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Summary 

Lateral diffusion of  membrane lipids and proteins was determined in 
differentiating C1300 mouse neuroblastoma cells by fluorescence photo- 
bleaching recovery measurements.  It is demonstrated that  upon differentia- 
tion the lateral diffusion of  membrane lipids and proteins is increased 
specifically in the extending neurites. This indicates the appearance of  a 
topographical heterogeneity in the cell membrane,  whereby more fluid 
domains become located in the membrane of the neurites. 

Dynamic properties of  surface membrane components  can be studied 
on intact cells by the fluorescence photobleaching recovery method (FPR). This 
method provides sufficient spatial resolution to resolve local heterogeneities 
within the surface membrane of a single cell [1--4] .  We have applied FPR 
to measure the lateral diffusion of  both  membrane lipids and membrane 
proteins during the outgrowth of  neurites in differentiating neuroblastoma 
cells. Upon differentiation these cells express to a large extent  the char- 
acteristic features of  mature nerve cells [5--7] .  Recently de Laat et al. [8] 
demonstra ted that  the outgrowth of  neurites is accompanied by a decrease 
in 'microviscosity'  of  the cell membrane lipid matrix, as derived from 
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fluorescence polarization measurements of a lipid probe. We now demon- 
strate that  the lateral mobili ty of both membrane lipids and membrane 
proteins is increased specifically in the outgrowing neurites. This indicates 
the existence of a topographical heterogeneity in the cell membrane of 
differentiating neuroblastoma cells, and suggests that  the majority of fluid 
lipid domains in the cell membrane are located in the neurites. 

C 1300 mouse neuroblastoma cells (clone Neuro-2A) were cultured in 
35 mm plastic petri-dishes in Dulbecco's modified Eagle's medium supple- 
mented with 10% foetal calf serum, without  bicarbonate but with 25 mM 
Hepes-buffer, pH 7.5. Differentiation was induced 24 h after plating by the 
addition of 200 gg 3-isobutyl-l-methylxanthine per ml plus 1 mM dibutyryl  
cyclic AMP to the medium, as described before [8]. As a fluorescent probe 
for the lateral diffusion of membrane lipids we used a fluorescein-labeled 
analogue of the ganglioside GM1 (F-GMI: a gift from H. Wiegandt). Mem- 
brane proteins were labeled with rhodamine-labeled rabbit antibodies (Fab' 
fragments) against mouse El4 lymphoid cells (RaE14: a gift from G. Edel- 
man), which showed cross-reactivity with surface antigens of Neuro-2A cells. 
After the cells were washed with Hank's balanced salt solution, they were 
labeled by incubation of the cells at 37°C in this solution with (i) 5 pg/ml of 
F-GM1 for 10 min, or (ii) 100 pg/ml of RaE14 for 30--45 min. After label- 
ing the cells were washed several times with Hank's balanced salt solution. 
Separate dishes were used for the two probes. Fluorescence microscopy 
revealed a uniform surface labeling in all cases without  any sign of inter- 
nalized fluorophores. 

The lateral motion of the labeled cell surface components  was mea- 
sured by the fluorescence photobleaching recovery method [ 1--4]. Fluoro- 
phores within a small area (radius about 1 pm) were irreversibly photo- 
bleached by a short pulse of intense focused laser light. Rates of lateral 
diffusion were calculated from the recovery of fluorescence in the bleached 
region due to the entry of unbleached fluorophores from adjacent parts 
of the membrane, measured with 1/1000 at tenuated fluorescence excitation 
(~ = 488 nm for F-GM1; ~ = 514.5 nm for RaEI4). The fluorescence recovered 
as expected for a single diffusion coefficient [ 1 ]. Diffusion was charac- 
terized by lateral diffusion coefficients, D (cm 2/s). The fractional recovery 
of fluorescence after bleaching was taken as a measure for the fraction of  
mobile fluorophores on the time scale of our measurements. Routinely,  
fluorescence bleaching recovery curves were determined for each cell from 
at least two surface locations in the perikaryon region and from two loca- 
tions along the longitudinal axis of the outgrowing neurite: one half way 
and one at the tip (see Fig. 1). For each location two successive bleaches 
were analyzed. Most measurements were taken after 24 h of differentiation, 
at which time extensive neurites of 100--200 pm have been formed (Fig. 1). 
A number of fluorescence bleaching recovery curves were recorded for 
F-GM1 also after 48 h. Care was taken to select for the measurements cells 
which had developed neurites of sufficiently large diameter (greater than 
5 pm) in comparison to the diameter of the bleached region, to exclude 
significant deviations from the assumed two-dimensional diffusion. In no 
case was any significant difference observed between measurements at 
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Fig.  1. Phase micrograph  o f  a Neuro~2A cel l  a f ter  24 h o f  d i f ferent ia t ion .  A r r o w s  indicate  typ ica l  
l o c a t i o n s  w h e r e  the  laser b e a m  was  f o c u s e d  and f l u o r e s c e n c e  p h o t o b l e a c h i n g  recovery  recordings  were  
made:  (a) per ikaxyon  region;  (b)  neuri te  region;  (c )  tip o f  the  o u t g r o w i n g  neuri te .  

different locations along the neurite. We therefore compared the lateral 
mobilities in the perikaryon region with those in the neurite. For F-GM1 
the fractional recoveries were nearly 100% in all cases, indicating the ab- 
sence of  immobilized lipid probe molecules. RaE14 showed 30--40% recoveries 
independent of  the location at the cell surface. Apparently about two-thirds 
of  the labeled proteins were immobile on the measured time scale. 

The measured diffusion coefficients are summarized in Table I and an 
analysis of  variance [9] was performed on the data. After 24 h of differen- 
tiation, the lateral mobilities of  F-GM1 and RaE14 in the perikaryon region 
were not significantly different from those of undifferentiated cells (P>0.5 
in both cases), and comparable to those observed in interphase cells in 
synchronized cultures of  the same type of  cell [10] .  However, in the out- 
growing neurites the diffusion coefficients of  F-GM1 and RaEl4 were 
significantly enhanced as compared to the perikaryon (P~0.005  and P~0 .01 ,  
respectively). Upon prolonged differentiation F-GM1 showed an even more 
pronounced increase in lateral mobility in the neurite region (P<0.001) .  

T A B L E I  

Lateral  d i f fus ion  c o e f f i c i e n t s  o f  m e m b r a n e  l ipids ( F - G M 1 )  and m e m b r a n e  prote ins  (RaE14)  in the  
p e r i k a r y o n  reg ion  and in the  o u t g r o w i n g  neuri te  o f  d i f ferent ia t ing  N e u r o - 2 A  cells .  The  values  for  the  
p e r i k a r y o n  reg ion  o f  u n d i f f e r e n t i a t e d  ce l l s  ( c o n t r o l )  w e r e  ta ken  f r o m  s y n c h r o n i z e d  cel ls  at the  transi- 
t i on  f r o m  the  G1-  to  the  S-phase .  Th e  results  are given as m e a n  -+S.E. ( n u m b e r  o f  i n d e p e n d e n t  m e a -  
s u r e m e n t s ) ,  n .d. .  n o  data.  

T i m e  o f  F-GM1 ( 1 0  - 9  c m  2 / s )  RaE14 (10  -10 c m  2/s)  
di f feren-  
t ia t ion  Per ikaryon  Ne u r i t e  Per ikaryon Neur i t e  

Contro l  5 .7 + 0 .4  [ 1 0 ]  - -  2.1-+0.3 [ 1 0 ]  - -  
24 h 5.3-+0.4 [ 1 1 ]  7.1-+0.3 [ 2 5 ]  1.8-+0.4 [ 1 0 ]  3.5-+0.5 [ 1 8 ]  
48  h 6 .5 + 0 .4  [ 1 0 ]  9.9-+0.5 [ 1 7 ]  n.d.  
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Our results demonstrate  that  the lateral diffusion of both membrane 
lipids and proteins are specifically increased in the outgrowing neurites. This 
demonstrates a topographical heterogeneity in the cell membrane of differ- 
entiating neuroblastoma cells. Our data show also that the relative increase 
in protein mobil i ty after 24 h differentiation is larger than the change 
measured for the lipid probe (see Table I). This could indicate that  the 
mot ion of  the lipids and proteins in the cell membrane are at least partially 
governed by different constraints, which is consistent with our observation 
that the lateral diffusion of  surface lipids and proteins is modulated inde- 
pendently through the greater part of  the cell cycle [10] .  Our current results 
are qualitatively consistent with the earlier fluorescence polarization [8] and 
spin labeling [ 11] studies, showing a decrease in 'microviscosity'  and in- 
crease in membrane fluidity, respectively. Furthermore,  they are consistent 
with the reported increase in the mobil i ty of  concanavalin A receptors in 
differentiating neuroblastoma cells [12] .  A similar qualitative correlation 
between the 'microviscosity'  and the lateral diffusion of  membrane lipids 
was found during the cell cycle of  neuroblastoma cells [10 ,13] .  We have 
shown furthermore that  the newly formed membrane incorporated in the 
outgrowing neurites has dynamic properties different from those of the sur- 
face membrane of  the perikaryon. This may indicate that there is a relative 
high concentrat ion of more fluid lipid domains in the neurite. It remains 
to be shown whether  this is a necessary condition for the cell to express its 
functional neuronal membrane properties upon differentiation. 

We are grateful to H. Wiegandt and G. Edelman for their gift of F-GM1 
and RaE14, respectively. We thank Miss Rosel Engel for her assistance, and 
W.W. Webb for his interest and encouragement.  This work was supported by 
the Koningin Wilhelmina Fonds (S.W. de L.), NIH grants GM 21661, 
CA 14454 (E.L.E.) and NSF grant 75-04509 (W.W.W.). 

References 

1 Axelrod,  D., Koppel,  D.E., Schlessinger, J., Elson, E.L. and Webb, W.W. (1976) Biophys. J. 16, 
1055--1069 

2 Schlessinger, J., Koppal,  D.E., Axelrod,  D., Jacobson, K., Webb, W.W. and Elson, E.L. (1976) 
Proc. Natl. Acad. Sci. U.S.A. 73, 2409--2413 

3 Jacobson,  K., Wu, E. and Poste, G. (1976) Biochim. Biophys. Acta 433, 215--222 
4 Edidin, M., Zagyansky, Y. and Lardner, T.J. (1976) Science 191 ,466 - -468  
5 Prasad, K.N. (1975) Biol. Rev. 50, 129--165 
6 Ross, J., Olmsted, J.B. and Rosenbaum, J.L. (1975) Tiss. Cell 7, 107--136 
7 Moolenaar, W.H. and Spector, I. (1978) J. Physiol. 278, 256--286 
8 De Laat, S.W., van der Saag, P.T., Nelemans, S.A. and Shinitzky,  M. (1978) Biochim. Biophys. 

Acta 509, 188--193 
9 Snedecor, G.W. and Cochran, W.G. (1967) Statist ical  Methods, The Iowa State University Press, 

Ames, IA, USA 
10 De Laat, S.W., van der Saag, P.T., Elson, E.L. and Schlessinger, J. (1980) submit ted  for publ icat ion 
11 Struwe, W.G., Arneson, R.M., Cheveney, J.E., and Cartwright,  Ch.K. (1977) Exp. Cell Res. 109, 

381--387 
12 Zagyansky, Y., Benda, P. and Bisconte, J.C. (1977) FEBS Lett. 77, 206--208 
13 De Laat, S.W., van der Saag, P.T. and Shinitzky, M. (1977) Proc. Natl. Acad. Sci. U.S.A. 74, 

4458--4461 


