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[3H]Inulin (mol wt ti 5,500) solutions are microinjected into the cytoplasm of mature
oocytes of Rana

pipiens

and the subsequent movement of the solute recorded by quantita-

tive ultralow temperature autoradiography . The autoradiographs show transient cellular
diffusion gradients, the influence of the nucleus on these gradients, and the nuclear : cytoplasmic distribution of inulin . Analysis leads to the following conclusions : (a) Inulin
diffuses in cytoplasm at about 3 X 10 -6 cm2 /s, or one-fifth as rapidly as in water . Most of
this decrease is attributable to the increased tortuosity of the diffusional path due to the
presence of inclusions and macromolecules . (b) The nuclear envelope is very permeable
to inulin ; its resistance to inulin's passage is similar to that of cytoplasm . The envelope
appears to play a negligible role in regulating the nucleocytoplasmic movement of solutes
smaller than macromolecules . (c) Inulin concentrates in the nucleus to four times its cytoplasmic level ; this is attributed to solute exclusion from cytoplasmic water . Evidence is
presented that among hydrophilic solutes the degree of exclusion increases with molecular
size . The potential significance of cytoplasmic exclusion processes to understanding secretion and the intracellular movement of macromolecules is briefly discussed .

INTRODUCTION
The location and properties of the intracellular
barriers to solute movement is one of the least
explored areas of cell biology . There are technical
reasons for this : the plasma membrane masks
many of the transport events occurring within its
confines ; the properties of intracellular transport
barriers change during experimental manipulation ; and it is difficult to localize and measure
solutes in the small intracellular space . Nature has
not been generous in providing cellular systems in
which it has proved possible to overcome these
difficulties . An exception is the mature amphibian
oocyte which provides an exceptionally good
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material for study because of its large size, the
large size of its nucleus, and its "normal" transport
properties (14) .
This paper is one of a number in which we analyze the distribution and movement of solutes in
the oocyte, particularly the more general transport characteristics of the intracellular space : the
diffusional properties of cytoplasm, the permeability properties of intracellular membranes,
and the factors determining the distribution of
solutes between nucleus and cytoplasm. We anticipate this analysis will have direct relevance to a
number of important but poorly understood
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ABSTRACT

MATERIALS AND METHODS
Oocytes
Rana pipiens, obtained in November and December,
were kept in spring water at 4 °C until use.
The oocytes were mature, stage Y5 of Kemp (17) .
Their isolation from the ovary into Ringer's solution
and the physical characteristics of the cells are
described elsewhere (1, 14) .
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Solutions
The Ringer's solution was described previously
(12) .
[ 3 H]Inulin was obtained as crystals from Schwarz/
Mann, Div. Becton, Dickinson & Co ., Orangeburg,
N . Y., Lot no . 7001 P, sp act 450 mCi/g.
Purification removed low molecular weight material from the [3H]inulin to be injected, and was
accomplished with two passes through a 60 X 0 .9
cm column of Sephadex G-25 . The dashed line in
Fig. 1 represents the chromatograph of the first pass .
The area of single hatching is the volume of the first
pass used for the second pass ; it coincides with the
void volume measured with blue dextran 2000 .
Before being rerun, this fraction was lyophilized and
resuspended in 0 .3 ml of water. The solid line in
Fig . 1 represents the chromatograph of the second
pass . The volume of effluent indicated by crosshatching was lyophilized and used as the injectate
after resuspension in water . The injectate contained
8 .6 mg/ml of inulin with an activity of 3 .9 mCi/ml .
Microinjection
Microinjection was made into the vegetal hemisphere to avoid damaging the nucleus . Injected
volumes were 0 .6 to 3 .9 X 10-s cm 3 , or 0.02 0 .16% of oocyte volumes . The procedure was
described previously (12) .
After injection, oocytes were transferred to a
chamber where they sat in a drop of Ringer's solution
on a pad of filter paper . The time (t) between microinjection and quenching in liquid nitrogen is the
period when solute diffusion occurs . The times
sampled are from 479 to 20,000 s (- 0 .13-5 .6 h) .
Autoradiograpy
The autoradiographic technique is detailed elsewhere (13-15) . It involves (a) freezing the oocyte to
liquid nitrogen temperatures in a medium that
permits low temperature sectioning ; (b) sectioning
at -50 °C, after which the sections are brought into
contact with dry, cold photographic emulsion ; (c) exposure at -85 °C ; and (d) development, bleaching,
and mounting of autoradiographs .
Exposure times, t ., varied from 5 .8 to 112 days to
achieve optimum grain densities for quantitative
analyses . Shorter exposure times tend to coincide
with shorter diffusion times when the injectate has
not been diluted by diffusion in the oocyte .
Grain Counting and Quantification
Grain densities were determined at magnifications
of 2,000 or 2,500, in phase-contrast illumination,
using a Whipple-Hauser type eyepiece micrometer .
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cellular processes, including the nucleocytoplasmic
commerce in information-bearing macromolecules,
the control of metabolite movements from sources
to sinks, and the process of secretion .
In the present experiments a solution of the polysaccharide [3H]inulin, mol wt about 5,500 (24, 34),
is injected into the cytoplasm of Rana pipiens
oocytes and intracellular inulin gradients allowed
to develop . Diffusion is terminated by quenching
the oocytes in liquid nitrogen at -190 ° C . They
are sectioned at -50°C and their local cytoplasmic
and nuclear inulin concentrations determined by
ultralow temperature autoradiography (13) .
The greatest inulin concentration occurs at the
injection site and decreases progressively with
distance from this point . After injection the solute
concentration gradient briefly conforms to theoretical diffusion gradients and can be used to
determine diffusion coefficients in cytoplasm . In
time, the gradient reaches the cell membrane,
where it is distorted from its simple diffusional
character. The spreading gradient finally becomes
transcellular, invests the nucleus, and ultimately
reaches diffusional equilibrium .
When the nucleus sits astride the diffusional
gradient one can discern its influences on the
gradient and can deduce the permeability of the
nuclear envelope, the nucleocytoplasmic distribution of the solute, and something of nucleoplasm's diffusional properties .
In an earlier microinjection study (12) the
solute was the disaccharide sucrose (mol wt =
342) . (That paper provides a full description of
the design and rationale of these experiments .)
Inulin has chemical properties similar to sucrose,
but its size places it at the low end of the macromolecular range . We therefore expect comparison
of the sucrose and inulin results to provide information on the way variation in molecular size
influences the intracellular transport processes
under investigation .
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Purification of [ 3H]inulin for microinjection by two successive passes through a column of
Sephadex G-25 . See text for explanation.
FIGURE 1

Background and nonlinearity corrections, described
in detail elsewhere (13, 14), were made to ensure that
grain density is proportional to the tritium content
of the section . Grain densities, G, are expressed as
grains per 1,000 •m 2 per hour of autoradiographic
exposure.
Autoradiographic spatial resolution is at least
3 •m, the value previously reported for [ 3H]sucrose
(12) .

ship of these transects clearly indicates that insulin
diffusion is isotropic in cytoplasm .
The cytoplasmic diffusion coefficient for inulin
can be estimated by comparing the observed cytoplasmic gradient to theoretical diffusion profiles .
Assuming that the injection volume is sufficiently
small to constitute an instantaneous point source
and that solute reflection from the cell boundary is
negligible, then

RESULTS
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Injection Site and Cytoplasmic
Diffusion Gradients
Fig . 2 shows a grain density profile through an
injection site at t = 479 s . There are two components to the profile . A sharp peak at the injection site, indicated by a broken line, is superimposed on a less steep cytoplasmic gradient . The
peak marks the injectate itself, which has not
completely dispersed . A regular feature in these
experiments, it is seen as long as 20,000 s after
microinjection . The cytoplasmic gradient is due to
the diffusion of [ 3H]inulin away from the injection
site . Its form agrees well with a theoretical diffusion
profile shown as a solid line .
The experimental data presented in Fig . 2 are
derived from two transects taken at right angles
to each other through the injection site . Their
paths are shown in the inset : the solid circles are
from A to B, the open circles from C to D . The
similarity in the grain density-distance relation-

S. B.

describes the grain density (G, .) due to [3 H]inulin
at locations along radii emanating from the injection site (5) . D~ is inulin's diffusion coefficient, r
the radial distance from the injection site, and A a
scaling constant defined so that G,, at r = 0 is that
actually observed .
Comparison of theoretical profiles and experimentally determined points is made by setting the
bracketed term in Eq . 1 equal to the observed
grain density at the highest point on the cytoplasmic gradient, 0 .147 grains/1,000 •m 2 per h,
and substituting various values of D, . The solid
line in Fig. 2 is for D, = 4 .0 X 10-7 cm2 /s and
provides a good fit of the profile . Deviation from
theory is appreciable only where the diffusing
inulin approaches the cell surface on the left . We
attribute this deviation to reflection from the
plasma membrane .
A peculiarity of the profiles in Fig . 2 is the acentric peak in both gradients, displaced about 100
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Two grain density profiles taken perpendicular to each other through the injection site and
cytoplasm of an oocyte injected with [3 H]inulin . t = 479 s . The vertical bars (A-D) mark the cell boundaries
as indicated in the inset . Points are experimental ; solid line is theoretical. See text for additional explanation.
FIGURE 2
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Two grain density profiles taken perpendicular to each other through the injection site and
cytoplasm of an oocyte injected with [3 H]inulin . t = 966 s . The vertical bars (A-D) mark the cell boundaries as indicated in the inset . The injection site is at the juncture of the transects A - B and C --+ D .
Points are experimental, solid line is theoretical . See text for additional explanation .
FIGURE 3

µm from the center of the cytoplasmic gradient,
upward and to the left of the junction of lines
A-B and C-D . This is the only such acentricity
encountered in either the sucrose or inulin studies .
An elongated or crescent-shaped injection site
might account for the occurrence, but detailed
examination of the sections provides no positive
explanation .

408

Fig . 3 shows two grain density profiles through
the injection site of an oocyte at t = 966 s . These
profiles are perpendicular to each other, as indicated in the inset, and are qualitatively similar to
those in Fig . 2 . Diffusion is isotropic . A sharp peak
marks the injection site, which here is concentric
with the diffusion gradient . The experimental
points conform well to a theoretical diffusion
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profile (solid line) derived from Eq . 1 . As in Fig . 2,
deviation from the theoretical diffusion profile
occurs only where the gradient approaches the
cell membrane segment closest to the injection
site : the cell border shown as the arc B-C-A.
The theoretical line in Fig. 3 was obtained by
setting the bracketed term in Eq . 1 equal to 0 .335
grains/1,000 µm2 per h and D,, = 2 X 10-7
cm2 /s . Taken with the value for D,, derived from
the t = 479 s experiment, an average value for
D,, = 3 X 10-7 cm2 /s results .
In the oocytes of the next longest time group
(3,000 s) the diffusing inulin piled up at the
cell membrane sufficiently to greatly complicate
the gradients as seen in Fig. 4 . Although we have
not tried to calculate D,, from these longer time
experiments, it is clear that the gradients here observed are consistent with estimates of D,, made
from shorter time experiments .

Nucleus
Examination of grain density profiles that pass
through both cytoplasm and nucleus establishes
several points about nuclear transport . Typical
are those shown in Figs . 4-6 for oocytes frozen at
approximately 3,000, 6,000, and 20,000 s after
microinjection . All have similar characteristics :
(a) A cytoplasmic concentration gradient (which
becomes less acute with time) . (b) The nuclear
corcentration of [3 H]inulin is higher than that of
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Grain density profile through the cytoplasm and nucleus of an oocyte injected with [ 3 H[inulin .
t = 5,993 s . The vertical bars mark the cell (C) and
nuclear (N) boundaries . Points experimental, line fitted .
See text for additional explanation .
FIGURE 5

the adjacent cytoplasm, and the rise occurs as a
step function at the nuclear boundary . (c) The
concentration of [3 H]inulin is uniform across the
entire nucleus .
The increase in grain density over the nucleus is
due in part to the high water content of the nucleus. The cytoplasm of the mature oocyte, because it contains yolk and other dense inclusions,
is about 45% water, while the nucleus is about
85% water (4) . In other words, 1 .9 times as much
water is present in a volume of nucleus as in an
equal volume of cytoplasm. Since grain density is
proportional to radioactivity on a volume basis,
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ONE UNIT= 100 Am

Grain density profile through the cytoplasm and nucleus of an oocyte injected with [ 3H]inulin.
t = 3,127 s . The vertical bars mark the cell (C) and nuclear (N) boundaries . Points experimental, line fitted.
See text for additional explanation.
FIGURE 4

TABLE I
0.06

The Ratios of the Concentrations of [sH]Inulin in
Nucleus and Cytoplasm

Time after
injection (s)

3,011
3,127
5,993

C
I

6,005
20,000

1
0.01

Mean

when the grain density profile of a water-soluble
material passes from cytoplasm to nucleus, it exhibits a 1 .9 increase even when no difference in
solute concentration exists .
It is important to note that the difference in cytoplasmic and nuclear inulin concentrations is
much greater than can be accounted for by the
difference in water content alone . To compare
nuclear and cytoplasmic contents we determine
grain density, G, at positions (a, b, c . . .) inside but
along the edge of the nucleus (G„ , G, . . . . ) and
in the immediately adjacent cytoplasm (G : , G' . . .) .
This normalizes the data for cytoplasmic gradients .
The mean of the ratios of adjacent nuclear and
cytoplasmic sites
Xn l c

= [Gn/Gâ + Gt/G, +

. . .]IN

(2)

is very close to the true ratios of the inulin concentrations on a volume basis .'
Table I gives Xn1c for those oocytes whose
nuclear and cytoplasmic raw grain densities permit reliable determinations of Gn and G, . Corrected for the difference in water content of cytoplasm and nucleus, the ratios K .1, are from 3 .1 to
4 .4 with a mean of 4 .0 ± 0 .5 . These vary independently of t, which implies that once inulin
reaches the perimeter of the nucleus, it experiences
I Small differences in autoradiographic efficiency
arise from the differing compositions of nucleus and
cytoplasm. These are discussed in reference 14.

7 .42 ± 0 .40
8 .17 ± 0 .41
5 .93 ± 0 .20
8 .26 ± 0 .55
8 .30 ± 0 .33
= 7 .45 ± 0 .17

3 .9
4 .3
3 .1
4 .3
4 .4
4 .0 ± 0 .5

no significant delay in crossing the nuclear envelope .
None of the nuclear profiles show evidence of an
inulin concentration gradient parallel to that in
the cytoplasm-a surprising observation, since
nuclear gradients were a regular feature in the
sucrose study (12) . The absence of nuclear gradients, along with evidence for the lack of a transport barrier at the nuclear surface, implies that
diffusion of insulin is appreciably more rapid in
nucleoplasm than in cytoplasm .
DISCUSSION

Nuclear Transport
The constancy of Xni e with time, shown in
Table I, indicates that after reaching the perinuclear region inulin experiences little additional
delay before it enters the nucleus . In this respect
inulin transport is similar to that of sucrose (12) .
The nuclear membrane appears to present no more
of a barrier to the diffusion of these solutes than a
comparable structure composed of cytoplasm .
The sucrose and inulin results differ regarding
the solute distribution observed in nuclei invested
in a cytoplasmic solute gradient . In sucrose, cytoplasmic gradients have corresponding nuclear
gradients of similar slope and direction . We infer
from this that the nuclear envelope not only is not
an effective barrier, but the diffusional resistance
offered by the nucleoplasm is roughly equal to that
offered by cytoplasm . The distribution of inulin
in nuclei invested in a cytoplasmic gradient does
not reflect the cytoplasmic gradient but shows a
uniform distribution . Since membrane resistance
is negligible, this indicates that inulin's diffusion in
nucleoplasm is more rapid than its diffusion in
cytoplasm . It follows that the ratio of nuclear to
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ONE UNIT= 100 µm
Grain density profile through the cytoplasm and nucleus of an oocyte injected with [ 3H]inulin.
t = 90,000 s. The vertical bars mark the cell (C) and
nuclear (N) boundaries . Points experimental, line
fitted . See text for additional explanation .

FIGURE 6

410

Nuclear : cytoplasmic grain
Concentration
density ratio ratio on water
(Xnlc f SE)
basis (Knlc)

MOLECULAR VOLUME A'
20

40

60

100

2
D
0J

75

o
w
J

50

X
w

25

5

Nucleocytoplasmic Distribution and

10

0

15

STOKES RADIUS A

Cytoplasmic Solute Exclusion

The ratio of nuclear to cytoplasmic inulin concentrations on a water basis, Kn / c , is 4 .0 (Table
1) . The ease with which inulin passes the nuclear
envelope disqualifies active transport as an explanation for this marked accumulation . Two
possibilities are more likely : (a) Inulin is adsorbed
on nuclear macromolecular components so that
nuclear concentrations exceed those of cytoplasm,
i .e ., binding. (b) Inulin is excluded from much of
the water of cytoplasm but to a lesser degree from
nuclear water . The choice between these alternatives is abetted by considering glycerol and sucrose,
other polyols for which data are available .
When intact oocytes are bathed in glycerolRinger solution of concentration g, the nuclear
concentration of freely diffusing glycerol at equilibrium is 0 .96 g, while the cytoplasmic concentration is 0 .73 g . The ratio K„1 , is therefore 1 .3
(14) . The simplest explanation for these observations is that cytoplasm differs from both the bathing solution and nucleus in partially excluding
glycerol . One need not invoke nuclear binding to
explain the observed KnI , . Ideally, we would do
a parallel distribution study with sucrose and
inulin, but the inability of these solutes to permeate the oocyte plasma membrane prevents this .
However, other evidence also supports the water
exclusion model for these solutes .
First, in exclusion systems solute concentration
occurs in the solvent-rich phase at the expense of
the solvent-deficient macromolecular matrix (the

Cytoplasmic excluded volume as a function of molecular volume (open circles) from Eq . 4,
and Stokes radius (closed circles) from Eq . 3 for three
polyols . Excluded volume for glycerol from reference
14 and sucrose from reference 12 .
FIGURE 7

converse is expected in binding systems) . Examples
of excluding systems are cross-linked dextran and
polyacrylamide gels used in chromatography .
The oocyte resembles these in concentrating
glycerol, sucrose, and inulin in its water-rich nucleus .
Second, exclusion processes typically show
molecular specificity in which the asymmetry
between solvent-rich and polymer-rich phases
increases with solute size (2, 6) . The oocyte shares
this specificity as seen in the increase of K~1, ,
demonstrated graphically in Fig . 7 and discussed
below . In this regard, saccharides, without ionizable groups or hydrophobic segments, probably
lack a physical basis for generalized size-related
binding . 2
Third, Kn1, values greater than unity are mirrored in the distribution of solutes between the
injection water and adjacent cytoplasm . This is
seen in Figs . 2 and 3, where a pool of inulin persists at the injection site though surrounded by
2 We do not ignore the possibility of stereospecific
H bonding which may be involved in the membrane
transport of glycerol and sucrose in certain cells
(8, 29), but we do not expect this to correlate with
size .
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cytoplasmic diffusion coefficients must be greater
for inulin than for sucrose .
The ease with which inulin passes the nuclear
envelope was not unexpected . Gurdon (10)
demonstrated that much larger molecules, the
histones (mol wt = 10,000-20,000) and bovine
serum albumin (mol wt = 67,000), enter the
Xenopus oocyte nucleus after cytoplasmic microinjection . More recently, Paine and Feldherr (23),
working with the cockroach oocyte, used a series
of fluorescein-labeled proteins of mol wt 12,39867,000 . They found no sharp cutoff point but a
steep decrease in permeability between proteins of
mol wt 17,816 and 44,300 (myoglobin and ovalbumin, respectively) . Furthermore, our work in
progress with size-graded dextrans indicates an
effective pore size in the amphibian oocyte consistent with the cockroach results .

cytoplasm at a much lower concentration . Sucrose

such cytoplasmic organelles as the cisternae of

behaves in a similar manner (12) . Since the injectate does not contain binding material, the

the endoplasmic reticulum (ER) and the Golgi
apparatus have solubility properties more akin to

probable explanation for the low absorption of

free solution than those of the remaining cyto-

both inulin and sucrose (and their osmotically

plasm, and that exclusion leads to solute concen-

held water) is low solubility in the water of cyto-

tration in these compartments . It draws attention

plasm, that is, solute exclusion .

to the solvent properties of the cisternal and

We conclude that cytoplasmic solute exclusion

vesicular contents of organelles, rather than the

is the most likely explanation for the nuclear

permeability of their membranes, as important

accumulation of the solutes studied . As mentioned,

in understanding secretion .

about 96% of the nuclear water is available as

The proposed model implies that proteins of

solvent for glycerol (14) . If the same holds true

ground cytoplasm "recognize" each other to the

for inulin, then the

K .n 1,

of 4.0 implies that 76%

partial or total exclusion of other macromolecules .

of the cytoplasmic water is unavailable as solvent .'

A number of mechanisms can be involved in this,

Fig . 7 is a plot of cytoplasmic excluded volume

the simplest being that the proteins of cytoplasm
are organized by intermolecular forces into dis-

two measures of molecular size, the equivalent

crete domains which are the excluding units . The

Stokes radius,

r, from

interstices between these domains, then, are the
location of the soluble macromolecules in cyto-

3Mv Its
r = 4Y N)

(3)

plasm .4 In this view the ER and Golgi cisternae
are considered specialized membrane-bordered
interstitial spaces .

and molecular volume, V, from

The nucleus also can be viewed as a specialized
V

(4)

_ Nv
in which

M

is molecular weight,

interstice where transcription and replication
occur in a milieu uncluttered by the macromole-

v

cules and inclusions responsible for the cell's
is the partial

specific volume in aqueous solution, and N is
Avogadro's number .
Fig . 7 derives from limited data but suggests that

"physiological" activities . If this notion is correct,
then nonstructural proteins smaller than those
restricted by the nuclear membrane can be expected to move between nucleus and cytoplasmic

a relationship exists between the cytoplasmic
interstices while being excluded from the cytowater volume denied to a solute and the solute's
Stokes radius . If additional evidence supports this
relationship, it may help understand a number of
cellular processes and the organization of the cell's
interior .

plasmic domains . A series of experiments by
Goldstein, Prescott, and their associates can be
interpreted in this light .
These workers demonstrated that when a ['H]amino acid-labeled nucleus of

For example, the cytoplasmic exclusion of
macromolecules, if tied to the synthetic activity
of the cell, provides a simple model for some
secretory processes . One can visualize a process
involving the entry of monomeric substances into
a cell, their synthesis into macromolecules, and
the latter's concentration and subsequent expulsion from the cell due to excluded volume processes . We suggested earlier (12) that these processes may be important in concentrating and

Amoeba proteus is

transplanted into another individual, about 40%
of the labeled nuclear material rapidly redistributes . This material, called RMP, appears to be
a heterogeneous population of water-soluble proteins . In the new distribution RMP concentrates
in the nuclei of the binucleate cell equally, but is
only 2-4% as concentrated in the cytoplasm as in
the nuclei (9, 16) . At mitosis nuclear RMP disperses into the cytoplasm and reconcentrates when
the nucleus reforms

(26) . We suggest the be-

packaging the products of synthesis for export
from the cell .
The exclusion model for secretion assumes that
3 This figure is even greater if the nucleus itself excludes inulin relative to aqueous solution to a greater
extent than it excludes glycerol .
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4 In general, the larger a soluble molecule, the more
it will concentrate in the interstices of an excluding
system . This relation may explain why secretory
proteins, in the period between synthesis and emiocytosis, are linked to large functionally inert peptide
chains (30) .
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derived from K. I. for three solutes as a function of

Diffusion in Cytoplasm
The diffusion coefficient of inulin in the oocyte's
intact cytoplasm, D,, is 3 X 10-7 cm2 /s ; in water
it is 1 .48 X 106 cm2/s . 5 The ratio of the two,
5 Two methods have been used to determine inulin's
diffusion coefficient in water . In one, diffusion is
between two compartments of pure water (3, 22)
and in a second, diffusion is from water into a dilute
agar gel (18, 25, 33) . D,,, obtained by the former
method averages 1 .48 X 10-6 cm2 /s (range 1 .33 to
1 .6 X 10-6 cm2/s) ; by the latter method, 1 .87 X
10-6 cm 2 /s (range 1 .62 to 2 .08 X 10-6 cm 2/s) .
(All values are corrected to 20 ° C by the equation
D2 = D1T2fl1/T1r12, where D is the diffusion coefficient, T the absolute temperature, and n the
coefficient of viscosity of water .) The values obtained

S. B.

HOROWITZ AND

D,/D,, is 0 .20-a relatively large value-which
suggests that the transport properties of cytoplasm
are only slightly different from water's . The simplest explanation credits the ratio to the increased tortuosity of diffusion caused by cytoplasm's high concentrations of yolk platelets,
pigment granules, other inclusions, and protein .
If this is the case,
Dc = Dw/X2,

(5 )

where X is the factor by which the diffusional path
has increased (21) . The value of X is 2 .2, which
implies that if only tortuosity is involved, inclusions
hatte effectively doubled the path necessarily
traversed by inulin diffusing between points in
cytoplasm .
The tortuosity hypothesis appears to explain
most studies of cytoplasm's slowing effect on the
diffusion of solutes . This can be seen from the
application of the Mackie and Meares (21) equation for tortuosity in water-swollen polymersystems
U ,2

D°/D~ =

- Ur/
r
11 +

(6)

in which Vr is the volume fraction of the waterpolymer system inaccessible to the solute . In the
present system
Vr

=

VP + V .,

(7)

where vp is the volume fraction of polymer, taken
as the volume fraction of oocyte dry weight
(0 .43), and ve the volume fraction of water from
using the gel system are consistently higher than those
in water . This is suspect since the effect of agar is
likely to slow rather than increase diffusion (7) .
A systematic error seems to be associated with determinations made in the water-gel system ; however,
it is not intrinsic to the technique since comparable
deviations are not found for other solutes (28) . A
factor which may account for these errors is that all
the agar studies used commercial labeled inulin
without additional purification, while the pure water
studies were performed with unlabeled inulin . Fig. 1
shows that the commercial [ 3 H]inulin used in this
study had a large amount of low molecular weight
contaminant which had to be removed by chromatography . In our experience such contamination is a
regular feature of commercial labeled polysaccharides.
Because the values for D,° obtained by the isotopegel system are compromised we used D,,, = 1 .48 X
10-s cm2 /s in our calculations .
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havior of RMP can be understood by viewing it as
the cell's population of smaller soluble proteins
with an average excluded cytoplasmic volume on
the order of 96 %
00.
If the explanation for the RM P phenomenon
observed in Amoeba lies in excluded volume processes, important implications follow : (a) cytoplasmic-excluded volume processes are widespread and important in cells other than the
amphibian oocyte, and (b) a substantial part of
the soluble macromolecular content of cells is excluded from the cytoplasmic domains and restricted to cytoplasmic interstices and organelles,
like the nucleus, with interstice-like solubility
properties .
Exclusion processes provide a mechanism for
ordering and controlling intracellular solute commerce by restricting the intracellular distribution
and movement of solutes to defined regions and
paths . There is evidence that specific mechanisms
exist to utilize this cytoplasmic property . As an
example, the intracellular distribution of steroids
in hormone-responsive cells is determined by
whether they are bound to specific soluble protein receptors . The nonbinding steroid [sH]norethynodrel distributes between the nucleus and
cytoplasm of rat uterus epithelium in the ratio of
0 .2 : 1, while [ 3H]estradiol, which binds, distributes
in the ratio of 4.6 : 1, an enhancement of nuclear
concentration by a factor of 23 (31) . An interesting
detail of this process is that receptor protein
(mol wt ~.-_ 118,000) splits before entering the
nucleus, its penetration of the nuclear membrane
possibly requiring a reduction in mol wt to about
60,000 (27, for review see reference 32) .

TABLE II

The Relative Rates of Diffusion in Cytoplasm and
Pure Water Determined Experimentally and
Calculated from Eq . 6

Sucrose
Inulin

De/Da
(experimental)

De /D w
(calculated)

Exp/Cal

0 .38
0 .20

0 .50
0 .36

0 .76
0 .56

s The nucleus is only 2 .4% of the total cell volume
and its contribution can be ignored .
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