
Our results show a temporal correlation 
between tyrosine phosphorylation of actin 
and cell-shape changes in response to 
growth conditions and suggest that growth 
medium induces either the activation of a 
tyrosine kinase or inhibition of a phospho- 
tyrosine phosphatase that regulates actin 
tyrosine phosphorylation. This phospho- 
rylation may in turn regulate the alterations 
in F-actin-containing structures in the cy- 
toskeleton, resulting in cell-shape changes. 
Changes in the amount of PTPl affect the 
kinetics and extent of actin phosphoryla- 
tion and similarlv affect the kinetics and 
extent of the cell-shape changes and F-ac- 
tin staining pattern. It is possible that PTPl 
does not directly dephosphorylate pTyr- 
actin and that the effects of PTPl activity 
may be propagated through a series of re- 
sponding proteins. Because the amount of 
growth-stimulated actin tyrosine phospho- 
rylation in ptpl null cells decreases to an 
amount similar to that seen in wild-type 
cells, a second PTP may dephosphorylate 
actin in the absence of PTP1. Amoeba 
proteus actin is phosphorylated in vitro in 
cell-free extracts in response to CaZ+ (the 
phosphorylated amino acid is unknown) 
and has been shown to affect actin polymer- 
ization in vitro (15). Although actin phos- 
phorylation has not been reported in verte- 
brates, tyrosine phosphorylation of non- 
actin proteins is essential for conversion of 
globular (G)-actin to F-actin in B lympho- 
cytes (1 6). The observed changes in Dicty- 
ostelium may be analogous to cytoskeleton 
chanees in mammalian cells mediated bv " 
serum and other extracellular factors or 
protooncogene activation (1 7). 

Note added in proof. Schweiger et al. (1 8) 
also recently showed pTyr-actin in Dictyo- 
stelium. 
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Forward Plasma Membrane Flow in 
Growing Nerve Processes 

Sergey Popov,* Abraham Brown, Mu-ming Poof 
Nerve growth requires addition of new plasma membrane material, which is generally 
believed to occur at the growth cone. Local incorporation of a fluorescent lipid analog into 
the plasma membrane of fast-growing Xenopus neurites revealed an anterograde bulk 
membrane flow that correlated with neurite elongation. The rate of membrane flow de- 
pended on the position of the labeled membrane segment along the neurite, increasing with 
distance from the soma. This result suggests that new membrane in growing Xenopus 
neurites is added not at the growth cone but at the cell body and along the neurite. 

I t  is generally accepted that the new plas- 
ma membrane material required for nerve 
growth is added at the tip of the neurite, 
known as the growth cone (1). This view of 
nerve growth originated mainly from the 
observation that extracellular particles at- 
tached to the neurite surface remain sta- 
tionary relative to the soma as the neurite 
elongates (2). However, it is possible that 
some of the particles on the neurite surface 
were anchored to the neuronal cytoskeleton 
through transmembrane linkage, and the 
behavior of the particles reflects the move- 
ment of the cytoskeleton rather than that of 
the plasma membrane (3,4). Here we show 
that when fluorescent lipid molecules are 
locally inserted into the plasma membrane 
of Xenopus laevis neurites, they move for- 
ward as the neurite grows; thus, in this 
system, membrane is added not at the 
growth cone but at the soma and along the 
length of neurite. 

Cultured Xenopus spinal neurons were 
prepared on laminin-coated glass cover slips 
(5) and were used 3 to 8 hours after plating. 

At this time, the average rate of neurite 
extension was 79 f 19 pmlhour (SEM, n 
= 49) at room temperature (20' to 22°C). 
In the first set of ex~eriments. neurons with 
relatively long neurites (-400 pm) were 
selected, and the fluorescent lipid analog 
1, 1'-didodec~l-3,3,3',3'-tetramethylindo- 
carbocyanide perchlorate (DiICIz) was in- 
corporated into a segment of neurite mem- 
brane close to the growth cone (at a dis- 
tance of 60 to 80 pm from the neurite tip) 
by a local perfusion method (6). Analysis of 
the differential interference contrast (DIC) . . 
and fluorescence images of the neurite at 
two different times after local perfusion of 
the fluorescent lipid (Fig. 1)' revealed that 
the incorporated lipid molecules rapidly 
spread along the membrane. The profiles of 
the fluorescence distribution during the first 
5 min after perfusion were measured with a 
digital imaging method (7), and the posi- 
tions of the center of the profiles were 
determined (8). For actively growing neu- 
rites (Fig. 1, A through C), we observed a 
shift of the .center of the profile in the 
anterograde direction. In 17 cases in which 

Department of Biological Sciences, Columbia Univer- elongation of the neurites was observed, the 
sitv. New York. NY 10027. . .  - -. 
~ ,, center of the fluorescence prohle moved 
*On leave from the Institute of Electrochemistry, Acad- 
emy of Sciences, Moscow, Russia. forward at a rate of 2.1 f 0.2 pmlmin 

. -. . . - 
?To whom correspondence should be addressed. (SEM) as the neurite elongated at a rate of 

SCIENCE VOL. 259 8 JANUARY 1993 



2.3 k 0.2 d m i n .  When the rate of 
anterograde movement of the profile was 
compared to the rate of neurite elongation 
for each neurite, the average ratio was 0.91 
+ 0.06. In contrast, in 11 other cases 
where no detectable neurite elongation 
(< 1 ~ m )  occurred over the period of o b  
servation (-5 min) (Fig. ID), the center of 
the profile remained stationary with an 
average displacement of 0.03 + 0.02 ~ m /  
min. Thus, for growing neurites, the plasma 
membrane behind the erowth cone flows " 
forward at a rate close to that of neurite 
elongation, indicating no substantial mem- 
brane addition at the growth cone. 

Theoretical analysis of fluorescence pro- 
files at various times after lipid incorpo- 
ration (9) showed that the DiICI2 mole- 
cules dfised along the neurite with a 
difhsion coefficient of (2.0 + 0.1) x lo-' 
cm2/s (SEM, n = 24). This value is consis- 
tent with that expected for lateral difbsion 
of lipids in the plasma membrane (1 0), 
suggesting that most of the fluorescent lipid 
molecules are properly incorporated into 
the plasmalemma. The plasmalemma local- 
ization of the incomrated lioids was also 
indicated by the rin'g staining' of the soma 
and the absence of cytosolic staining during 
the first 10 min after perfusion of the soma, 
as revealed by confocal fluorescence micros- 
copy. This result supports previous findings 
with similar DiI molecules (I I). The ab- 
sence of significant lipid internalization 
during the brief period of these experiments 
was further indicated by the uniform fluo- 

rescence staining along the neurite. Punc- 
tate fluorescence that reflects lipid internal- 
ization was not detected during the first 10 
min after perfusion. 

To determine in which region of the 
neuron the new membrane is inserted, we 
measured the rate of membrane flow at the 
middle segment of the neurite (Fig. 2A) 
and near the soma (Fig. 2B). In a total of 23 
experiments, we consistently observed an 
anterograde shift in the center of the fluo- 
rescence protile, indicative of anterograde 
membrane flow. The rate of flow depended 
on the position of the labeled segment 
along the neurite, increasing with distance 
from the soma. To normalize the data, we 
plotted the rate of membrane flow relative 
to the rate of neurite elongation against the 
relative distance of the labeled segment 
from the soma (Fig. 2C), including data 
obtained near the growth cone. The non- 
zero slope of the line that best fits the data 
can be explained by uniform insertion of 
membrane material along the length of 
neurite or by a decrease in neurite diameter 
with time without membrane addition. 
Both of these effects will result in an aooar- . . 
ent membrane flow whose rate increases 
with distance from the soma. 

Estimation of the contribution of neurite 
diameter change to the observed membrane 
flow reauired a convenient method of de- 
termining the extent of membrane flow 
over a defined segment of neurite. This 
problem was resolved when we found that 
yolk granules that were attached to the 

Flg. 1. Membrane flow i. Xenopus neurites revealed by local incorporation of the fluorescent lipid 
analog DilC,,. (A, 6, C, and D) DIC images, fluorescence images, and profiles of fluorescence 
intensities along four neurites at two different times (marked as min:s) after local perfusion of the 
neurite with a solution containing DiIC,, (10 pgtml). Small black and white arrows mark fixed 
reference points in the culture, and large white arrows mark the center of the fluorescence 
distribution. Dashed black lines in the DIC images in (C) indicate the anterograde movement of yolk 
granules attached to the surface of the neurite. Data points (circles) on the graph are the relative 
intensities of the fluorescence along the neurite measured by a digital imaging method at two 
different times corresponding to the times shown in the fluorescence images. The centers of the 
fluorescence profiles are marked by the large black arrows. Solid lines represent Gaussian profiles 
that best fit the data. The anterograde shift in the center of diffusion curve for elongating neurites 
was 6.8 pm (A), 4.5 pm (B), and 8.9 pm (C). For nonelongating neurite (D), the shift was -0.3 pm. 
Bar = 20 pm. 

neurite surface could serve as convenient 
markers of the membrane. These yolk gran- 
ules, which originated from broken cells 
during plating of the culture, remained 
extracellular after attaching to the neurite, 
as shown by their staining with the mem- 
brane-impermeant dyes Trypan blue and 
Lucifer yellow. In total, 102 granules were 
traced in 49 elongating neurites. We con- 
sistently observed anterograde movements 
of the granules along the neurite (Fig. 3, A 
and B). The rate of granule movement 
depended on the position of the granules 
along the neurite, increasing with distance 
between the granule and the soma. When 

Relative distance from the soma (x) 

Flg. 2. Membrane flow in Xenopus neuriies at 
(A) the middle of the neurite and (6) near the 
soma. Fluorescence images of the labeled seg- 
ments of neurites, corresponding DIC images 
of the growth cone of the same neurite, and 
profiles of fluorescence intensities along two 
neuriies at two different times (marked as 
min:s). The arrows are as in Fig. 1. The labeled 
segment in (A) was in the middle of the neurite, 
about 200 pm from both the soma and the 
growth cone; the labeled segment in (B) was in 
the proximal portion of the neurite, abcyt 80 pm 
from the soma. The anterograde shift in the 
center of fluorescence profile curve was 7.3 pm 
(A) and 3.0 pm (B). Bar = 20 pm. (C) The 
distance of the labeled segment from the soma 
(e) was normalized to the length of the neurite 
(L) to obtain the relative distance (x = elL). The 
shift in the peak of the profile during the time of 
the experiment (Ae) was normalized against the 
extension of the neurite (AL) over the same 
duration to yield the relative displacement (y = 
AelAL). Data are the mean of y values for the 
points close to the soma (x = 0.2, n = 12), in 
the middle of neurite (x = 0.5, n = 1 I), and near 
the growth cone (x = 0.85, n = 17). The error 
bars refer to SEM. The solid line represents the 
best linear fit of all data, given by the expres- 
sion y = 0.30 + 0.69~. 
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Fig. 3. Anterograde movements of surface- 
bound yolk granules along elongating neurites. 
(A and B) DIC images of two neurites at two 
different times (marked in minutes) during neu- 
rite elongation. Arrows mark fixed reference 
points in the substratum. Dashed lines connect 
the initial and final positions of the same gran- 
ule. Note the higher rate of movement for gran- 
ules closer to the growth cone (on the right end) 
and the increasing separation between gran- 
ules with time. Bar = 20 km. (C) Rate of granule 
movements at diierent distances from the 
soma. The distance of the granules from the 
soma and the rate of granule translocation were 
normalized as in Fig. 2C. The x values were 
divided into ten bins, and the data are the mean 
of the y values within each bin. The error bars 
refer to SEM, and the number of granules 
examined for each bin ranged from 6 to 20 
(total 102). The solid line represents the best 
linear fi of all data, given by the expression y = 
0.32 + 0.64~. The dashed lines I and I I  repre- 
sent predictions of granule movements by two 
diierent models of membrane addition during 

- 
0 1 

Relatlve distance from the soma (x) 

neurite growth. Model I, plasma membrane flow from the soma to the neurite accounts for all the new 
membrane durina neurite elmaation: model I I ,  the new membrane is uniformlv added alma the 
length of neurite,-with no membrane flow from the soma. 

- 

the data were normalized, we found that 
the granules at the distal segment of neu- 
rite (x = 0.8 to 1.0), in the middle of 
neurite (x = 0.4 to 0.6), and near the 
soma (x = 0.0 to 0.2) all moved at a rate 
close to that of membrane flow at the 
corresponding regions. Because the yolk 
granules move at the same rate as the 
plasma membrane, a set of yolk granules 
can be used to indicate the extent of 
membrane flow within defined segments of 
the neurite. The change in the neurite 
diameter during elongation was measured, 
with high-resolution DIC optics, between 
two adjacent yolk granules as their sepa- 
ration increased over a ~eriod of 45 min. 
For nine pairs of granules examined, the 
diameter of the neurite showed an average 
reduction of 38 k 10% (SEM), whereas 
the distances between the granules showed 
an average increase of 93 + 18%, which is 
about 2.4 times the expected increase for 
extension without addition of new mem- 
brane (1 2). Thus, the increased separation 
of adjacent yolk granules with time cannot 
be accounted for simply by a decrease in 
neurite diameter. A substantial amount of 
new membrane must have been incorpo- 
rated into the plasmalemma along the 
length of the neurite. Furthermore, sub- 
stantial membrane flow from the cell body 
to the neurite must have occurred because 
the average rate of granule movement near 
the soma (x = 0.0 to 0.1) was significantly 
higher than zero (y = 0.35 k 0.07, n = 
11) (Fig. 3C). In fact, the best-fit curves 
for both data sets (Fig. 2C and Fig. 3C) 
cross the y-axis at a point close to 0.3, 
which also indicates that a substantial 

fraction of the neuritic membrane was 
derived from the soma. 

This study provides evidence that elon- 
gation of nerve processes may depend on an 
anterograde bulk membrane flow along the 
neurite. In these fast-growing Xenopus neu- 
rons in culture, new plasma membrane 
material appears to be inserted at the soma 
and along the neurite rather than at the 
growth cone. Microtubules also translocate 
in an anterograde direction along these 
Xenopus neurites (3, 13). The rate of this 
translocation and its dependence on the 
position along the neurite were similar to 
those reported here for membrane flow. 
Whether the membrane flow and microtu- 
bule translocation are coupled and what 
drives the membrane flow are questions that 
remain to be investigated. 
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