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Evidence from its temperature dependence
that the p-dielectric dispersion of cell suspensions is not due solely
to the charging of a static membrane capacitance
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Abstract. 7. A survey of the literature indicates that the
apparent capacitance per unit area (C,) of biological
membranes is in general significantly greater than is that
of ‘artificial’ phospholipid (black lipid) membranes
(BLM). It is not possible, by quantitative arguments
alone, to exclude that this simply reflects the idea that
protein-containing biological membranes have a greater
thickness than BLM. 2. The temperature-dependence of
the membrane capacitance for both solvent-containing
and solvent-free BLM is negative. However, where ap-
propriate data are available, it appears that the capaci-
tance of biological membranes has a positive tempera-
ture-dependence, indicating a qualitative difference be-
tween natural and artificial membranes. 3. Using a 4-ter-
minal dielectric spectrometer, and the fitting program
and clectrode polarisation correction described in the
accompanying paper, we have carried out a careful study
of the temperature-dependence of the f-dielectric disper-
sion of a unicellular eukaryote (Saccharomyces cere-
visiae) and a prokaryote (Escherichia coli). 4. In the range
15-40°C, the temperature-dependence of the f-dielectric
dispersion (and thus in principle of C,,) in S. cerevisiae
and E. coli is respectively +0.13 and +0.35% (°C)™".
5. Flow cytometric measurements indicate that the cell
size of E. coli is unchanged in the temperature range
studied. 6. These data strongly suggest that the f-dielec-
tric dispersion in cell suspensions is not due solely to the
charging of a ‘static’ membrane capacitance. It is pro-
posed that the positive temperature coefficient of the
f-dispersion reflects the contribution of temperature-
dependent, partially restricted, lateral motions of the
charged lipid and protein components of the cytoplasmic
membrane.
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Introduction

The passive electrical or dielectric properties of tissues
and of cell suspensions have beens studied since the last
century (Stewart 1899; Hiiber 1910). As reviewed by a
number of authors (Schwan 1957; Geddes and Baker
1967; Grant etal. 1978; Schanne and Ceretti 1978;
Pethig 1979, 1984; Stuchly and Stuchly 1980; Adey 1984;
Chiabrera et al. 1985; Foster and Schwan 1986, 1989;
Kell 1987; Pethig and Kell 1988), it is generally found
that these properties are strongly frequency-dependent,
exhibiting three major dispersions in the range DC-
10'! Hz, known (according to a terminology of Schwan
1957) as the a-, f- and y-dispersions. Our interest is fo-
cussed on the f-dispersion, which occurs typically in the
radio-frequency portion of the electromagnetic spectrum.

As discussed in extenso, for instance by Schwan
(1957); Cole (1972); Schanne and Ceretti (1978); Pethig
(1979); Salter (1979); Schwan and Foster (1980); Stoy
et al. (1982); Zimmermann (1982); Asami et al. (1984);
Kell and Harris (1985); Foster and Schwan (1986, 1989);
Pethig and Kell (1987); Davey et al. (1988); and Taka-
shima (1989); the f-dispersion is normally considered to
arise as a result of the fact that cell suspensions consist of
more-or-less highly conducting interior and exterior
phases separated by a poorly-conducting plasma of cyto-
plasmic membrane. The interfaces of this membrane are
analogous to the plates of an electrical capacitor, so that
the low-frequency-field-induced build-up of charge across
the membrane is observable macroscopically as a large
“static” capacitance between two extracellular electrodes.
From the so-called suspension cquations derived by
Maxwell, and developed for this case by Fricke (1925), it
became possible to calculate the membrane capacitance
per unit area C,,, in uF cm ™2, The experiments of Fricke
(1925) using erythrocyte suspensions led to a value of
some 0.81 pF c¢cm~2, and since the membrane was known
to be lipoidal in nature, with a dielectric permittivity in
the range 310, it was argued from the equation for a slab
dielectric that the membrane must have a thickness in the
range 10— 3 nm, a value consistent with those accepted



268

today. Numerous experiments on a wide variety of bio-
logical cells have led to the view that the biological mem-
brane capacitance is a “constant”, and of the order of
some 1 pF em ™2 (Cole 1972).

Whilst is has proved difficult to measure C,, in whole
cells using microelectrodes (although whole-cell clamp
experiments are possible in large cells (Fernandez et al.
1984; see also Sakmann and Neher 1983, 1984)), the bi-
layer black lipid membrane (Jain 1972; Tien 1974) has
provided a convenient model system for the estimation of
the capacitance of phospholipid bilayers. Such mem-
branes are generally made either by painting a solution in
a hydrocarbon solvent of the lipids of interest over a small
hole in a Teflon® beaker (Muller and Rudin 1968) or by
assembling them from monolayers adsorbed at the air-
water interface (Montal and Mueller 1972) to form so-
called solvent-free bilayers. The convenient geometry of
BLM allows one to measure their capacitance directly
using macroscopic electrodes in the 2 solutions on either
side, and to estimate the permittivity of the different lipid
regions. Since these are in series with each other, the
capacitance is dominated by the lowest capacitance, due
to the hydrocarbon core, and its permittivity &, may be
calculated from the equation for a slab dielectric:

Cm = 8m o (1)

where C,, is the membrane capacitance per unit area, A -

the membrane area, d its thickness and ¢, the permittivity
of free space (=8.854 - 10712 F/m).

The principal findings with BLM are as follows: (a)
comparison of the thickness of the hydrophobic compo-
nent of the membrane and the overall capacitance mea-
sured leads to a value for the permittivity of the hydro-
carbon core of some 2.0-2.2, as expected (Hanai et al.
1964; Tien 1974; Benz et al. 1975; Laver et al. 1984;
Dilger and Benz 1985); (b) BLM have an essentially
“static” (frequency-independent) membrane capacitance
at frequencies low with respect to their charging time
(Hanai etal. 1964, 1965; Everitt and Haydon 1968),
which at the usual conductivities employed is some tens
of microseconds; (¢ a very small dispersion due to inter-
facial layers may be observed at very low frequencies
(<100 Hz; Fettiplace et al. 1971 ; Coster and Smith 1974;
Perez and Wolfe 1989); (d) the presence of solvent in-
creases the membrane thickness and hence decreases its
capacitance from ca. 0.7 to some 0.4 pF cm™? (Hanai
et al. 1964; White and Thompson 1973; Tien 1974; Fetti-
place et al. 1975; White 1978; Coster and Laver 1986;
Mclntosh et al. 1989); (e) as expected for hydrocarbon-
like materials, and neglecting ranges in which phase
transitions occur, it is found that increases in temperature
increase the thickness of BLM, and also the percent
incorporation of organic solvent, both effects thereby
serving to decrease the membrane capacitance by some
(0.3-2% °C~! overall (White 1970, 1975, 1978; Benz
et al. 1975; Coster and Laver 1986).

Following Bangham’s early work (see Bangham
1983), the liposome has also assumed popularity as a
model system for the study of biological membranes. For
a spherical shell suspension consisting of vesicles of ra-
dius r suspended to a volume fraction P, the dielectric

increment (de= g, —&y) for the -dispersion is given
by (e.g. Schwan 1957):

Ae=9PrC,l4¢, (2)

The f-dispersion in small liposomes has been studied
by Schwan et al. (1970) and by Redwood et al. (1972).
Because in these cases r is small, 4¢ was only ca. 1 unit in
many cases, such that the data could be fitted to models
in which ¢, lay anywhere between 3 and 12. However,
using an elegant approach in which a single, macroscopic
(solvent-containing) bilayer sphere could be formed and
measured, a value for C,, of 0.54 pF cm ™2 was obtained
(Asami and Irimajiri 1984).

Of natural membranes, only the squid giant axon has
been much exploited for capacitance measurements using
transmembrane clectrodes. Here, the principal pertinent
findings (Palti and Adelman 1969; Takashima 1976;
Taylor etal. 1977; Almers 1978; Haydon et al. 1980;
Fishman 1985) are (a) that the capacitance is strongly
frequency-dependent, decreasing from some 1.1 uF cm ™2
at low frequencies (say 1 kHz and below) to 0.5 pF cm ™2
or less above 100 kHz; (b) that the frequency-depen-
dence can be greatly decreased by the addition of chan-
nel-blockers such as tetracthylammonium, Cs ™, tetrodo-
toxin etc., so that C,, adopts the lower value more typical
of BLM (suggesting strongly that transmembrane,
voltage-induced ionic currents contribute to the larger
values observed normally); (c) that the portion of the
capacitance associated with ionic conduction is strongly
temperature-dependent, increasing with temperature,
whilst that of the background capacitance is very small
(Palti and Adelman 1969; Keynes and Rojas 1976;
Keynes and Kimura 1983).

As reviewed above, the f-dielectric dispersion of
tissues and of cell suspensions has been measured by
numerous investigators since the time of Fricke, and
analysed using (2), giving values for C,, that are generally
in the range 1-1.5 pF cm™2. When measurements are
made with extracellular electrodes, the field-induced in-
creases in membrane potential are so small as to make it
implausible (in contrast to the case of nerve axons) that
the higher value with respect to BLM is due to the induc-
tion of voltage-gated ion-channels (Pethig and Kell
1987). The question then arises as to what other types of
mechanism can account for these ‘high’ values character-
istic of biological membranes, and we have argued (Kell
1983, 1988 ; Kell and Harris 1985; Pethig and Kell 1987;
Davey and Kell 1989) that the motions of proteins (and
lipids) in biological membranes must contribute both
to the apparent value of C,, and to the large distribu-
tions of dielectric properties commonly observed (and
encapsulated in the Cole-Cole o (Cole and Cole 1941)). It
is to be expected that protein motions, both intramolecu-
lar and in the plane of the membrane, have positive
temperature coefficients, enabling in principle their con-
tribution to the measured C,, to be assessed.

Whilst the temperature-dependence of the BLM
capacitance is negative (see above), that of biological
membranes has been found to be positive, both in the
squid axon (see above) and in a variety of tissues and cell
suspensions summarised in Table 1. In spite of the large



Table 1. A comparison of the temperature-dependence of the capac-
itance of artificial lipid membranes and of natural membranes re-
ported in the literature. Calculations from tabulated data are ob-
tained from (C, — C,)/C, where the subscripts | and h refer to the low
and high ends of the temperature range studied, and are thus de-
signed to minimise the absolute numbers. Citations are restricted to
those in which the full relevant frequency range was measured, or in
which measurements were extrapolated to a suitable “low-frequen-
cy” value using a Cole-Cole type of analysis. It may be observed
that, despite quantitative differences, there is a clear qualitative dif-
ference in that artificial membranes (containing only lipids) invari-
ably have a negative temperature coefficient whilst natural mem-
branes (with one exception) have a positive one. It should be
mentioned that in the one exception (Ballario et al. 1984), the capac-
itance was not measured but was calculated from a theoretical
model. In the study of Adams (1987) measurements were performed
using square pulses

Membrane Solvent dC/dT  Reference
(%/°C)
Pure lipids
Lecithin BLM Hexadecane  —0.02  Fettiplace et al. 1971

Lecithin BLM

(<30 deg C) Hexadecane ca. 0 Coster and Laver
(>30 deg C) Hexadecane  —0.3 1986
Tetradecane  —0.8
+30 mM benzyl Hexadecane ——1.4
alcohol
Oxidised chol- Decane —0.79  White 1970
esterol BLM
GMO BLM Dodecane —0.26  White 1975
Tetradecane  —0.7
GMO BLM Squalene —0.03  White 1978
Asolectin vesicles None <—1 Schwan et al. 1982
Natural
Erythrocyte +0.3 Schwan 1948
Erythrocyte (5-35 deg C) —0.12  Ballario et al. 1984
(15-25 deg C) 0
Chlorella sp. +2 Hope 1956
Squid axon (3-20 deg C) +1.36  Palti and Adelman
(3-40 deg C) +0.65 1969
Brain (dog grey matter) +0.75 Stoy et al. 1982
Brain (dog white matter) +1.52  Stoy etal. 1982
Kidney (dog) +139  Stoyetal 1982
Liver (dog) +0.82  Stoyetal. 1982
Liver (rabbit) +2.17  Stoy etal. 1982
Muscle (dog) +0.85  Stoy etal. 1982
Muscle (rat) +0.89  Stoy etal. 1982
Pancreas (dog) +1.60  Stoy etal. 1982
Spleen {dog) +0.28  Stoy etal. 1982
T lymphocytes +1.28  Surowiec et al. 1986
B lymphocytes +1.24
Lizard skeletal muscle Adams 1987
Sceloporus white +1.9
Diposaurus white +1.3
Dipsosaurus red +1.2

number of instances of a positive temperature coefficient
for the S-dispersion cited in Table 1, it would be naive to
extrapolate these observations to the general case with-
out secking a more rigorous explanation for these find-
ings. The volume fraction of “suspended” cells in tissues
is very high, such that (2) does not apply, and although
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modifications for high volume fractions have been sug-
gested (Hanai et al. 1979), there is no generally accepted
analysis for cells of arbitrary shape (see e.g. Cole 1970;
Foster and Schwan 1989). Thus one should limit one’s
analysis at this stage to cell suspensions with volume frac-
tions <0.2—-0.3. In addition, few studies of tissues have
actually displayed the extent of polarisation, which can be
very substantial in the media characteristic of tissues from
higher organisms (Schwan 1963; Grant et al. 1978).

As discussed in more detail in the accompanying
paper (Davey and Kell 1990 b), many if not most biolog-
ical systems possess overlapping dielectric dispersions,
and it is necessary to be sure that one is considering only
the f-dispersion when trying to analyse it. The relaxation
time 7 for the S-dispersion of a suspension of spherical
shells depends upon the internal (o;) and external (o)
conductivities and the cell radius r, according to the rela-
tion:

t=r-C,[1/0)+1/2a)] )

Thus increases in temperature cause increases in con-
ductivity which shift the characteristic frequency (and
thus the capacitance at a fixed frequency) to higher values,
although the magnitude of the dielectric dispersion is not
affected by conductivity per se. In other words, it is the
entire dielectric dispersion A¢ which must be considered,
and not merely the permittivity at a given frequency, since
if Ae is not measured, this could lead to an artefactual
assessment of a positive temperature coefficient for C,,
because the temperature-dependent increases in conduc-
tivity would recessarily drive one towards the plateau
region at the low-frequency end of the p-dispersion (or
even into the o-dispersion). Further, measurements are
invariably corrupted, to some degree, by the presence of
electrode polarisation artefacts, for which correction
must be made (see Kell 1987). Therefore in analysing
dielectric data of the type of present interest a fitting
procedure is necessary by which to obtain Ae. In the
present work we have made use of the fitting program
described in the accompanying paper (Davey et al. 1990).
It should be noted that this program makes fits only to
the Cole-Cole equations, which are empirical, embodying
a putative distribution of relaxation times in a single
parameter, the Cole-Cole a (and many distribution may
be fitted to the same data (Schwan 1957; Foster and
Schwan 1989)). Whilst more physically based analyses
are available (Dissado and Hill 1983; Hill and Jonscher
1983; Jonscher 1983), our interest here is only in obtain-
ing the magnitude of Ae, for which the Cole-Cole fitting
procedure is quite suitable.

Finally, it follows from (2) that the dielectric incre-
ment of a cell suspension depends on the cell radius.
Temperature-dependent changes in the cell radius would
lead to positive or negative temperature coefficients of e
as appropriate, simply due to changes in cell size (and its
distribution), much as in the case of BLM. If the causes
of the S-dispersion are to be clarified, it is clearly neces-
sary to take cell size into account. For the same reason,
the organism to be studied should be free of membrane
invaginations, which can contribute greatly to the appar-
ent value of C,, (Davey et al. 1988).
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For these reasons, we have carried out a careful study
of the temperature-dependent dielectric increment of the
p-dispersion of a prokaryotic and a eukaryotic micro-
organism in suspension at volume fractions less than 0.2,
fitting the data according to the procedure of Davey et al.
(1990) so as to extract Ae, and where possible measuring
the temperature-dependent cell sizes by flow cytometry.
In no case do we find evidence for a negative temperature
dependence of Ae for the S-dispersion, but rather for a
moderately significant positive temperature-dependence.
We conclude from this that the p-dielectric dispersion is
not due solely to the charging of a ‘static’ membrane
capacitance but must also contain contributions from the
(temperature-dependent) internal and lateral field-in-
duced motions of membrane components.

Materials and methods
Source, maintenance, growth and preparation of organisms

Saccharomyces cerevisiae was obtained locally as a cell
paste and stored at 4°C until required. The paste was
slurried in 40 mM KH,PO, to a concentration of ca.
300 mg wet weight ml™t. Escherichia coli K12 strain
C600 from the laboratory collection was maintained on
glucose nutrient agar, and resuscitated in R broth (10 g
tryptone, 1 g yeast extract, 5g NaCl, 1 g glucose per
litre). A 0.5 ml sample of this culture was inoculated into
2-10 1 of R broth or of modified medium M9 (contain-
ing per litre: Na,HPO, 6 g, KH,PO, 3 g, NaCl 0.5g,
NH,Cl 1g, glucose 2g, MgSO, 1mmol, CaCl,
0.1 mmol, threonine 20 mg, leucine 20 mg, thiamine
20 mg). Following overnight aerobic culture to late loga-
rithmic phase, cells were harvested by centrifugation,
washed and resuspended in 40 mM KH,PO, pH 4 at a
concentration in the range 50—150 mg dry weight ml™*.
All experiments were carried out within 5 h of the prepa-~
ration of the washed cell suspensions.

Dielectric measurements were performed using a Bug-
meter (Aber Instruments, Aberystwyth Science Park,
Cefn Llan, Aberystwyth, Dyfed SY23 3AH, U.K.). This
is a 4-terminal instrument (Harris et al. 1987) which pro-
vides sensitive and accurate measurements of capacitance
and conductance in lossy media in the frequency range
0.1-10 MHz, with a minimum contribution from elec-
trode polarisation phenomena. The electrodes consisted
of 4 coplanar stainless steel or gold-plated pins. The
temperature of the contents of the reaction cell was con-
trolled via a water jacket or by circulating hot air, and in
some cases was monitored using an AD590K H tempera-
ture sensor (RS components, Uxbridge, Middlesex). The
measurement of electrode polarisation was carried out in
the same media in which the cells were suspended, adjust-
ed so as to give the same conductivity at 100 kHz as that
of the relevant cell suspension. Dielectric data, corrected
for electrode polarisation, were analysed as described
(Davey and Kell 1990b).

Flow cytometry was carried out using a Skatron Ar-
gus instrument (Skatron Ltd, P.O. Box 34, Newmarket,
Suffolk, U.K.). This instrument, based on the design of

Steen (1983, 1986; sce also Skarstad et al. 1985) allows
one to measure the cell size and its distribution by for-
ward light scatter. The instrument was calibrated using
latex beads (Sigma, Poole, Dorset U.K. and Dyno Parti-
cles A/S, Lillestrom, Norway) of known diameter (C.V.
<2%). Cells were removed from the dielectric chamber
and added at a final concentration of 25 mg ml ™! to 25%
glutaraldehyde. Under these conditions their flow cyto-
metric properties remained stable for many days. They
were analysed in the Skatron Argus at a concentration of
approx. 5-10% ml~! using a PMT voltage of 470 V.

Results

Figure 1 shows a typical dielectric spectrum at 30°C of a
suspension of S. cerevisiae (300 mg wet wt=100 mg dry
weight ml~1) as used in the present work, corrected for
the small amount of electrode polarisation found, and the
best fit of the data to a single (§-) dispersion carried out
using the spreadsheet program described in the accompa-
nying paper (Davey et al. 1990). The overall fit in this
case is to better than 0.6%, and in every case is to better
than 1%, the dielectric parameters being: 4s=790, char-
acteristic frequency ( f,)=3.0 MHz, Cole-Cole a=0.075.
Changing the estimated dielectric increment by as little
as 5 permittivity units, the characteristic frequency by
0.1 MHz, or the Cole « by 0.025 led to nearly a doubling
in the percent error of the fit, indicating the accuracy
achievable with the present method. It is also clear from
Fig. 1 that whilst the frequency range available to us
permitted us to reach the low-frequency plateau of the
f-dispersion, the high-frequency plateau was not
reached. Since it is the dielectric increment in which we
are interested, the importance of the fitting procedure is
evident. The dielectric increment of ca. 8 permittivity
units (mg dry wt/ml)~! is in line with those observed
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Fig. 1. Dielectric properties of S. cerevisiae. A suspension of S. cere-
visiae (100 mg dry wt - mi~!) was prepared, and its dielectric be-
haviour assessed, corrected for electrode polarisation and fitted to
the Cole-Cole equation, as described in the Materials and Methods
section. The temperature was 30°C. o: data. ——: fit
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Fig. 2. Effect of temperature on the dielectric increment of suspen-
sions of S. cerevisiae. Dielectric measurements were performed as
described in the legend to Fig. 1, except that the temperature was
varied as indicated. The full line indicates the best fit by linear
regression to the data obtained, whilst the dotted lines indicate the
changes to be expected if the dielectric increment changed by +1%
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Fig. 3. Effect of temperature on the characteristic frequency of the
B-dielectric dispersion of S. cerevisiae. Data were obtained exactly as
described in the legend to Figs. 1 and 2

previously by us (Harris and Kell 1983; Harris et al.
1987) and others (Asami et al. 1980).

When the experiment of Fig. 1 was repeated using
batches of the same suspension of cells at different tem-
peratures, the dielectric increments observed varied as
shown in Fig. 2. Figure 2 also gives the line of best fit of
these data to a straight line together with a plot of the
lines corresponding to values (taken through the
mid-point of the range of observation) of d (4¢)/dT of
+1% (°C)~ 1. It is evident that there is a small positive
correlation between the dielectric increment and the tem-
perature for the S-dispersion of S. cerevisiae, of in this
case +0.07% (°C)~*. Over 4 separate experiments, we
obtained an overall value of d (4¢)/dT of +0.13+0.08%
(°C)™! (mean+SD).
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Fig. 4A, B. Dielectric properties of E. coli. A suspension of E. coli
(106 mg dry wt - ml~!) was prepared, and its dielectric behaviour
assessed, as described in the Materials and Methods section. A Raw
data. This shows the data obtained with the suspension (o), a “polar-
isation control” consisting of a solution of the same low-frequency
conductivity (¢), and their difference ( ). B Fitted data. This
shows the dielectric dispersion due to the cells alone (from A) (o) and
the fit used to obtain the dielectric increment (——)

o

The value of obtaining the overall dielectric increment
is further substantiated when we plot the characteristic
frequencies observed as a function of temperature
(Fig. 3), where it may be observed that f, is essentially
linear with temperature, as may be expected from the
temperature-dependent increase in conductivity of ionic
solutions. Thus measuring d (d4¢)/dT at but a single fre-
quency would lead to the appearance of an artefactually
positive value, simply because of the temperature-depen-
dent change in f,.

Because the temperature coefficient of the dielectric
increment of S. cerevisiae was rather modest, we could
not exclude that in this case it might be due to a small
temperature-dependent increase in cell radius (see 2). If
this were the sole cause of the observations, it would
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Fig. 5. Effect of temperature on the dielectric increment of suspen-
sions of E. coli. Dielectric measurements were performed as de-
scribed in the legend to Fig. 4, except that the temperature was
varied as indicated. The full line indicates the best fit by linear
regression to the data obtained, whilst the dotted lines indicate the
changes to be expected if the dielectric increment changed by +1%
(°C)™%, taken around the mid-point of the range of observations

escape detection by our flow cytometer, since percentage
changes of this magnitude are at the limit of detection of
the instrument, corresponding to +1-2 channels over
the temperature range studied. We therefore turned our
attention to Escherichia coli.

Figure 4 A shows a dielectric spectrum of a suspension
of E. coli cells (106 mg dry weight ml ™) at 25 °C, together
with the polarisation control. Due to cell leakage and
endogenous metabolism (which in contrast to S. cere-
visiae causes an increase in the low-frequency conductivi-
ty (Firstenberg-Eden and Eden 1984)), the low-frequency
conductivity is in this case some 8 mS ¢cm™?, greatly in-
creasing the extent of electrode polarisation, which is also
displayed in Fig. 4A. However, as may be observed in
Fig. 4B, the fitting routine allows an accurate correction
for electrode polarisation except at the 2 lowest frequen-
cies of measurement. The dielectric parameters for this
experiment are: Ae=525, f.=3.4 MHz, Cole-Cole a=
0.28. Relative to S. cerevisiae, and much as observed by
Asami et al. (1980), the lower dielectric increment of ca. 5
permittivity units (mg dry wt)~! - ml follows from (2),
whilst the significantly higher Cole-Cole o seems to be a
feature of all bacteria studied (Harris and Kell 1985b).

When the experiment of Fig. 4 was repeated on batch-
es of the same cell suspension, the data displayed in Fig. 5
were obtained. The best fit to the data gives a slope of
+0.4% (°C)™! for the temperature-dependence of the
dielectric increment of the f-dispersion of E. coli. From 4
separate experiments we obtained a value of 0.35+0.19%
(°C)~! (mean= SD). The characteristic frequency of the
p-dispersion for E.coli is greater than that for
S. cerevisiae, both because of the greater conductivities
and of the smaller cell radius. The temperature-depen-
dence of the characteristic frequency of the f-dispersion
of E. coli is shown in Fig. 6. As with S. cerevisiae, f, in-
creases linearly with temperature over the range studied.
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Fig. 6. Effect of temperature on the characteristic frequency of the
p-dielectric dispersion of E. coli. Data were obtained exactly as de-
scribed in the legend to Figs. 5 and 6
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Fig. 7A, B. Effect of temperature on the cell size distribution of
E. coli. Samples were taken from the dielectric cell, treated with
glutaraldehyde and analysed by flow cytometry as described in the
Materials and Methods section. The shoulder between channel
numbers 1 and 10 is an artefact due to the presence of very small
impurities in the sheath fluid of the flow cytometer. A Sample taken
at 15°C. B Sample taken at 40°C

To clarify whether the positive temperature coefficient
of the dielectric increment for the f-dispersion of E. coli is
due to changes in cell size, we studied the temperature-
dependence of the cell size of our suspensions by flow
cytometry. Figure 7 shows the flow cytometric forward-
light-scattering data obtained with cells at the extremes of
temperature of the range studied, viz. 15°C (Fig. 7A) and
40°C (Fig. 7B). It may be observed that the change is cell
size is negligible over the 25 °C range encompassed. Thus
changes in cell size are not the cause of the positive tem-
perature coefficient for the f-dispersion of E. coli.



Discussion

It is now well recognised that the S-dielectric dispersion
of biological tissues and cell suspensions is dominated by
the electrical charging of the molecularly thin membranes
surrounding biological cells. Since the work of Fricke
(1925), it has been possible to estimate the capacitance of
this plasma or cytoplasmic membrane, and a value of ca.
1 uF cm ™2 has become widely accepted (Cole 1972). By
contrast, studies with black lipid membranes have consis-
tently given a value that may be less than one half of this
(when organic solvents are present) and at all events cer-
tainly lower than this (when they are not). It is possible to
argue on a quantitative basis that this difference simply
reflects the existence of proteins in biomembranes (where
they may take up volume fractions of 75% and arca
fractions as great as 50% (Hackenbrock 1981; Kell and
Westerhoff 1985)). However, where measurements have
been made, it is found that neither the existence of water-
filled pores (Weaver et al. 1984; Pethig and Kell 1987), nor
the (hydrophobic core of) integral, polytopic membrane
proteins (Casadio etal. 1988) could account for the
greater value of C,, obtained with biological membranes.

Whilst quantitative differences in C,, might perhaps be
ascribable to a greater thickness of biological than artifi-
cial membranes (Fettiplace et al. 1971), we have noticed
(Table 1), stimulated by the article of Muller (1985), that
there exists a qualitative difference that can not be so
explained: namely, that artificial (pure lipid) bilayer mem-
branes have a negative temperature coefficient but that
that of natural biological membranes is positive. The for-
mer case is to be explained as follows: most substances
(including water at temperatures above 4 °C) expand on
heating, and thus contain fewer dipoles per unit volume
which can contribute to the dielectric increment for a
dispersion of the Debye (1929) type (Hasted 1973). Simi-
larly, BLM become thicker, both naturally and by the
incorporation of more organic solvent if present, and thus
have a decreased value of C,,, as the temperature is in-
creased. Independent measurements of the thickness of
plasma membranes in cell suspensions and tissues are
essentially impossible. However, especially given that
they do not change their membrane area by incorporat-
ing preformed vesicles, as can some higher eukaryotes
(Glaser and Donath 1988), prokaryotes cannot increase
their cell radius (and membrane area) without decreasing
their membrane thickness. Whilst temperature-depen-
dent decreases in membrane thickness in prokaryotes
would cause a positive temperature-dependence of C,,,
this type of mechanism would invariably lead to increases
in cell radius, which are measurable.

Thus, the purpose of the present work was to enquire
more closely than has previously been possible into the
causes of the ‘high’ value of the C,, of biological mem-
branes, via a careful assessment of the temperature depen-
dence of the magnitude of the f-dispersion of two micro-
organisms. Although these effects are relatively modest.
This was possible because we have developed a con-
venient fitting procedure for the deconvolution of dielec-
tric data, and its correction for electrode polarisation
phenomena (Davey et al. 1990).
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When these measurements were carried out on
suspensions of S. cerevisiae, we found a small positive
temperature coefficient for the pf-dispersion of some
0.1340.08% (°C)™! (mean +SD), although we were un-
able in this case absolutely to exclude a contribution to
this from changes in cell size (and/or its distribution) since
the overall change under our conditions would have
equated to 1 light-scattering channel on our flow cytome-
ter, the system noise.

When similar measurements were carried out on sus-
pensions of E. coli, however, the temperature coefficient
of the p-dispersion was much greater, viz. 0.35+0.19%
(°C)"! (mean + SD). Measurements of the cell size distri-
bution at different temperatures showed that changes in
this were negligibly small, and certainly far too small to
account for a change in dielectric increment of nearly 9%
over the temperature range studied. It is also worth point-
ing out that the cell size distribution per se was far too
small to account for the large values of the Cole-Cole o
observed both herein and in other prokaryotes (see also
Pauly 1963, Kell and Harris 1985a, b).

How then can one account for the positive tempera-
ture coefficient of the f-dispersion of prokaryotes? It is
well known that temperature can increase the polarisabil-
ity (Gascoyne et al. 1981; Careri et al. 1986) and flexibility
(Welch et al. 1982; Finney and Poole 1984; Somogyi et al.
1982) of proteins, as well as the mobility of proteins in
biological membranes {¢.g. Webb et al. 1981; McCloskey
and Poo 1984). Certainly electric fields can cause the
lateral motions of membrane-located proteins (Jaffe 1977
Sowers and Hackenbrock 1981; Poo 1981 ; Chiabrera and
Rodan 1984), and thus permit one to measure them (Kell
1983; Kell and Harris 1985a, b; Pethig and Kell 1987).
Thus a temperature-dependent increase in C,, is best
viewed as a temperature-dependent change in the extent
to which lipids and proteins can diffuse in the plane of the
cytoplasmic membrane. This explanation would not be
tenable were lipids and proteins free to diffuse rapidly and
randomly throughout the plane of the membrane over the
range of temperatures encountered, at their viscosity-
constrained rates. However, from what is known of this
matter, it indeed turns out that they are not (Kaprelyants
1982, 1988; Kell 1984, 1986) although the molecular
mechanisms underlying this restriction on motion, espe-
cially in prokaryotes, have yet to be clarified.

Based in part upon the effects of cross-linking
reagents, we have argued elsewhere (Kell 1983, 1988;
Harris and Kell 1985; Kell and Harris 1985 a, b; Symons
et al. 1986; Pethig and Kell 1987) that natural and field-
induced motions of membrane components must con-
tribute to the f-dispersion of cell suspensions. Because of
the relative distances involved, the dielectric observability
of lateral motions is expected to be much greater than
that of rotational ones (Kell and Harris 1985 a). Similarly,
Uhlendorf (1984) has indicated that the contamination of
liposomes by fatty acids, and the lateral diffusion of these
molecules, can contribute to dielectric relaxations. (In our
earlier work, changes in the aqueous viscosity had sur-
prisingly large effects on the dielectric behaviour. How-
ever, we were not aware of the papers of Hughes et al.
(1981, 1982), who had shown that the relative sensitivity
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of the lateral mobility of membrane proteins to the
‘aqueous’ “viscosity” is greatly increased if they protrude
from the membrane ‘surface’, and it has since been shown
that the viscosity of the bacterial periplasm is very much
greater than had been suspected, ca. 1 Pa - s (Brass 1986;
Brass et al. 1986). Given that (in contrast to liposomes
made of single lipids) natural membranes exhibit no sharp
gel-to-liquid phase transition {e.g. Casal and Mantsch
1984; Devaux and Seigneuret 1985), but a broad distribu-
tion of temperature-dependent heat capacity changes (e.g.
Nagle 1980; McElhaney 1982), we suggest that the
simplest explanation of the present data is that they
reflect a contribution to the S-dispersion of a tempera-
ture-dependent, restricted lateral mobility of the compo-
nents of the microbial cytoplasmic membrane. This
would serve simply to explain the high values of the
Cole-Cole o observed in the f-dispersion of the pro-
karyotic cytoplasmic membranes (with their high
protein : lipid ratio). Further experiments using purified,
reconstituted systems, should help fully to clarify this
mechanism.
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