle.
the rpin st 300 KMz as due zore
or lesr rolely to Farvell-Vagner
polarizstion. It Increaces
£lightly as DNA doubling tsikes
place, and decreasexr romewtst as
the ctell forms $te large daugh-
ter cell,
tbe Erin at 1000 kMz as dur to
the cverlarring of Narwell-
Vagner (I-¥) and rome higher-
frequency-asprocisted dipolar
rolarization, svuch that the
total rezponse rersins rather
constant throughout the life
cycle, except perhaps in the
single cell phase uhere Iinner
dipole structures such as DXa,
RNA, and large protein molecuvles
mre beginning to shox relaxation
polarizstion.
Then one can obrerve thats

(a) The “loore jon” and wall-type

L )

(c?

(g

)
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Y .
5
< % Plrsmoidzl C(Uxll)
c' g Y
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=
q Y Tight ione
N d Ny
- y
& o
§ | S Maxwell-Czoner
K K
N\
al . Tol.
o Zivroles
W
Q
1 1 Al - )
3 4 5 € 7

L0G TREGUEHCY

Figure 4.



polarizability s =axinmnal §inp the

single cell and large bud
stages.

(b)) The “tight ion™ polarizability
is miniral in the single cell
and cytoklnetic stages.

(c) The K-¥W polarjzation varies
slowly throughout the life
cycle; it §s rmaxinsl at or near

the srall bud (DKA reproduvctive)

stage, and mininal at the large
bud stage.
€2id another way: In the single

cell (SC) stage, the Joose ion condition

domlnates, and the tight Scn condition
is repressed. In the budding stages,
gr>2ual growth of the tight fon con-
dition occurs until at the cytokinetic
stsge this trend is gradually reversed

s0 that the ratio of loose and the tight

ions’® contributions approxinates that of
the single cell =tage. Overall, the

polarizability changes indicate that the

ions ass=ociated with the lonic double
layers gradually tighten their associ-
ation with the outer cell w3ll during
the advance through the cell cycle.
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