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ABSTRACT Electron spin resonance was used to measure
the diffusion of a small (M, 170) spin label in the aqueous cyto-
plasm of mammalian cells. Translational and rotational mo-
tion were determined from the same spectra. Based on mea-
surements made in model systems, it was hypothesized that
calculations of the apparent viscosity from either rotational or
translational motion would distinguish between the effects of
cytoplasmic viscosity or cytoplasmic structure on diffusion.
The diffusion coefficient calculated from spin label collision
frequency, averaged 3.3 x 10~% cm?/sec in several cell lines. It
was greater in growing cells and in cells treated with cytocha-
lasin B than in quiescent cells. The viscosity of the cytoplasm
calculated from the translational diffusion coefficient or the
rotational correlation time was 2.0-3.0 centipoise (1 P = 0.1
Pa-sec), about 2-3 times that of the spin label in water. There-
fore, over the dimensions measured by the technique, 50-100
A, solvent viscosity appears to be the major determinant of
particle movement in cells under physiological conditions.
However, when cells were subjected to hypertonic conditions,
the translational motion decreased by 67 %, while the rotation-
al motion changed less than 20%. These data suggested that
the decrease in cell volume under hypertonic conditions was
accompanied by an increase in cytoplasmic barriers and a de-
crease in the spacing between existing components. In addi-
tion, a comparison of reported values for diffusion of a variety
of molecules in water and in cells indicates that cytoplasmic
structure plays an important role in the diffusion of proteins
such as bovine serum albumin.

Movement in cell cytoplasm has been a topic of investigation
since early observations of cytoplasmic streaming. The
study of movement has been intimately associated with a
study of the structure of the cytoplasm. As the use of trans-
mission and high-voltage electron microscopes revealed a

complex and ordered structure, theories about how mole--

cules move within the cytoplasm have had to be modified to
take this structure into account.

Over the years various approaches have been taken to
measure the movement of large probes placed into cells by
phagocytosis or by microinjection. For example, Crick and
Hughes (1) examined the cytoplasm of fibroblasts that had
phagocytized iron filings. Others have used radiolabeled
molecules to measure diffusion in oocytes, muscle fibers, or
axons (2-6). More recently, the techniques of microinjection
and of fluorescence recovery after photobleaching have
been combined to estimate the translational diffusion of pro-
teins such as bovine serum albumin in cell cytoplasm (7, 8).

ESR techniques have been used to measure the rotational
diffusion of small probes in cytoplasm (9). The rotational
correlation time, 7., of the spin label is closely related to
local cytoplasmic viscosity. However, the translational mo-
tion also can be calculated from the same spectra when an
appropriate concentration range of spin label is used. In this
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study we used ESR to calculate the translational diffusion
coefficient, D, of a small probe in mammalian cells. We had
previously shown (10, 11), using a model system, that the
presence of barriers can affect translational motion more
than rotational motion; the apparent viscosity, 7, calculated
from spin label collision frequency is greater than that calcu-
lated from rotational motion parameters. Therefore, a com-
parison of translational and rotational diffusion was used in
the present study to try to detect the presence of barriers
within distances of =~50-100 A. Additionally by comparing
these data with that presented in the literature for the D of
other molecules in aqueous solutions and in cells, we have
further estimated the relative roles of viscosity and barriers
in controling movement in the cytoplasm.

MATERIALS AND METHODS

Cells. Swiss 3T3 and simian virus 40 (SV40)-transformed
Swiss 3T3 cells were used for most experiments. Two clones
of BALB/c 3T3, two clones of SV40-transformed BALB/c
3T3, a clone of methylcholanthrene (MCA)-transformed
BALB/c 3T3, and BHK cells were also tested. Stock cul-
tures were maintained at low cell density in Dulbecco’s mod-
ified Eagle’s medium containing 10% fetal bovine serum,
penicillin (100 units/ml), and streptomycin (10 mg/ml). To
obtain quiescent cultures, 3T3 cells were grown to con-
fluency in medium with 5% serum. Cells in G, phase were
obtained by changing the medium to one containing 10% se-
rum and waiting 12-16 hr. “Growing cells” were in exponen-
tial growth phase. Transformed cells were always growing
and were used at the same density as the untransformed cells
on the day of the experiment.

Spin Labeling Procedure. The technique for labeling of
cells with spin label has been described (11). In most experi-
ments, the spin label 2,2,5,5-tetramethyl-3-methanolpyrro-
line-N-oxyl, designated PCAOL, was used. Where indicat-
ed, deuterated 2,2,6,6-tetramethylpiperidine-N-oxyl, desig-
nated tempone, was the spin label. NiCl, was used to quench
extracellular spin label signal. This treatment was not toxic
to the cells (11). Measurements were taken at four concen-
trations of spin label between 3 and 40 mM.

The change in midfield linewidth (AH) of the ESR signal
was plotted vs. spin label concentration. The D was deter-
mined from the slope of this line by using the equation: D =
KAH/M.

AH is the concentration-dependent linewidth component
contributed by the spin label and is calculated from AHy —
AH,;,, Wwhere AH)y is the linewidth at a given molar concen-
tration of spin label and AHp,, is the minimum linewidth of a
very dilute spin label solution. M is the molarity of the spin
label and K is a constant of proportionality relating spin label
collision frequency with molar concentration (12).

Abbreviations: MCA, methylcholanthrene; SV40, simian virus 40.
*Present address: Laboratory of Molecular Carcinogenesis, Nation-
al Cancer Institute, National Institutes of Health, Bethesda, MD
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The spin label molecules were synthesized in our labora-
tory (13). Other compounds were reagent grade.

RESULTS

In order to measure changes in line broadening (AH),
PCAOL was added to cells at several concentrations. 7, was
calculated from the same spectra at the lowest spin label
concentration, usually 3-4 mM. The change in AH with spin
label concentration was about 50% less in cells than in water
(Fig. 1). An average D of 3.9 = 0.2 X 107% cm?/sec was
calculated for PCAOL in G,-phase cells and 3.4 + 0.4 x 107¢
cm?/sec for quiescent cells. The 7. values (=0.9 x 1071% sec)
were =~2.5 times higher in cells than in water, corresponding
to a 40% decrease in the diffusion coefficient calculated
from rotational motion.

The same experiment was repeated with several lines of
cells in a quiescent or growing state or with cells transformed
by SV40 or MCA. The average value of D for all of the cells
was 3.3 X 107® cm?/sec (Table 1). In general, this value did
not vary greatly among the different clones or with growth
parameters. More specifically, however, when quiescent
Swiss 3T3 cells were compared with Swiss 3T3 cells in G;
phase in the same experiment, there was a small but repro-
ducible difference in D between the two cultures (Fig. 1). In
five separate experiments, we saw that the D of PCAOL in
the G;-phase cells was always greater than that in quiescent
cells.

The SV40-transformed cells showed little difference in dif-
fusion parameters on average compared with their nontrans-
formed counterparts, although in paired experiments differ-
ences in D were seen (11). BALB/c 3T3 cells, whether qui-
escent, growing, or transformed by MCA or SV40, all
showed approximately the same values of D (Table 1).

Several experiments were done to determine if the move-
ment of spin label could be varied by changing the cytoplas-
mic structure with trypsin (0.25%), colcemid (1 uM), or
vinblastin (1 uM). There was no consistent change in AH

20F HZO 4
o A4
ol .,I / -
= ’,’l/ Go .
S F © 7/ .
b = ’,' /‘
1of /')/ h
I ,”'//
;’//
7 }
L /g~ ]
o 5 10 15 20 215
PCAOL, mM

FiG. 1. Diffusion of PCAOL in 3T3 cells. Quiescent or serum-
stimulated cultures of 3T3 cells were labeled with PCAOL at the
concentrations shown. The results of one experiment are shown.
This experiment was repeated five times with similar results. The
line broadening (AH) in gauss (0.1 G = mT) of PCAOL in water is
given as a reference. o, PCAOL in quiescent G, cells: D = 3.4 x
107° cm?/sec, 7. = 0.97 X 10~'° sec; ®, PCAOL in serum-stimulated
G, cells: D =3.9 X 107° cm?/sec, 7. = 0.90 x 10~ sec; —, PCAOL
in water: D = 6.4 x 107® cm?/sec, 7. = 0.36 x 107 sec.
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Table 1. Diffusion of PCAOL in several mammalian cell lines

D x 10°,
Cell line n cm?/sec® Viscosity,* cP
Swiss 3T3 (Q) 3 3.4 +04 2.0
Swiss 3T3 (S) S 34+0.5 2.0
Swiss SV40 3T3 (G) 7 3.2+04 2.1
BALB/c 3T3t (Q) 3 3402 2.0
BALB/c SV40 (G) 3 32+04 2.1
BALB/c MCA 3T3 (G) 1 3503 1.9
BALB/c 3T3t (Q) 1 3.3 +03 2.1
BALB/c SV40 3T3 (G) 1 2213 3.1
BHK (G) 5 3.6 0.3 1.8

PCAOL was added to cells and D was calculated from AH. The
value shown is the average D = SD cdlculated for the number of
experiments indicated. The . for all the cells was approximately
0.90 X 1071 sec. Q, quiescent; S, serum stimulated; G, growing; n,
number of experiments.

kT
6mrD - f/fo’

fClone of BALB/c; gift from R. Scott, Univ. Minn.
Clone of BALB/c; gift of P. Beall, Baylor Univ.

*Calculated from Stokes-Einstein equation: n =

with these three treatments (data not shown). However,
treatment of cells with cytochalasin B allowed the PCAOL
to diffuse more rapidly (Fig. 2). There was an =~20% increase
in the translational and rotational diffusion of PCAOL in the
cytochalasin B-treated cells compared with untreated con-
trol cells. Similar results were seen when SV40-transformed
3T3 and BHK cells were treated in the same way. There was
a consistent increase in the diffusion of PCAOL with cyto-
chalasin B treatment when values were compared within the
same experiment.

The greatest changes in D were seen when cells were sub-
jected to hypertonic conditions (Fig. 3). As the volume of
cells in the highest salt solution decreased by a factor of =2,
D decreased by =4, probably because the aqueous volume
decreased more than the whole-cell volume. In contrast to
the change in D, 1. decreased by only =20%. When the ap-
parent viscosities calculated from spin label collision fre-
quency and from rotational motion (7.) were plotted vs. cell

2.0F 4
! H,0 ) .
/ a
! 8 g /]
4
i S a7/ -
L X / Go
(L] B // / .
T of " .
o 74
= / -
/////
L ’7 ]
(P
- ‘/ -
l 1 1 1 1
0 5 10 15 20 25
PCAOL, mM

Fi16.2. Diffusion of PCAOL in cells treated with cytochalasin B.
Quiescent cultures of Swiss 3T3 cells were treated with cytochalasin
B (5 pg/ml in 0.4% dimethy] sulfoxide) for 5 hr at 37°C before being
prepared for spin labeling. Dimethyl sulfoxide alone had no effect on
AH. a, Untreated; m, cytochalasin B (CB); —, water.



3416 Cell Biology: Mastro et al.

mosmol x 1072

6 5 4 3

) ) L L] T L] T
10} -
(J
8 -
Q. - -
° °
>
: 6- -
o | . i
(8]
a
> 4} -
L ° 4
¢r -%00----. Q0 - O--
L 1 i
| 2 3

VOLUME PER CELL,um x10™3

FiG. 3. Apparent viscosities of cells under hypertonic condi-
tions. BHK cells were labeled with deuterated tempone. NiCl, (75
mM) and increasing concentrations of KCl were added to increase
the hypertonicity of the medium. The osmotic pressure ranged from
290 to 550 milliosmoles (mosmol). Spin label was used at 10 mM to
measure D and at 1 mM to measure 7.. The 7. for deuterated tem-
pone is smaller than for PCAOL, but the values of each are propor-
tional in cells compared with water. At 290 mosmol, D = 2.3 x 107¢
cm?/sec and 7. = 0.57 x 1072 sec; at 550 mosmol, D = 6.7 x 1076
cm?/sec and 7. = 0.68 x 1079 sec. Volumies of cells were calculated
from the data of Raaphorst and Kruv (14). Viscosities were calculat-
ed from the Stokes-Einstein equation, n = kT/(6wrD-f/f.). ®, 7 cal-
culated from D; O, n calculated from 7.

volume, this difference was clear (Fig. 3). The apparent vis-
cosity from D decreased 4-fold, whereas the apparent vis-
cosity calculated from 7. changed little. This difference sug-
gests that the longer-range translational motion represented
by D was impeded by barriers rather than by an increase in
the local fluid viscosity as the cell volume decreased. This
finding of a change in D without a change in 7 is similar to
that seen when spin label was trapped in porous beads (10).

For comparison, we also measured D for PCAOL in aque-
ous solutions of 10% protein. D changed by 20% or less com-
pared with that in water alone (Table 2).

DISCUSSION

We have used ESR to calculate the D of a small molecule in
the aqueous cytoplasm of several mammalian cell lines. The

Table 2. Diffusion of PCAOL in aqueous solutions of protein

D x 10°
Protein M, x 107> cm?/sec  Viscosity, cP
None 640 1.1
Cytochrome ¢ 12.4 6.0 = 0.2 1.1
RNase 13.7 56 04 1.2
Lysozyme 14.4 5.6 0.4 1.2
Bovine serum albumin 68.0 5.4 +0.5 1.3

PCAOL was added to solutions of protein (10% wt/vol) in water.
PCAOL was used at 14, 20, 27, and 33 mM final concentration. D
was calculated from the AH values at each concentration. The aver-
age D + SD is given.

Proc. Natl. Acad. Sci. USA 81 (1984)

D for PCAOL, the spin label probe, was about 3.3 x 1076
cm?/sec. This is about half of the D for PCAOL in bulk wa-
ter measured by ESR. If the decrease in D is due to an in-
crease in the viscosity of cytoplasm compared with water,
then from a consideration of the D of PCAOL in aqueous
sucrose solutions (11), the viscosity of cytoplasm corre-
sponds to that of a solution of 15% sucrose, about 2.0 cP (1 P
= 0.1 Pa-sec). Calculation of viscosity from measurements of
7. of PCAOL in the cells supports this interpretation.

However, the cytoplasm is not a homogeneous sucrose so-
lution. It contains structures that can make it appear to be
very crowded (15). There is no evidence to suggest that the
signal of PCAOL is due to its sticking to these structures.
For example, if the protein content of cytoplasm is similar to
that of serum, about 7%, (see ref. 7), one can ask if the pro-
tein accounts for the apparent viscosity. This was not the
case (Table 2). In solutions of 10% protein, the D of PCAOL
changed little (7-20%) compared with that in water—far less
than the 2- to 3-fold charige seen in cells. Furthermore, in
previous studies we found that PCAOL did not bind to DNA
or to synthetic polymers (10).

There is a great deal of debate as to the structural organi-
zation of the cytoplasm and to what extent water exists in a
free or bound state. We considered whether PCAOL prefer-
entially localized in the free or bound water. In a model sys-
tem with phospholipid multilayers, we had determined previ-
ously that a water-soluble spin label partitioned nonpreferen-
tially between bound and free water (16). It exchanged freely
between the two, but because the exchange rate is greater
than the spin lattice relaxation time, two distinct signals
were seen. In a system containing both, the spectrum is an
arithmetic average of the two; but in equal volumes of free
and bound water, it is dominated by the signal from the free
water because of the more narrow linewidths, even though
the integrated intensities are equal. In the mammalian cell,
the shape and intensity of the signal indicated that the spin
label was predominately in free water. Furthermore, based
on the integrated intensity of the signal for a given spin label
concertration both in isotonic and hypertonic conditions, a
calculation of the volume of this free-water domain suggest-
ed that it was about 90% of the water in the cell.

Another possible explanation of the lowered D of PCAOL
in cells is that structural barriers limits movement. Evidence
for such barriers is plentiful from electron microscopic stud-
ies. In a model system, we used ESR to distinguish between
barriers and increased viscosity. When spin label was added
to beads of various pore sizes, the translational movement
was slowed considerably as the pore spaces became smaller.
The rotational motion was largely unaffected (10). There-
fore, if barriers alone limited the movement of PCAOL in
cytoplasm, the rotational parameter, 7., should be relatively
unchanged compared with that of water, while D should de-
crease. This was not the case. D and 7. changed by about the
same amount. The viscosity calculated from either measure-
ment was 2-3 cP. Therefore, there is no evidence to support
the idea that PCAOL movement is blocked by barriers under
normal physiological conditions and over the dimensions de-
tectable with 3-40 mM PCAOL—=50-100 A.

On the other hand, changes in the diffusion of PCAOL
caused by treatment with cytochalasin B indicated that mi-
crostructure plays some role. The strongest evidence for this
role was seen when cells were subjected to hypertonic condi-
tions (Fig. 3). As cell volume decreased, the translational D
decreased, and the apparent viscosity of the cytoplasm in-
creased. However, the rotational diffusion changed much
less (Fig. 3). This differential effect on D vs. 7. is similar to
that seen when spin label is sequestered in porous beads and
is most likely explained by the presence of physical barriers.
The spaces between structural barriers would become small-
er as the cell volume decreased. Porter and Tucker (17) have
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Table 3. Ds of various molecules in cytoplasm

D x 10,

Compound M, Radius, A Du,o Dy Deeps TH,0 Neells Refs.
PCAOL 170 3.2 64 33 1.9 1.1 2.1 This work
Sorbitol 182 2.5% 94 50 1.9 0.9 1.7 5
Methylene blue 320 3.7* 40 15 2.6 1.5 4.0 6
Sucrose 324 4.4 52t 20 2.6 1.0 2.5 2
Eosin 648 6.0* 40 8 5.0 0.9 4.5 6
Dextran i 3,600 12.0 18. 3.5 5.0 1.0 5.2 4
Inulin 5,500 13.0% 15. 3.0 5.0 1.1 5.6 3
Dextran 10,000 233 9.2 2.5 3.7 1.0 3.7 4
Dextran 24,000 35.5 6.3 1.5 4.2 1.0 4.1 4
Actin 43,000 23.2% 5.38 0.03 167.0 1.1 179.0 8
Bovine serum albumin 68,000 36.0 6.9 0.10 71.0 0.9 81.0 7,8

0.06 111.0
IgG 153,000 35.0% 4,08 0.09 43.5 1.1 63.0 7,8
0.06 66.7

*Calculated from structure.

*CRC Handbook of Chemistry and Physics.

#Calculated for a sphere of equivalent volume. :
$CRC Handbook of Biochemistry and Molecular Biology.

reported that the lattice spacing of the cytoplasmic matrix
decreases under hypertonic conditions. Theoretical calcula-
tions of the spacing between microtrabeculae under hyper-
tonic conditions suggest that these alone would not account
for these barriers. If the lattice spacings decrease in size rela-
tive to the decrease in the aqueous compartment, =75% for a
50% decrease in cell volume (18), the interlattice spaces
would still exceed 500 A—too large to be detected by
PCAOL. However, as the aqueous volume decreases, the
concentration of protein and other structural elements in-
creases, leading to increased associations and more compact
configurations (15). Thus, the data reported here suggest
that, under hypertonic conditions, barriers appear with spac-
ings in the range of 100 A. Schobert and Marsh (19) have
reported decreases in cell volume and apparent increases in
cytoplasmic viscosity and density when algae were exposed
to hypertonic conditions. Mansell and Clegg (18) have re-
ported a compression of the cytoplasmic ground substance
of fibroblasts under hypertonic conditions.

A better indication of the role of barriers can be drawn
from a comparison of the diffusion of PCAOL with that of
other molecules both in aqueous solutions and in cells (see
ref. 20) (Table 3). The translational diffusion of molecules
ranging in size from sorbitol (M, 182) to IgG (M, 153,000)
have been determined for various cells by a variety of tech-
niques. The distance over which diffusion was measured
ranged from micrometers for low-temperature autoradiogra-
phy and for fluorescence recovery after photobleaching to
millimeters for dye-diffusion methods.

The D of a molecule in an aqueous solution varies approxi-
mately inversely with the radius as predicted from diffusion
theory (Table 3). In spite of the variety of methods and cell
systems, this general relationship holds true for the small
molecules and the dextran spheres in the cytoplasm. The D
in the cytoplasm is about 1/2 to 1/5th that in water. The
same relationship between radius and D does not hold true
for the three largest proteins, actin, bovine serum albumin,
and IgG. This deviation is not surprising for actin measured
under conditions in which it was largely immobile in the cells
(8). Mobility and immobility were calculated from the frac-
tional recovery of fluoresence after photobleaching. The D
for actin is about 1/160th that in water. Bovin serum albumin
and IgG had Ds 1/100th that in water, although they were
reported to be >90% mobile.

Using the Stokes—Einstein equation, D = kT/(6mrn-f/f,),

one can calculate the apparent viscosity (7) of each molecule
in water and in cytoplasm. A plot of n vs. radius shows that
all of the molecules in water experience a viscosity of about
1 cP (Fig. 4). The viscosity of cytoplasm appears to be be-
tween 2 and 6 cP for the small molecules and dextrans (Fig.
4). However, it appears to be =~60-80 cP for bovine serum
albumin and IgG and nearly 200 cP for actin as predicted
from its association with existing actin structures. There-
fore, the movements of bovine serum albumin and IgG are
slowed to a much greater extent than would be expected on
the basis of cytoplasmic viscosity alone.

One possible explanation for this affect is that the bovine
serum albumin and IgG molecules encounter barriers. An-
other is that they bind with low affinity to cytoplasmic struc-
tures. If the binding were reversible with rate constants of
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the same order as the rate of diffusion, the effect of continual
binding and release would be seen as an apparent decrease in
the D. This “chromatographic” effect was described for the
movement of cysteamine phosphate in oocyte cytoplasm
(21). Gershon et al. (22) also concluded on the basis of theo-
retical considerations of cytomatrix spacing that bovine se-
rum albumin injected into cells binds to cytoplasmic pro-
teins. In either case, barriers or binding or a combination
would lead to the mistaken conclusion that bovine serum
albumin or IgG were in a more viscous solution.

The largest dextran molecule tested has about the same
radius as bovine serum albumin, yet it has a much higher D
(Table 3). If barriers were responsible for the D of bovine
serum albumin in cells, it would be expected that dextran
would encounter the same bartiers. However, there are dif-
ferences between the molecules and the methods used to
measure D. Dextran is a carbohydrate polymer chosen for its
lack of binding (4). Bovine serum albumin is a protein that
binds specifically and nonspecifically to other molecules.
Furthermore, the D of dextran was measured in oocytes by
low-temperature autoradiography, whereas movement of
bovine serum albumin was measured in fibroblasts by fluo-
rescence recovery after photobleaching. It also should be
noted that when the Ds of bovine serum albumin and ovalbu-
min were measured by fluorescence recovery after photo-
bleaching in amoebae and mammalian cells (23), the com-
pounds differed much more rapidly in the amoebae.

Determining rotational diffusion constants for bovine se-
rum albumin and IgG in cells would be helpful in distinguish-
ing between effects of viscosity and of barriers. Additional-
ly, the development of an ESR technique that would allow
the use of cohcentrations of label in the range of 10-100 nM
in cells would make it possible to estimate barriers spaced
about 100-1000 nm apart. This is the estimated distance be-
tween microtrabeculae in cells (24), a possible network of
barriers to diffusion in the cell cytoplasm.

Note Added in Proof: After this manuscript was accepted for publica-
tiort Lepock et al. (25) reported that the cytoplasmic viscosity of
V79 cells was =3.6 times greater than that of water, as calculated
from ESR measurements of the rotational diffusion of tempone.

This work was supported in part by a Grant from the Office of
Naval Research (N00014-79-C-0253). A.M.M. is the recipient of a
Research Career Development Award (CA-00705) awarded by the
National Cancer Institute.

11.
12.
13.
14.

15.
16.

17.
18.
19.

20.

21.

22.

23.
24,

25.

Proc. Natl. Acad. Sci. USA 81 (1984)

Crick, F. H. C. & Hughes, A. F. W. (1950) Exp. Cell Res. 1,
37-80.

Horowitz, S. B. (1972) J. Cell Biol. 54, 609-625.

Horowitz, S. B. & Moore, L. C. (1974) J. Cell Biol. 60, 405—
415.

Paine, P. L., Moore, L. C. & Horowitz, S. B. (1975) Nature
(London) 254, 109-114.

Caille, J. P. & Hinke, J. A. M. (1974) Can. J. Physiol. Phar-
mac. 52, 814-828.

Hodgkin, A. L. & Keynes, R. D. (1956) J. Physiol. 131, 592-
616.

Wojcieszyn, J. W., Schlegel, R. A., Wu, E. S. & Jacobson,
K. A. (1981) Proc. Natl. Acad. Sci. USA 718, 4407-4410.
Kreis, T. E., Geiger, B. & Schlessinger, J. (1982) Cell 29, 835-
845.

Keith, A. D. & Snipes, W. (1974) Science 183, 666—668.
Keith, A. D., Mastro, A. & Snipes, W. (1979) in Low Tem-
perature Stress in Crop Plants, eds. Lyons, J. & Raison, J.
(Academic, New York), pp. 437-451.

Mastro, A. & Keith, A. (1981) in The Transformed Cell, eds.
Cameron, I. & Pool, T. (Academic, New York), pp. 327-345.
Keith, A. D., Snipes, W. C., Melhorn, R. J. & Gunter, T.
(1977) Biophys. J. 19, 205-218.

Hammerstedt, R. H., Keith, A. D., Boltz, R. C. & Todd,
P. W. (1979) Arch. Biochem. Biophys. 194, 565-580.
Raaphorst, G. P. & Kruv, J. (1977) in The Aqueous Cyto-
plasm, ed. Keith, A. (Dekker, New York), pp. 91-136.
Fulton, A. B. (1982) Cell 30, 345-347.

Keith, A. D., Sriipes, W. & Chapman, D. (1977) Biochemistry
16, 634-641. _

Porter, K. R. & Tucker, J. B. (1981) Sci. Am. 244 (3), 56-67.
Mansell, J. & Clegg, J. S. (1983) Cryobiology 20, 591-612.
Schobert, B. & Marsh, D. (1982) Biochim. Biophys. Acta 70,
87-95.

Paine, P. L. & Horowitz, S. B. (1980) in Cell Biology: A Com-
prehensive Treatise, éds. Prescott, D. M. & Goldstein, L. (Ac-
ademic, New York), Vol. 4, pp. 299-338.

Horowitz, S. B., Fenichel, I. R., Hoffman, B., Kollmann, G.
& Shapiro, B. (1970) Biophys. J. 10, 944-1010.

Gershon, N., Porter, K. & Trus, B. (1983) in Biological Struc-
tures and Coupled Flows, eds. Oplatka, A. & Balaban, M. (Ac-
ademic, New York), pp. 377-380.

Warig, Y., Lanni, F., McNeil, P. L., Ware, B. R. & Taylor,
D. L. (1982) Proc. Natl. Acad. Sci. USA 19, 4660—4664.
Wolosewick, J. J. & Porter, K. R. (1979) J. Cell Biol. 82, 114-
139.

Lepock, J. R., Cheng, K., Campbell, S. D. & Kruv, J. (1983)
Biophys. J. 44, 405-412.



