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Passive transport of macromolecules in growing nerve pro- 
cesses was analyzed quantitatively by measuring the rate 
of diffusion of fluorescently labeled molecules injected into 
the soma of cultured Xenopus neurons. We found that the 
diffusion of globular proteins in the neurite’s cytoplasm was 
about five times slower than that in aqueous solution, a rate 
considerably higher than those inferred from previous stud- 
ies on cultured non-neuronal cells. The dependence of the 
diffusion coefficient, D, on the size of diffusing molecules 
was examined by measuring the diffusional spread of flu- 
orescently labeled dextrans over a wide range of molecular 
weights. We found that the size dependence of D deviates 
considerably from that expected for diffusion in a viscous 
aqueous medium: larger dextrans encounter disproportion- 
ately higher viscous resistance. Treatment of the neuron with 
the microfilament-disrupting agent cytochalasin B, or pre- 
loading of the cells with dephospho-synapsin I, a molecule 
that induces bundling of actin filaments, significantly in- 
creased the diffusion rate for large dextrans without affect- 
ing that of small dextrans. Taken together, these results 
provide a quantitative basis for assessing diffusion as a 
potential transport mechanism along nerve processes, and 
suggest that the microfilament meshwork imposes a selec- 
tive constraint on the diffusion of large macromolecular com- 
ponents within the neuronal cytoplasm. 

A prominent feature of the neuronal organization is the exten- 
sive distance between the site of macromolecular synthesis and 
the cellular destination for many ofthe synthesized components. 
In the mature neuron, various forms of active axonal transport 
are required to deliver the soluble and membrane-bound com- 
ponents to and from the distal regions of nerve processes (see 
review, Vale, 1987). Diffusional transport, whose rate decreases 
with the square of the distance, rapidly becomes an inefficient 
mechanism for molecular transport in long axons. On the other 
hand, diffusion could be effective for delivering soluble com- 
ponents to the dendrites, with transport distances on the order 
of hundreds of micrometers. Similarly, diffusion along devel- 
oping neurites is likely to be an efficient form of transport before 
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extensive growth of the neurite and/or prior to the development 
of mature active transport mechanisms. 

No quantitative measurement has previously been made on 
macromolecular diffusion along nerve processes, although many 
studies have provided information on diffusion within the cy- 
toplasm of non-neuronal cells (Wojcieszyn et al., 1981; Wang 
et al., 1982; Salmon et al., 1984). The method used in the above 
studies, namely, fluorescence recovery after photobleaching 
(FRAP), addresses diffusion over short distances on the order 
of micrometers. It is not clear whether FRAP results can be 
readily applied for description of long-range diffusion in nerve 
cells. In the present study, we aimed to develop a quantitative 
method for measuring long-range molecular diffusion within the 
neuron, to assess the diffusion rate of macromolecules of various 
sizes, and to understand the cytoskeletal organization that sets 
the limit on the efficiency of diffusional transport. The infor- 
mation obtained is crucial for a reliable assessment of diffusional 
transport of neuronal macromolecules within the developing 
neuron. The knowledge of the cytoskeletal constraint on mac- 
romolecular movements will also be useful for understanding 
active transport processes. 

Materials and Methods 

Cell culture 
Dissociated Xenopus nerve-muscle cultures were prepared according to 
methods reported previously (Spitzer and Lamborgbini, 1976; Ander- 
son and Cohen, 1977). Briefly, neural tube and myotomal tissue were 
dissociated in Ca*+-Mg*+-free solution (58.2 mM NaCl, 0.7 mM KCl, 
0.3 mM EDTA, pH 7.4). Dissociated cells were plated on the surface of 
clean glass coverslips. The cultures were kept at 20°C in a culture me- 
dium consisting of 50% (v/v) Leibovitz L-l 5 medium (GIBCO), 2% (v/ 
v) fetal bovine serum (GIBCO), 48% amphibian Ringer’s solution (115 
mM NaCl, 2 mM CaCl,, 2.5 mM KCl, 10 mM HEPES, pH 7.3). During 
the first day of culture, many spinal neurons develop extensive neuritic 
processes (Tabti and Poo, 199 1). 

Fluorescent chemicals and microinjection 
Fluorescein isothiocyanate (FITC)-conjugated bovine serum albumin 
and lactalbumin, and tetramethylrhodamine (TRITC)-conjugated oval- 
bumin were from Molecular Probes (Eugene, OR). Dextrans conjugated 
with FITC or TRITC were purchased from Sigma, The purchased large 
molecular weight (MW) flu&escently labeled dextran samples (150,500, 
and 2000 K) were further fractionated on a Seuharose column (CL-4B. 
Pharmacia Fine Chemicals). Elution of FIT&dextrans was mdnitored 
by absorbance at 495 nm. The fraction at the center of absorbance peak 
was collected for microinjection. Labeled molecules were loaded into 
the neuron by using a whole-cell patch-clamp recording micropiDette 
filled with iniemal Solution (150 GM KCl, 1 mM NaCl,- 1 mM &Cl,, 
10 mM HEPES-KOH. DH 7.2) containine labeled molecules (5-20 me/ 
ml). After whole-cell recording condition-was achieved by conventional 
methods (Hamill et al., 198 l), using a patch-clamp amplifier (List EPC- 
7), a pulse of positive pressure was applied through the pipette to inject 
a small amount of intrapipette solution into the neuron. No detectable 
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change in the diameter of the soma was observed after the injection. 
The volume of injected solution was estimated by the method of Graess- 
mann et al. (1980) to be less than 5% of the volume of the soma. The 
pressure injection method was used since it allows rapid loading of a 
sufficient quantity of molecules into the neuron. The recording pipette 
was removed immediately after the injection. To minimize the damage 
to the neuron and to simplify the subsequent analysis of the data, the 
time of contact of the pipette with the soma was kept as short as possible 
(usually less than 10 set). Video recording of the fluorescence images 
began IO-30 set following the injection. 

In some experiments, dephosphorylated synapsin I protein was pre- 
loaded into the spinal neurons by injection of the synapsin I, together 
with TRITC-labeled dextran (MW 70 K), into one of the blastomeres 
of the two to eight cell stage embryos (Sanes and Poo, 1989; B. Lu, P. 
Greengard, M-m. Poo, unpublished observations). The injected em- 
bryos were allowed to develop for 1 d and then used for culture prep- 
aration as described above. This procedure yielded dissociated spinal 
neurons containing exogenous synapsin I, identified by the presence of 
fluorescent marker TRITC-dextran. Previous Western blot analysis has 
shown that a substantial amount of synapsin I remained in the embryo 
2 d after blastomere injection (Lu, Greengard, and Poo, unpublished 
observations). For experiments involving cytochalasin, cytochalasin B 
(Sigma) was diluted lOOO-fold from a stock solution in dimethyl sulf- 
oxide to give a final concentration of 10 &ml. 

Quantitative fluorescence microscopy and image processing 
The cells were examined with a Zeiss microscope equipped with phase- 
contrast or epifluorescence optics, using 40 x (NA 0.75) water immer- 
sion lens. The images were collected by either a silicon-intensified target 
(SIT) camera (RCA, TC1030) or an intensified CCD camera (Quantex, 
QX-100) operating at fixed gain, displayed on a video monitor, and 
recorded in VHS videotaue recorder (JVC. HR-D600U). The recorded 
images were analyzed by-means of a‘digiml image processor (Imaging 
Technology Inc., series 151). The images were “grabbed” as an array 
of 5 12 x 5 12 pixels with 256 gray levels. Typically 32 or 64 frames 
were averaged for quantitative analysis. The distribution of fluorescence 
intensity was obtained by measuring the total intensity within rectan- 
gular sampling areas (3 x 3 pixels, 0.9 x 1.2 prn2) along the length of 
the neurite. The sampling started at the hillock of the net&e, with 
regular spacing of 2-5 pm along the length of the neurite. The back- 
ground fluorescence, which was measured at cell-free areas a few mi- 
crometers away from the corresponding spots at the neurite, was sub- 
tracted from each measurement at the net&e. This subtraction procedure 
was chosen to minimize the error due to leakage of fluorescence mol- 
ecules from the patch pipette to the extracellular medium before high- 
resistance seal was achieved. 

negligible at the concentration of fluorescence label used (< 1 mM). The 
assumption of infinite source of injected molecules at the soma is valid 
if the concentration of labeled molecules in the soma does not decrease 
substantially due to the diffusion of the molecules in the neurite. This 
was true for short neurites and/or for short durations after injection. 
Experimentally, we have observed that the fluorescence intensity at the 
neuritic hillock did not decrease more than 10% during the entire course 
of the experiment. The initial condition C(x > 0, t = 0) = 0, that is, 
no labeled molecules present in the neurite beyond the hillock imme- 
diately after injection, is acceptable when the duration of injection is 
much shorter than the time at which the measurement of diffusion is 
made. The extent of photobleaching of the injected fluorophores was 
less than 5% for a typical experiment (total time of illumination, < 1 
min). The nonlinearity of the SIT camera was estimated according to 
(Stolberg and Fraser, 1988; Spring and Lowy, 1989) to be no more than 
5%. 

D#iiion in aqueous solution. The diffusion coefficient of fluorescently 
labeled molecules in aqueous solution was determined by monitoring 
the diffusional spread of focally ejected labeled molecules in a solution 
used for whole-cell recording (see Fluorescent chemicals and microin- 
jections). A micropipette was filled with solution containing 5-50 mg/ 
ml of labeled molecules, and its tip was brought close to the surface of 
a glass coverslip located at the bottom of a Petri dish. To measure D 
of labeled proteins, the coverslip was pretreated with bovine serum 
albumin for 2-4 hr ( 10 mg/ml in Ringer’s solution) to avoid binding of 
the proteins to the glass surface. A single pressure pulse of duration 1 O- 
30 msec was applied to the pipette, using a picospritzer (model II, 
General Valve). The spread of fluorescence was monitored with an SIT 
or intensified CCD camera and recorded on videotape. The distribution 
of fluorescence intensity was digitized 5-15 set after ejection, a time 
much longer than the duration of ejection. The distances at which the 
diffusional spread was measured were much larger (- 100 pm) than the 
initial size of ejected volume. In this case, the initial condition of dif- 
fusion can be approximated by a point source located at the site of 
ejection. The solution of diffusion equation for a point source in three- 
dimensional infinite volume is given by Crank (1975) 

C(x, t) = A 
exp(-xV4Dt) 

(Dt)“2 ’ (2) 
where C(x, t) is the concentration of the molecule at the distance x from 
the tip of the pipette at time t after the ejection, D is the diffusion 
coefficient, and A is a constant. Equation 2 was used to obtain a D value 
by the procedure of least-square fit. A similar approach was used to 
measure macromolecule release from polymers into fluids of different 
viscosities (Radomsky et al., 1990). In the above analysis, we assumed 
that only fluorescence intensity from the focal plane was measured. 
Model calculations demonstrated that even in the case when the lens 
collects all of the off-focus fluorescence, the error introduced in the 
estimate of D is less than 5%. Analysis of diffusion process 

D$iiion along neuritic processes. The diffusional spread of injected 
molecules from the soma to the neuritic processes was analyzed as a 
one-dimensional diffusion from an infinite source, assuming the con- 
centration of the injected molecule in the soma remained constant dur- 
ing the diffusion process. Let C(x, t) be the concentration of injected 
molecules at distance x from the soma at time t after the injection. The 
above assumptions led to the following conditions: C(x = 0, t) = C, 
and C(x > 0. t = 0) = 0. The solution of one-dimensional diffusion 
equation yields (Crank, 1975) 

Results 

Measurement of the diffusion coejicient 
The experiments were carried out on isolated neurons bearing 
one or a few neutitic processes in 1 -d-old Xenopus cell cultures. 
Fluorescently labeled macromolecules were loaded into the soma 
of the neuron using the gigaohm seal, whole-cell recording tech- 
nique (see Materials and Methods). Figure 1 depicts the recorded 
images at three different times following a pulse injection of 
FITC-labeled BSA. Immediately after injection, labeled BSA 
molecules were confined mainly to the soma of the neuron. 
Within minutes, the molecules had spread along the neurite and 
reached the growth cone. In general, the fluorescence images of 
the neurite were recorded for 3-5 set duration at an interval of 
15 sec. The fluorescence intensity was digitized and analyzed 
to determine the diffusion coefficient (0). Figure 2 illustrates 
the measured concentration distribution of injected BSA at four 
different time points in a typical experiment. The solid curves 
represent theoretically predicted diffusion profiles for a D value 
of 10.1 PmVsec obtained by the procedure of least-square fit 

C(x, t) = Co 1 - erfX 
( ) 2vE ’ 

where D is the diffusion coefficient, and erf is error function given by 
? l-v 

ea) = 5 Jo exp(-zZ)dz. 

Equation 1 was used to fit the experimentally measured profile of 
fluorescence intensity along the neurite at various times after the injec- 
tion by least-square fit. For each time point a D value was determined. 
The average of D over three to eight different time points was taken as 
the best-fit D value. Because of the nonuniformity and branching of 
neurites, in most cases experimental data over relatively short lengths 
of the neurite (30-80 pm from the soma) were analyzed. 

In the above analysis, we assumed that experimentally measured 
fluorescence intensity at the given point is proportional to the concen- 
tration of the labeled molecules. Self-quenching of the fluorescence is 
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Figure 1. Diffusion of FITC-conjugated BSA injected into the soma of a neuron in Xenopw culture. a-c, Fluorescence micrographs of the neuron 
taken at 15 set, 1 min, and 3 min after injection, respectively. d, Phase-contrast micrograph taken at 3 min after injection. Scale bar, 20 pm. 

(see Materials and Methods). This method was used for routine 
measurements of diffusion rates. 

As a first-order approximation, the value of D can also be 
estimated from experimental curves without the curve-fitting 
procedure. For a pure diffusional spread, the value of D can be 
obtained by a simple formula, D-x2/t, where x is the distance 
for the fluorescence intensity to drop to one-half of the initial 
level at time t after injection. For the example shown in Figure 
2, at 25 set after ejection the distance for the intensity to drop 
to one-half level is w 17 pm and D- 172/25- 12 pm2/sec. The 
average D value determined this way for all four time points 
was 9.5 pm2/sec. This is close to the value of 10.1 clm21sec found 
by the more rigorous approach described above. Both the rou- 
tine rigorous method and the above rough estimate are based 
on the assumption that the concentration in the soma of injected 
molecules does not decrease substantially during the time of 
experiment. Since this assumption is valid for relatively short 
neurites and/or small times after injection (see Materials and 
Methods), the experimental data were analyzed for short initial 
segments of the neurite (30-80 pm from the soma). 

A different approach that utilizes the information of diffu- 
sional spread over longer distances is to monitor the increase 
in concentration of the fluorescently labeled molecules with time 

at a number of fixed points along the neurite and determine D 
by best-fit analysis, as illustrated in Figure 3 for the diffusional 
spread of FITC-lactalbumin. The data depict the increase in 
fluorescence intensity with time at three points along the neurite, 
that is, 54, 110, and 160 pm from the soma. Best-fit analysis 
yielded a D value of 25.2 pm2/sec. The result obtained by this 
method was consistent with those obtained routinely by ana- 
lyzing the diffusion over short segments on neurites (see Table 
1). 

D&sion of globular proteins 

The diffusion coefficients of FITC- or TRITC-labeled BSA, 
ovalbumin, and lactalbumin along neurite processes were de- 
termined for a number of neurons in 1 d Xenopus cultures. The 
results are shown in Table 1. As predicted by the Stokes-Einstein 
equation, D = kT/6svr (where k is the Boltzmann constant, T 
is absolute temperature, and 11 is the viscosity of the medium), 
the average D values were approximately inversely proportional 
to the radius (r) of the protein, assuming globular conformation 
of these proteins in the cytoplasm. This size dependence of 
diffusion coefficient suggests that globular proteins with molec- 
ular weights in the range 15-60 K encounter an environment 
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Distance (pm) 

Figure 2. Fluorescence intensity distribution along the neurite. The 
diffusion profiles along the neurite at 10 (o), 25 (+), 115 (=), and 235 
set (0) after injection of FITC-conjugated BSA were obtained by mea- 
suring the fluorescence intensity. Data points represent total intensity 
over 0.9 x 1.2 pm2 sampling areas along the neurite. The experimental 
data for each time point were used to determine a D value by least- 
square fit with Equation 1 (see Materials and Methods). The average of 
four D values was taken as the best-fit value. The solid lines shown are 
theoretical profiles of fluorescence distribution predicted by a single best- 
fit D value of 10.1 PmVsec. 

of roughly the same viscosity, which is in the range of 5.2-5.9 
centipoise (cP). 

An independent approach was used to estimate the viscosity 
of the neurite cytoplasm, v. from the diffusion coefficient of the 
protein in neurites, D,, assuming no information is available 
concerning the conformation of the protein. In this method, the 
diffusion coefficient of a protein in water, D,, was measured and 
the viscosity of the cytoplasm, o. was taken as nC = nw (DJD,). 
The diffusion rates of three proteins were measured by moni- 
toring the spread of fluorescence intensity after a pulse ejection 
of concentrated solution of labeled proteins from a micropipette 
to an aqueous solution (see Materials and Methods). The result 
of a typical experiment is presented in Figure 4. The best fit of 
diffusion profiles to the theoretical prediction yielded a D value 
of 68.0 pmZ/sec for this experiment. The results of all the ex- 
periments on BSA, ovalbumin, and lactalbumin are summa- 
rized in Table 1. The ratios of D/D, found for three proteins 

0 50 100 150 

Time (set) 

Figure 3. Changes in the fluorescence intensity of FITC-lactalbumin 
with time for three points along the neurite, that is, 54 (u), 110 (o), and 
160 pm (A) from the soma. The solid lines are theoretically predicted 
changes in the concentration of injected molecules for a best-fit D value 
of 25.2 umVsec. 

were all close to 0.2 (0.19-0.23) suggesting that within the neu- 
ronal cytoplasm these proteins encounter an environment of 
effective viscosity fivefold higher than that of the aqueous so- 
lution, or 5 cP. It is interesting to note that although our D, 
values are close to those reported previously for these proteins 
in aqueous solutions (Wang et al., 1982), the DC values for dif- 
fusion in neurites were 10 times higher than those reported in 
fibroblasts (Wojcieszyn et al., 198 1). 

D@sion of dextrans of direrent sizes 

To understand the factors that determine the rate of macro- 
molecular diffusion in net&es, we undertook a systematic study 
of the diffusion of chemically uniform molecules of different 
sizes in the neuronal cytoplasm. Fluorescently labeled dextrans 
were chosen because of their inert nature and the availability 
of dextrans of a wide range of molecular weight. The size of the 
molecules can be empirically defined by the effective hydro- 
dynamic radius of the molecules (I), which is related to the 
measured diffusion coefficient in a homogeneous isotropic me- 
dium by the Stokes-Einstein equation (Table 2). The r of dex- 
trans used in our experiments varied from 2.0 to 44.8 nm. These 

Table 1. Diffusion coefficients of globular proteins in neurite cytoplasm and in aqueous solution 

Diffusion 
Diffusion coefficient in 

Molecular coefficient in water nerve cytoplasm 
weight (Dw PmVsec) (DC, rm*/sec) DcfDw 

Lactalbumin 15 K 22.8 + 1.7 97.8 + 2.6 0.23 + 0.02 

(9) (7) 
Ovalbumin 45 K 15.8 + 2.1 79.1 + 2.6 0.20 + 0.03 

(6) (9) 
BSA 60 K 12.6 + 1.5 67.7 k 2.9 0.19 f  0.03 

(9) (8) 

Diffusion coefficients are listed as mean f SEM. The numbers in parentheses refer to the number of diffusion experiments 
analyzed. 
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Figure 4. Diffusion of FITC-labeled BSA in the aqueous solution. The 
fluorescence intensity distribution was measured 6 (D), 9 (+), and 12 
set (m) after a single pressure-pulse ejection of concentrated FlTC-BSA 
solution from a micropipette into the aqueous medium (see Materials 
and Methods). The solid lines are theoretically predicted intensity pro- 
files for the diffusional spread of the BSA from a point source, using a 
best-fit D value of 68.0 pm*/sec. 

inert molecules were used to measure coefficient of diffusion in 
the neurons. 

Fluorescently labeled dextrans of different hydrodynamic ra- 
dii were injected into the soma of neurons, and their diffusional 
spread along the neurite was measured. We found that the rate 
of diffusion depends much more strongly on the size of the 
molecules than that found in aqueous solution (Table 2). The 
ratio of the diffusion coefficient in the neurite cytoplasm (0,) to 
the diffusion coefficient in aqueous solution (DJ decreased with 
increasing sizes of dextrans (Fig. 5). Thus, when the wide range 
of molecular sizes is considered, the apparent viscosity of the 
neuronal cytoplasm depends on the size of the probe, a behavior 
that is characteristic of a non-Newtonian fluid. 

Some theoretical models for the diffusion of probe molecules 
in cytoplasm predict the existence of critical size: the molecules 
whose radii are larger than critical will be entrapped in the 
cytoskeleton meshwork (Luby-Phelps et al., 1988). In our ex- 
periments, we did not find any cutoff size. Even large MW 
dextrans (r = 25.8 nm) diffused from the soma to the end of the 
axon and penetrated into the growth cone (Fig. 6). 

Efects of cytochalasin B and synapsin I 

To understand what factors determine the increase in effective 
viscosity for large dextrans, we pretreated the cells with cyto- 
chalasin B for 1 hr to disrupt actin microfilaments. No effect 
on D was found for low MW dextrans (r = 2.0 nm), while D 
for large dextrans (r = 25.8 nm) increased 2.4 times (Table 3). 
The role of cytoskeleton on the diffusion of the dextrans was 
further studied by examining the effect of synapsin I, which is 
known to induce bundling of actin filaments (Bahler and Green- 
gard, 1987). Dephosphorylated synapsin I molecules were pre- 
loaded into the neurons by injecting (together with TRITC- 
dextran, MW 70 K) into one of the blastomeres of the Xenopus 
embryo. We found that D of low MW dextran did not differ in 
control versus synapsin I-injected cells while D of high MW 

20 40 60 

hydrodynamic radius (nm) 

80 

Figure 5. The ratio of diffusion coefficients in neurite cytoplasm to 
that in aqueous solution for dextran molecules (0) and globular proteins 
(+) of different hydrodynamic radii. Note that the ratio for dextrans 
decreases with increasing radii, suggesting increasing viscosity encoun- 
tered by larger dextrans in neuronal cytoplasm. Error bars refer to 
+SEM. 

dextrans in synapsin I-injected cells was 2.9 times higher than 
in control cells (Table 3). Control experiments demonstrated 
that preloading of the neurons with TRITC-dextran alone had 
no effect on the diffusion of either high or low MW FITC- 
dextrans. Furthermore, the observed effect of synapsin I was 
not simply due to loading of exogenous protein; D of dextrans 
was not affected by preloading the neurons with TRITC-con- 
jugated avidin (Table 3). 

Discussion 
Cytoplasmic viscosity and macromolecular d#iision 
An elaborate microtubule-based system exists in neurons to 
transport material to and from the distal ends of nerve processes 

Table 2. Diffusion coefficients for dextrans in water and in neuronal 

Diffusion 
coefficient 
in water 
(D, pm*/sec) 

112.0 + 7.2 
(11) 

48.1 t 3.1 

(7) 

Diffusion 
coefficient 

Hydro- in nerve 
dynamic cytoplasm 
radius (nm) (D,, rm*/sec) 

2.0 44.0 + 4.1 

(9) 
4.6 13.0 + 2 

(6) 

DJDw 

0.39 k 0.06 

0.29 k 0.06 

52.2 + 6.2 4.2 16.6 + 2.4 0.32 f 0.08 

(3 (6) 
29.7 + 3.1 8.4 6.4 + 0.5 0.22 + 0.04 

(4) (7) 
12.0 + 2.4 18.3 1.8 f 0.3 0.15 t 0.05 

C-5) (9) 
8.5 k 0.5 25.8 1.0 & 0.3 0.12 * 0.04 

(7) (7) 
4.9 ?I 1.1 44.8 0.23 + 0.09 0.05 z!c 0.04 

(5) (6) 

Diffusion coefficients are listed as mean + SEM. The numbers in parentheses refer 
to the number of diffusion experiments analyzed. Effective hydrodynamic radii 
of various dextrans were calculated from the Stokes-Einstein equation, after D, 
values were determined experimentally. 
y TRITC-dextran; all other dextrans were FITC-conjugated. 
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Figure 6. Penetration of large dextrans into fine filopodia processes of the neurite. a and b, Fluorescent micrographs taken at 15 set and 2 min 
after the pulse injection, respectively. c, A phase-contrast micrograph taken 2 min after injection. Note that these large dextran molecules of 
hydrodynamic radius 25.8 nm had penetrated into the filopodial processes of the growth cone. Scale bar, 20 pm. 

(Vale, 1987; Okabe and Hirokawa, 1989). For long distances, 
the rate of diffusional transport is much slower than that of the 
active transport. However, diffusion can be an effective mech- 
anism to transport macromolecules in short dendrites or in the 
developing processes with immature transport systems. The rate 
of diffusional transport of macromolecules in the cell is deter- 
mined by viscous properties of cell cytoplasm, which have been 
studied by many biophysical methods (see Luby-Phelps et al., 
1988, for review), including electron spin resonance (Mastro et 
al., 1984) polarization microfluorimetry (Fushimi and Verk- 
man, 199 l), observation of the movement of the microinjected 
magnetic particles (Valberg and Albertini, 1985), fluorescence 
spectroscopy (Dix and Verkman, 1990), and FRAP (Lanni et 
al., 198 1; Luby-Phelps et al., 1986). 

The reported values of viscosity of cytoplasm (7,) are a subject 
of considerable controversy, since different methods give dif- 
ferent values of 7C for the same cells. Thus, the reported values 
of fe for fibroblasts were 6-l 3 CP (Bums, 1969) 70 CP (Wojcie- 
szyn et al., 198 l), 3-6 CP (Lepock et al., 1983) 3-4 CP (Luby- 
Phelps et al., 1986), 10-13 CP (Dix and Verkman, 1990), 1.2 

Table 3. Effects of cytochalasin B and synapsin I on dextran 
diffusion 

Diffusion coefficient 
in neurite cytoplasm 
(WmVsec) 

Small dextran Large dextran 
Treatment= (r = 2.0 nm) (r = 25.8 nm) 

Control 44 + 4 (9) 1.0 + 0.3 (7) 
Cytochalasin B 36 + 5 (7) 2.4 + 0.4 (7) 
Synapsin I 49 + 6 (6) 2.9 + 0.5 (6) 
TRITC-avidin 38 + 7 (6) 1.1 + 0.4 (6) 
TRITC-dextran, MW 70 K 41 rt 5 (3) 1.2 * 0.5 (7) 

DiIfusion coefficients are listed as mean + SEM. The numbers in parentheses refer 
to the number of diffusion experiments analyzed. 
a Control refers to the measurements of dextran diffusion in untreated neurons. 
The rest of treatments involve loading the neurons with cytoehalasin B, synapsin 
I, TRITC-avidin, or TRITC-dextran prior to the dextran diffusion experiment. 

CP (Fushimi and Verkman, 1991). In FRAP experiments, vis- 
cosity can be determined by comparing the diffusion coefficient 
of the probe molecule in the cytoplasm (D,) with that in the 
aqueous medium of known viscosity, for example, in water (D,), 
that is, vC = a,,DJD,. The viscosity of the cytoplasm, ve, mea- 
sured by FRAP was reported to be 2-4 CP for amoeba cells 
(Wang et al., 1982) 8 CP for embryonic cells of sea urchin 
(Salmon et al., 1984), 20 CP for hepatocytes (Peters, 1984), and 
70 CP for human fibroblasts (Wojcieszyn et al., 198 1). In some 
cases, the same probe molecules were used (Peters, 1984; Luby- 
Phelps et al., 1986) and discrepancy in 71, probably reflects dif- 
ferences in the organization of cytoplasm between cell types. On 
the other hand, different qc values obtained by FRAP measure- 
ments on the same cell strongly indicate that the model of cell 
cytoplasm as a homogeneous viscous medium (Newtonian liq- 
uid) is not valid; the inferred viscosity depends on the probe 
molecule. 

It has been shown in erythrocytes that lateral diffusion of 
membrane proteins is restrained by membrane-attached cyto- 
skeleton. Disruption of cytoskeletal structures led to 100-l OOO- 
fold increase in the D value of some membrane proteins (Koppel 
et al., 198 1). Previous reports also indicated that cytoskeleton 
can impose some limitation on the macromolecular diffusion 
in the cytoplasm as well (Wojcieszyn et al., 198 1; Mastro et al., 
1984). It was suggested that observed differences in tC values 
measured by different methods are due to different sizes of the 
probe molecules (Luby-Phelps et al., 1987), which interact dif- 
ferently with cytoskeletal structures. 

Cytoskeletal constraint on dljiision 

Various components of the cytoskeleton system- microtubules, 
microfilaments, intermediate filaments, and small (2-3 nm in 
diameter) filaments of poorly defined composition-form a dense 
interconnected meshwork in the cytoplasm called the cytoplas- 
mic matrix or ground substance (Hubbard and Lazarides, 1979; 
Schliwa and van Blerkom, 198 1; Bridgman and Reese, 1984; 
Katsuma et al., 1987; Tint et al., 1991). The mesh size of this 
system was estimated to be 70-100 nm from the analysis of 
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electron micrographs (Porter, 1984). It is reasonable to expect 
that cytoplasmic matrix can impose a size limit for unrestricted 
diffusion of molecules or organelles within the cytoplasm (Ger- 
shon et al., 1985). 

The properties of this cytoskeletal meshwork can be studied 
in the reconstituted system, using purified cytoskeletal proteins 
(Flory, 1956; Hitt et al., 1990; Kerst et al., 1990). A number of 
properties of the reconstituted system may be relevant to un- 
derstanding of cytoskeletal constraint on diffusion. The actin 
filaments demonstrated flexible motions in actin gels (Schmidt 
et al., 1989). The viscoelastic properties ofreconstituted systems 
can be modified by actin- or tubulin-binding proteins (Wang 
and Singer, 1977; MacLean-Fletcher and Pollard, 1980; Hou et 
al., 1990; Janmey et al., 1990), and difhtsion coefficient of probe 
molecules in gels depends on the size of the molecules (Newman 
et al., 1989; Hou et al., 1990). Thus, the cytoskeletal meshwork 
is a flexible system, in which diffusional restriction can be mod- 
ified. The mobility of large components in the cytoplasm prob- 
ably depends upon the degree of flexibility in the cytoskeletal 
meshwork. 

D$iusion in nerve processes 

In conventional FRAP measurements, nonuniform distribution 
of probe molecules is created by bleaching fluorescent molecules 
in small areas (a few micrometers in diameter). A value of D is 
determined from the recovery of fluorescence in the bleached 
area. For nerve cells, diffusion over longer distances is more 
physiologically relevant. To measure the D values for macro- 
molecules, we have injected small amounts of FITC- or TRITC- 
labeled molecules into the soma of the neuron and monitored 
diffusional spread of the molecules along neurites up to 200 pm 
long, using a video imaging method. The diffusion of injected 
molecules from soma to axon has been previously measured for 
small radioactively labeled molecules in Aplysiu axons up to 10 
mm long (Koike and Nagata, 1979). The latter method has a 
spatial resolution of - 1 mm and allows one to measure diffusion 
of small (- 1 nm in diameter) molecules in axons. The method 
that we report is applicable to the diffusion of molecules of any 
size in native nerve processes. 

We found that D values of BSA, ovalbumin, and lactalbumin 
in neurite cytoplasm were approximately five times lower than 
that in aqueous solution. No statistically significant dependence 
of D on the size of the proteins was found over the narrow size 
range of 2-3 nm. In order to examine diffusional transport of 
molecules over a wider range of sizes, we chose fluorescently 
labeled dextrans as probe molecules, which are available in 
molecular weights that range over 3 orders of magnitude. An 
additional advantage of dextran molecules is that apparently 
they do not interact with cytoplasmic structures (Paine and Ho- 
rowitz, 1980; Luby-Phelps et al., 1986). 

By comparing the diffusion rate of dextrans in neurites versus 
that in the aqueous solution, we found that inferred viscosity 
of the neurite cytoplasm depended on the size of the dextran 
molecule. It increased from 2.6 to 20 CP for dextrans of effective 
radii from 2.0 to 44.8 nm. This effect cannot be explained by 
a high concentration of proteins in the cytoplasm. Previous 
studies on the diffusion of dextrans in concentrated protein so- 
lutions have shown that the inferred viscosity of the solution 
depends only weakly on the size of the dextran (Luby-Phelps et 
al., 1986). Similar results were reported for the diffusion of 
globular proteins in concentrated solution of macromolecules 
(Phillies, 1985; Ullman et al., 1985). In any case, the strong size 

dependence we observed cannot be explained by nonideal be- 
havior of probe molecules in a concentrated solution of proteins. 

To assess directly the role of cytoskeleton in the rate of mac- 
romolecular diffusion, we treated the cells with the microfila- 
ment-disrupting drug cytochalasin B (Cooper, 1987). Statisti- 
cally significant increase of D for large MW dextrans (r = 25.8 
nm) was found, while that of small dextrans (r = 2.0 nm) was 
unchanged. This result suggests that diffusion of large molecules 
in the neuronal cytoplasm is restricted by actin cytoskeleton. 
We also preloaded neurons with dephosphorylated synapsin I 
protein that has actin-bundling activity (Bahler and Greengard, 
1987). Again, we found that diffusion of large dextrans was 
increased. This effect is similar to the increase of diffusion rate 
of large ficolls in reconstituted actin system upon addition of 
actin-binding protein filamin (Hou et al., 1990). Both of these 
findings can be explained by an increase in the average mesh 
size of cytoskeletal system resulting from the bundling of actin 
filaments by actin-binding proteins. 

The result of cytochalasin B and synapsin I treatments, to- 
gether with the size dependence of diffusion rates, provides some 
information on the size and flexibility of cytoskeletal meshwork 
in these developing net&es. Dextrans are highly flexible 
branched polymers, whose behavior in solution can be described 
by a random-coil polymer model (Ogston and Woods, 1953; 
Basedow and Ebert, 1979). We deduced the effective hydro- 
dynamic radius of the dextran from the Stokes-Einstein equa- 
tion. To characterize pore permeability of dextrans, the radius 
of gyration, r, (Tanford, 196 1; Mohrer et al., 1984) is a more 
appropriate parameter. It has been found that rg of random-coil 
polymer differs from its hydrodynamic radius deduced from the 
Stokes-Einstein equation by a factor of 1.5 (rp = 1.5 r). From 
the above result on the effect of cytochalasin and synapsin I, we 
may conclude that diffusion of macromolecules of a ra about 40 
nm is significantly affected by the cytoskeletal structures, sug- 
gesting a mesh size as small as 80 nm. However, long-range 
diffusion, although greatly retarded, was observed even for the 
largest dextran (rg = 70 nm), indicating that the cytoskeletal 
meshwork is flexible and does not impose a rigid restriction on 
diffusion. 

Implications for molecular transport in neurons 

The characteristic time t required for a typical globular protein 
(70 K) to diffuse to the distal end of a dendritic process L pm 
long can be roughly estimated as t = LVD,, where DC is the 
diffusion coefficient of molecules in a neuronal cytoplasm. A 70 
K protein has a hydrodynamic radius of approximately 3.5 nm 
and a D, in aqueous solution of 60 Mm*/sec. Assuming no as- 
sociation of the protein with other cytoplasmic components, our 
result on the dextran diffusion (Fig. 3) predicts that DC should 
be about three times lower than the D,. Thus, D, - 20 FrnVsec 
and the characteristic time t to reach L = 200 Mm is t - 30 min. 
Note that this is a lower limit estimate, since any association 
of the molecules with other cytoplasmic components will in- 
crease the time. As shown by our results on protein diffusion 
in neurites, all three proteins studied appeared to diffuse about 
60% slower than expected, suggesting a weak association of the 
proteins with cytoplasmic components. 

Diffusion of globular proteins in the neurite cytoplasm is about 
five times slower than in aqueous solution, while in fibroblasts 
it was reported to be 70 times slower (Wojcieszyn et al., 198 1). 
Thus, the information concerning cytoplasmic organization of 
the fibroblast cannot be readily extrapolated to the nerve cell. 
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It has been proposed that the mesh in actin cytoskeleton is less 
than the diameter of microtubules (22 nm), based on the exclu- 
sion of microtubules from the growth cone (Forscher and Smith, 
1988) and the exclusion of large polymers from the lamellipodia 
of fibroblasts (Luby-Phelps et al., 1988). In contrast to the latter 
finding, we found that large dextrans (rg = 38.7 nm) do penetrate 
to the distal end of growth cone filopodia. This indicates that 
the actin cytoskeleton meshwork at the growth cone is less dense 
or more flexible than previously expected, based upon the anal- 
ogy between the growth cone and lamellar protrusions of fibro- 
blasts. 

Several specific proteins and mRNA have been found to be 
localized within different domains of cultured neurons (Binder 
et al., 1986; Banker and Waxman, 1988; Bruckenstein et al., 
1990; Kleiman et al., 1990). Regional localization within the 
neuron could result from either directional active transport or 
diffusion-driven movement, followed by selective trapping of 
the component at the specific region. Our observation that large 
inert macromolecules do spread efficiently throughout nerve 
cytoplasm suggests that diffusional movement is an efficient 
process for short-range transport. In cultured neurons that show 
distinct differentiation of axonal versus dendritic processes 
(Banker and Cowan, 1979), selective diffusion barrier at the 
axonal hillock could be responsible for the formation of axonal 
versus soma-dendritic domains. Our observation that modu- 
lation of actin microfilaments alters the diffusion of large dex- 
trans suggests that this cytoskeletal structure may play a part in 
forming such diffusion barriers. 

Neurite cytoskeletal elements form a dense and highly cross- 
linked filamentous network (Schnapp and Reese, 1982). The 
speed of the active transport has been found to be inversely 
related to the size of the organelles, and this size dependence 
may reflect steric interactions of the transported organelles with 
the cytoskeleton (Willard et al., 1974; Hirokawa, 1982; Vale et 
al., 1985). Our results not only directly demonstrate the size- 
dependent interaction of macromolecules with cytoskeleton but 
also provide a quantitative basis for an estimate of the viscous 
drag encountered by a particle of given size in the nerve cyto- 
plasm, in both diffusional and active transports. 
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