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ABSTRACr We investigated the role of sodium in megakaryocyte spreading induced by throm- 
bin and ADP. We found that if extracellular sodium was replaced by lithium, potassium, or 
choline, spreading was inhibited. When extracellular sodium was present, amiloride or tetro- 
dotoxin inhibited spreading. Using intracellular recording we found spreading to be associated 
with a permanent membrane depolarization. The extent and rate of thrombin-induced depo- 
larization was reduced when lithium replaced sodium. Unspread cells had an average mem- 
brane potential of -44.8 mV. Spread cells had an average membrane potential of -18.46 mV. 
When choline replaced sodium, or when in the presence of tetrodotoxin and amiloride, the 
spread cells repolarized, indicating that the depolarization is due to an increase in sodium 
permeability. Similar treatments did not change the membrane potential of unspread cells. 
Incubation of megakaryocytes with A23187 together with monensin or methylamine induced 
spreading. Methylamine occasionally caused spreading by itself, but neither ionophore alone 
caused spreading. These results indicate that megakaryocyte spreading induced by ADP and 
thrombin depends on an increase in sodium conductance. 

Platelets and megakaryocytes, the platelets' precursor cells, 
have a number of physiological characteristics in common. 
Both are activated by the platelet agonists ADP, thrombin, and 
arachidonic acid, and the activation of  these ceils is inhibited 
by prostaglandin E1 (PGE1), tetracaine, and dibutyryl cAMP 
(1-5). The first step in platelet activation is a change in cell 
shape: f'dopodia and membrane protrusions form. Isolated, 
cultured megakaryocytes also respond to platelet agonists by a 
change in cell shape; fdopodia and a ruffled membrane form 
and the cells, resting on a surface, become adherent and spread 
out over the substratum much as platelets spread on glass (4). 
In both cases, the shape change involves the formation of 
microfdament nets and bundles from an amorphous precursor 
material (6; R. M. Leven and V. T. Nachmias, manuscript 
submitted for publication). The mechanism by which various 
agents, acting at the cell surface, cause the state of the cyto- 
plasm to change in this way is unknown. However, the close 
similarities in the responses of  these two cell types, and the fact 
that platelets are themselves fragments of  the megakaryocyte 
cytoplasm, suggest strongly that the mechanism of activation 
of both platelets and megakaryocytes is very similar, if not the 
same. 

Experiments with platelets have recently suggested a possible 

role for sodium and pH changes as stimuli for the cytoskeletal 
reorganization that underlies shape change. Feinberg et al. (7) 
have shown that ADP causes an increased influx of sodium 
into platelets, although the correlation of shape change with 
sodium influx was not studied. Simons et al. (8), using mem- 
brane potential and pH sensitive dyes, have shown that the 
intracellular pH increases -0.3 pH unit in thrombin-stimulated 
platelets and that the membrane potential depolarizes from a 
resting level o f - 5 0  to -15  mV after stimulation of platelets 
with ADP or thrombin. In addition, platelet cytoskeletons in 
vitro can be transformed from a nonfdamentous state to bun- 
dles of microfdaments in the presence of  either calcium or 
magnesium by an increase in pH from 6.8 to 7.6 (9). 

To test whether or not sodium movement could serve as a 
part of the mechanism of stimulation of megakaryocyte spread- 
ing we used a combination of  intracellular recording, sodium 
channel blockers, and altered extraceUular cations. We found 
that sodium plays a central role in the stimulation of mega- 
karyocyte spreading induced by platelet agonists. 

MATERIALS AND METHODS 
ATP, bovine thrombin, methylamine and choline chloride were obtained from 
Sigma Chemical Co. (St. Louis, MO). Choline chloride was used after twice 
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recrystallizing from ethanol. A23187, monensin, and tetrodotoxin were obtained 
from Calbiochem-Behring Corp. (La Jolla, CA). Amiloride was a gift of Merck, 
Sharpe and Dohme Laboratories (West Point, PA). Micropipette glass was 
purchased from WPI Instruments, Inc. (New Haven, CN) and trifluoperazine 
(TFP) from Smith, Kllne & French Laboratories (Philadelphia, PA). 

Cultures: Megakaryocytes were isolated and cultured as previously de- 
scribed (4). 

Spreading: Megakaryocyte spreading was quantified as previously de- 
scribed (4) and is stated again here. To compare populations objectively, ceils 
were assigned to one of four classes: 0, unspread ceils; + I, central raised area of 
the cell containing the nucleus wider than half the total cell diameter; +2, central 
raised area of the cell equal to half the total cell diameter; and +3, central raised 
area of the cell less than half the total cell diameter. At least 100 cells in a dish 
were assigned before, and then again after, the addition of ADP, and each class 
was expressed as a percent of the total population. The value for each class before 
addition of ADP was then subtracted from the value for each class after the 
addition of ADP so that the data could be expressed as the change of the percent 
of the total population in each class from before to after incubation with ADP 
(A percent spread). This method allows each dish to serve as its own control and 
also corrects for a small number of cells that spread spontaneously. 

Membrane Potential Recordings: Micropipettes with tip resist- 
ances of 10-20 megaohms (Mf~) were pulled on a vertical pipette puller (David 
Kopf Instruments, Tujunga, CA) and filled with 3 M KC1, 0.15 M potassium 
acetate. Because of their large size, megakaryocytes were easily penetrated under 
direct microscopic observation on an inverted phase microscope using a De 
Fonbrune micromanipulator (Aloe Scientific, St. Louis, MO). Electrical signals 
were amplified x 10 (Dagan 8100 preampLifier; Dagan Instruments, MinneapoLis, 
MN) and fed into an oscilloscope. Membrane potentials were recorded after a 
stable reading of -30 s. 

RESULTS 

Isolated megakaryocytes  have  been  shown to spread in re- 
sponse to A D P  and  th rombin ,  and  details of  the spreading 
have  been previously descr ibed (4). A n  example  o f  this mor-  
phological  change  is shown in Fig. 1. 

fxtracel lular Na ÷ Requirement 

Tests o f  the  spreading  response o f  megakaryocytes  when  
external  sod ium was replaced with o ther  monova len t  cations 
showed that  spreading  requires extracellular  Na  +. Megakary-  
ocytes were incuba ted  in Hanks '  ba lanced  salt solut ion (137 
m M  NaC1, 5.4 m M  KC1, 0.44 m M  KH2PO4, 0.33 m M  
Na2HPO4, 4.2 m M  NaHCOa,  0.1% glucose, p H  7.4) with  so- 
d ium phospha te  and  sod ium ca rbona te  replaced by  the  potas- 
s ium salts and  sod ium chloride replaced by  chol ine chloride or 
l i th ium chloride.  Fig. 2 shows an  exper iment  in which  spread- 
ing of  the megakaryocytes  was measured  in 100% (control),  
10%, 1%, and  0.1% N a +  w h e n  l i th ium was used to replace the 
sodium. Similar  results were ob ta ined  with choline. 

Inhibitors 

The  role o f  extracel lular  sodium in the spreading response 
was shown in a different  way by  using the  sodium channe l  
blockers amilor ide  and  te t rodotoxin  (TTX). Amilor ide  at  mil- 
l imolar  concent ra t ions  has  been reported to block a Na+-H + 
exchange  (10). T T X  is a neuro tox in  wi th  h igh  specificity for 
sodium channe l s  (11). These  exper iments  were done  in no rma l  
extracel lular  sodium. The  drugs were added  5 rain pr ior  to the 
ADP.  Fig. 3 shows the  effect o f  the channe l  blocker  amiloride.  
At  1 mM,  spreading is a lmost  completely inhibi ted.  Amilor ide  
was not  toxic since cells spread after  the amilor ide was washed 
out. Fig. 4 shows tha t  te t rodotoxin  also inhibi ts  spreading. 2 
#M inhibi ts  spreading ~50%. Higher  concentra t ions  were not  
tested to see whe the r  complete  inhib i t ion  could be a t ta ined 
wi th  TTX.  In  add i t ion  we found  tha t  10/xM T F P  blocked 
A D P - i n d u c e d  spreading.  This  d rug  at this concent ra t ion  in- 
hibi ts  ca lmodu l in -dependen t  reactions (12). 

FIGURE 1 Cultured isolated megakaryocytes. (a) Resting megakary- 
ocytes which are spherical and slightly adherent to the culture dish. 
(b) An identical culture after 30-min exposure to 10 #M ADP. The 
cells have now spread and become very adherent, x 265. 

Electrophysiology Experiments 

Rest ing megakaryocytes  h ad  var iable  m e m b r a n e  potentials,  
ranging  f rom abou t  - 8 0  m V  to - 2 0  m V  (Fig. 5a) .  We  con-  
f i rmed the previous  observat ion (13) tha t  with  a sufficiently 
large depolar iz ing current  pulse a depolarizing spike occurred 
(see Fig. 6 a). The  depolar izing current  pulse did not  cause cell 
spreading.  The  s t imulus necessary for this  spiking var ied f rom 
cell to cell bu t  could occur  wi th  a pulse o f  roughly 1-2 hA. We 
found  tha t  replacing N a  + with Li + e l iminated  this spike (Fig. 
5 b). W e  never  observed any  spiking activity in any  spread 
cells. 

Membrane Potentials before vs. after Spreading 
under Di f ferent Ionic Condit ions 

Since spreading induced  by A D P  or t h r o m b i n  required 
extracel lular  sodium, there may  be a sodium influx in the 
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Spreading was measured after 30-min exposure to 10/.tM ADP. 

FIGURE 2 Na + removal inhi- 
bition of spreading. Spreading 
was measured as described in 
Materials and Methods. Con- 
trol is in calcium-magnesium- 
free Hanks' salt solution. The 
following panels are spreading 
measured in decreasing con- 
centrations of sodium. Sodium 
was replaced by lithium. 

25 FIGURE 3 Amiloride inhibi- 
o tion of spreading. Inhibition of 

-~ -as spreading with increasing con- 
-~o centrations of amiloride added 

~. 5o ~ ~ ,  to calcium-magnesium-free 
<3 25 Hanks '  salt solution.  Spreading 
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FIGURE 4 Tetrodotoxin 
inhibition of spreading. 
Counts of cells spread in 
response to 10 ~M ADP for 
30 min after 5-min prein- 
cubation in increasing con- 
centrations of tetrodo- 
toxin. 

response to these activators. If  this is so, one would expect a 
membrane depolarization to occur, which is what we found. In 
addition we found that this depolarization was permanent. 
Membrane potentials of unspread ceils and cells previously 
spread in Eagle's medium were compared after washing in 
solutions with different cations: isotonic NaC1, KCI, or choline- 
CI with 10 mM HEPES buffer adjusted to pH 7.4. The mem- 
brane potential of 25 ceils was measured in each of  the different 
solutions (Fig. 6). In NaCI the unspread cells had an average 
membrane potential o f -47 .7  mV in NaC1 (Fig. 6a), while the 
spread cells had a mean membrane potential o f -  18 mV (Fig. 
6 b). With choline-C1 replacing NaCI, the average membrane 
potential of unspread cells was -48.4 mV (Fig. 6 c), an insig- 
nificant change from that of  the unspread cells in sodium, and 
the spread ceils showed a significant repolarization to an 
average membrane potential of -35.8 mV (Fig. 6 d). Finally, 
we observed that both unspread and spread cells depolarized 
in isotonic KC1 (Fig. 6g and h). We previously showed that 
isotonic potassium inhibits spreading (14). 

Effect of TTX and Amiloride on Membrane 
Potential of Unspread and Spread Cells 

To further test the sodium dependence of the ADP-induced 
depolarization, we investigated the effects of sodium channel 
blockers on the membrane potentials of  populations of spread 
and unspread ceils. In some preliminary experiments we found 
that in calcium-magnesium-free Hanks' salt solution the addi- 
tion of  2 ~ TTX repolarized the average membrane potential 
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Current induced spiking. D.C. potential tracing of mega- 

karyocytes stimulated with a depolarizing current. The abscissa 
shows the mill ivolt change from the cell's resting potential; the 
ordinate is the time base. (a) A cell in modified Eagle medium. (b) 
Another cell in calcium-magnesium-free Hanks' salt solution with 
5 mM Ca added back and sodium replaced by lithium. 

of spread cells from -13.3 to -26.2 mV. The unspread cells 
had an average membrane potential o f - 2 4 . 4  mV in this 
experiment. Cells in Dulbecco's modified Eagle medium and 
10% serum with the same concentration of  TTX and 1 mM 
amiloride repolarized to an average resting potential in spread 
cells from -9 .0  to - 18.4 inV. The unspread cells in the medium 
with serum had an average membrane potential of -30.2 mV. 
In a more detailed experiment, in isotonic saline (Fig. 6) 2 ~tM 
TTX and 1 mM amiloride repolarized the average potential of 
spread megakaryocytes from -18.0 to -46.3 mV (Fig. 6b vs. 
f ) .  The unspread megakaryocytes in this experiment had an 
average membrane potential o f -47 .7  mV (Fig. 6 a). No sig- 
niticant change occurred in the membrane potential of un- 
spread ceils in the presence of  these drugs (Fig. 6 a vs. e). It 
should be noted that the repolarization of spread cells using 
the Na + channel blockers did not cause the spread cells to 
round up. Statistical comparisons of different populations were 
made using Student's t test (Table I). 

Individual Cell Measurements 

In addition to comparing populations of  ceils we also made 
membrane potential and input impedance measurements on 
individual cells during the course of spreading in response to 
ADP and thrombin. While this procedure is more attractive 
since each cell acts as its own control, it was not used routinely 
because it was extremely difficult to achieve stable recordings 
for the time necessary to observe a complete response. When 
ADP or thrombin was added to megakaryocytes the membrane 
potential of spreading cells depolarized ~20--60 mV from their 
resting potential in 1 to 2.5 rain after 10/~M ADP (Table II). 
The response to 1 U/ml of thrombin occurred more rapidly, in 
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Membrane Potential ( 5 mV / bin ) 

Membrane potential distributions. Steady state mem- 
brane potentials of populations (25 cells per group) of megakaryo- 
cytes in di f ferent saline solutions. Cells were in isotonic NaCI, 
choline-CI, or KCI buffered with 10 mM HFPES, pH 7.4, as indicated 
in the panels. The mean (,~) and standard deviation of the populat ion 
{SD) are given in each panel, a, c, e, and g are populations of resting 
megakaryocytes, b, d, f, and h are populations of megakaryocytes 
that had spread in response to ADP. 

~30  to 45 s, but  the  magn i tude  of  the depolar iza t ion was abou t  
the same as wi th  ADP.  

Ionophore Experiments 
A23187, a divalent cation ionophore, is known to cause 

platelet shape change (15). We found that exposure of mega- 
karyocytes to 2 #M A23187 caused on occasions some periph- 
eral cytoplasmic ruffling but did not cause spreading. Incuba- 
tion of  megakaryocytes with the monovalent cation ionophore 
monensin (1 #M), which is most highly specific for sodium 
(16), also caused no change in megakaryocyte morphology. 
Incubation of  the megakaryocytes in both ionophores together 
caused almost every cell to ruffle and spread (Fig. 7). Mega- 
karyocytes were also exposed to the weak base methylamine. 
At neutral pH, methylamine will alkalinize the cytoplasm of 
cells (17). In two out of five experiments, 5 mM methylamine 
caused megakaryocytes to spread as with ADP. Many of  the 
cells that spread, spread extensively, but only 30-50% of the 
cells spread. When added together with 2 #M A23187 the 
megakaryocytes all spread, as with A23187 and monensin. 
With both ionophores combined or with A23187 and methyl- 
amine together, almost all the cells spread, but individual cells 
did not spread so extensively as with ADP, thrombin, or 
methylamine alone. 

DISCUSSION 

ADP- and thrombin-induced megakaryocyte spreading was 
inhibited when sodium ions in the medium were replaced by 

TABLE I 

Statistical Comparison of Megakaryocyte Potentials (From 
Populations of  Cells Shown in Fig. 6) 

Na+ unspread (Fig. 6 a) vs. Na+ spread (Fig. 6 b) 
-47.7 + / -  25.8 -18.0 + / -  16.8 0.001 
Na+ spread (Fig. 6 b) vs. Choline spread (Fig. 6 d) 
-18.0 + / -  16.8 -35.8 + / -  23.2 0.01 
Na+ spread (Fig. 6 b) vs. Na+/TTX/amilor ide, 
-18.0 + / -  16.8 spread (Fig. 6 f )  

-46.3 + / -  28.7 0.001 
Na+ unspread (Fig. 6 a) vs. Chol ine unspread (Fig. 
-47.7 + / -  25.8 6 c) 

-48.4 + / -  22.1 ns 
Na+, unspread (Fig. 6 a) vs. Na+/TTX/amilor ide, 
-47.7 + / -  25.8 unspread (Fig. 6 e) 

-42.5 + / -  26.9 ns 

Statistical comparison of megakaryocyte population membrane potentials. 
Statistical comparison using Student's t test of different megakaryocyte pop- 
ulations from Fig. 6. The first two columns give the two populations being 
compared for difference between the average membrane potential from those 
populations. The last column gives the level of significance of the difference 
between the two populations. The first three groups show a significant 
difference between the two populations. In the last two groups the popula- 
tions are not significantly different (ns) 

TABLE II 

ADP- and Thrombin-induced Membrane Potential Changes 

Cell Potential change Time of change 

mv s 
Control 

1 - 43  to -52  120 
ADP stimulation 

1 - 45  to - 2 0  305 
2 - 62  to - 4 0  54 
3 - 8 0  to - 35  131 
4 - 6 0  to - 2 0  172 
5 - 67  to - 2  149 

Thrombin stimulation 
1 - 40  to 0 44 
2 - 6 0  to +10 45 
3 - 5 0  to - 2  45 

Membrane potentials of megakaryocytes during activation. Membrane poten- 
tial and input impedance changes and the time of the changes measured in 
cells during spreading after stimulation with 10#M ADP or 1 U/ml thrombin. 

FIGURE 7 Monensin- and A23187-spread megakaryocytes. Mega- 
karyocytes in culture exposed to 10/LM monensin and 2/,tM A23187 
for 20 min. x 265. 
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potassium, lithium, or choline, or when sodium channel block- 
ers were present. This suggests that external sodium is required 
for spreading. The inhibition of  spreading in the absence of 
sodium is probably not due to damage to the ceils since we 
have previously shown that cells that did not spread in the 
absence of  sodium could spread as well as control cells when 
a normal sodium concentration was restored (14). The electro- 
physiological studies strongly imply that ADP or thrombin 
causes an increased sodium conductance. The conductance 
increase is seen as an increased sensitivity of the membrane 
potential of spread cells to external sodium. Together these 
results suggest that there is an increased sodium influx into the 
megakaryocytes as a result of stimulation with ADP or throm- 
bin. 

Since the depolarization of the cells is permanent after 
spreading, it allowed us to compare populations of spread and 
unspread cells. If  sodium conductance is very low and if  sodium 
is replaced by another ion of  low conductance, then no change 
should occur in the membrane potential. This was in  fact 
observed with unspread megakaryocytes when sodium was 
replaced by choline. I f  sodium conductance is high in the 
spread cells, then their membrane potential should become 
more negative if  sodium is replaced by an impermeant ion such 
as choline. This is indeed what happened. In isotonic choline 
chloride the membrane potential of  spread cells repolarized an 
additional - 17 mV to reach a value very close to the potential 
ofunspread cells. Therefore these experiments show that spread 
cells have a greater sodium conductivity than unspread ceils 
and that the increased conductivity could be the source of 
depolarization in spread cells. 

Since TTX and amiloride blocked spreading, it was possible 
that they did so by blocking the same channels that are the 
source of the increased sodium conductance. Incubation of 
cells in TTX and amiloride in isotonic salt solutions repolarized 
the membrane potential of  spread cells so that it was in the 
same range as that of  unspread cells. A smaller effect was seen 
in tissue culture medium containing serum. This is very likely 
clue to drug binding to the serum proteins which would lower 
their effective concentrations. This reversal of the depolariza- 
tion observed in spread ceils by sodium channel blockers 
indicates that the depolarization is due to opening the same 
sodium channels whose blockage by TTX and amiloride also 
inhibits spreading. Why both TTX and amiloride affect spread- 
ing and membrane potential is not clear. There may be two 
different sodium channels both of which may open as a result 
of stimulation with thrombin or ADP. 

Ionophore experiments provided further insight into the 
ionic mechanism of  spreading. The calcium ionophore A23187 
occasionally caused some ruffling as seen by time-lapse cine- 
matography, but did not cause spreading unless methylamine 
or the sodium ionophore monensin was also used. This could 
imply that an increase in cellular calcium is necessary but not 
sufficient for spreading to occur. Monensin can exchange Na + 
for K ÷ or for protons which could cause an intracellular 
alkaliniTation. Methylamine will also cause an intracellular 
alkalinization. This suggests that for spreading to occur the 
calcium increase must be accompanied by either a Na + influx 
or cytoplasmic alkalinization. Since methylamine itself caused 
spreading about half  of  the time when used alone, alkaliniza- 
tion alone may sometimes be enough to cause spreading. This 
could be because of a direct effect of  the pH change on the 
cytoskeletal proteins or it could be an indirect effect. It has 
been shown that alkalinization in the physiological range can 
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cause calcium release from sarcoplasmic reticulum vesicles in 
vitro (18-20). It has been proposed that there are calcium- 
sequestering membrane vesicles in platelets (21, 22) and there- 
fore perhaps in megakaryocytes as well. It is possible that these 
vesicles function like the sarcoplasmic reticulum and release 
calcium in response to an intracellular alkalinization. The 
alkalinization could come from a Na+/H + exchange. This sort 
of  mechanism has been found to occur during sea urchin egg 
activation (23, 24) and also as a means of raising intracellular 
pH during an acid load in a variety of cell types (25-27). 

If  a sodium-dependent alkalinization leads to calcium 
release, the next question is: Where exactly could the calcium 
act? The fact that the spreading of megakaryocytes and other 
cells (28) is blocked by TFP indicates that a calmodulin- 
dependent process may be involved in spreading. It has been 
shown that platelet myosin light chain phosphorylation is 
mediated through a calcium-calmodulin-dependent process 
(29-31). This phosphorylation increases the actin-activated 
ATPase and myosin filament formation (32). Both of these 
changes in myosin could contribute to the ruffling activity and 
fdament formation that occur during megakaryocyte spreading. 
This is consistent with our previous observation of  myosin in 
the ruffled membrane of  spreading megakaryocytes (4). I f  there 
is a requirement for calcium in megakaryocyte spreading, it is 
unlikely to be from extracellular calcium entering the ceils. 
Since platelets are very similar to megakaryocytes and since 
platelets do not require external calcium to change shape, by 
analogy it is very likely that this is also true of megakaryocyte 
shape change. 

The observations are consistent with the following model 
(Fig. 8). ADP or thrombin binds to its receptor on the mega- 
karyocyte which causes an increase of a TTX- and amiloride- 
sensitive sodium conductance, presumably opening of sodium 
channels linked to the appropriate receptor. Sodium enters in 
exchange for protons. The alkalinization could then lead to 

FIGURE 8 Model of the mechanism of ADP- or thrombin-induced 
megakaryocyte spreading. This model illustrates our model of the 
ionic mechanism of the stimulus of megakaryocyte spreading. ADP 
or thrombin binds to a surface receptor which causes a Na+/H + 
exchange. This leads to a pH change in the cell and to membrane 
depolarization, Either one of these changes could cause intracellular 
calcium release. The increased intracellular calcium increase could 
increase myosin phosphorylation through myosin light chain kinase 
(MLCK) which would increase its actin-activated ATPase activity 
and ability to form filaments. The Ca ++ and pH changes could also 
cause actin polymerization which is necessary for spreading. Details 
are given in the Discussion. 



release o f  ca lc ium f r o m  a sa rcop lasmic  re t iculum-l ike  s torage 

site in the megakaryocy te .  T h e  s o d i u m  i o n o p h o r e  m o n e n s i n  by  

i tself  does  no t  cause  spreading ,  w h i c h  appea r s  inconsis tent  wi th  

these  first s teps  in the model .  The re  are s o m e  poss ible  reasons  

for  this inconsis tency.  It  cou ld  be  tha t  since the concen t ra t ion  

o f  K + is m u c h  h ighe r  t h a n  tha t  o f  H ÷ inside the  cell, m o n e n s i n  

m a y  mos t ly  exchange  N a  ÷ for  K +, a n d  cy top lasmic  alkalini-  

za t ion  w o u l d  no t  occur.  Alternat ively,  the m o n e n s i n  m a y  cause  

a N a ÷ - H  ÷ exchange  leading to akla l in izat ion bu t  this does  no t  

directly cause  ca lc ium release. Ins tead ,  ca lc ium m a y  be released 

by  a di f ferent  m e c h a n i s m  l inked to the A D P  receptor  tha t  

occurs  a long  wi th  the  s o d i u m - d e p e n d e n t  alkal inizat ion.  This  

cou ld  be  effected t h r o u g h  release o f  ca lc ium associated wi th  

m e m b r a n e - b o u n d  pro te ins  tha t  could  sense the m e m b r a n e  

depolar iza t ion .  Alternat ively,  the m e m b r a n e  depola r iza t ion  

m a y  car ry  into the invag ina t ions  w h i c h  f o r m  the d e m a r c a t i o n  

m e m b r a n e  system,  like the  T - tubu le  o f  musc le  and,  by  close 

appos i t ion  to an  in t racel lu lar  m e m b r a n e  vesicle, t r igger  ca lc ium 

release. 

Once  ca lc ium is released, this  could  cause  the s t imula t ion  o f  

m y o s i n  p h o s p h o r y l a t i o n ,  increas ing  its contract i le  activity a n d  

abil i ty to f o r m  f d a m e n t s  as p rev ious ly  discussed.  T h e  p H  

change  m a y  s t imula te  sp read ing  by  caus ing  act in po lymer iza-  

tion. T h e  ionic changes  deduced  are also consis tent  wi th  the 

s o d i u m  uptake ,  p H  increase a n d  m e m b r a n e  depolar iza t ion  that  

occur  in A D P - t r e a t e d  platelets  (7, 8). 

T h e  s t imula t ion  o f  moti l i ty  by  s o d i u m  a n d  p H  changes  m a y  

be i m p o r t a n t  in o the r  sys tems as well. Ti lney et al. (33) have  

f o u n d  tha t  the  ac ro som e  react ion o f  e c h i n o d e r m  sperm,  wh ich  

m o s t  likely occurs  by  act in po lymer i za t ion  a n d  bund l ing ,  can  

be s t imula ted  by  a var ie ty  o f  cat ion ionophores .  This  s t imula-  

t ion requ i res  a h igh  external  pH,  sugges t ing  tha t  p r o t o n s  m u s t  

leave a n d  cause  a lkal in iza t ion for  this process  to occur.  The  

mot i l i ty  o f  p o l y m o r p h o n u c l e a r  leukocytes  has  been  s h o w n  to 

be d e p e n d e n t  on  extracel lu lar  s o d i u m  (34). R e p l a c e m e n t  o f  

s o d i u m  wi th  sucrose  or  o the r  m o n o v a l e n t  ca t ions  decreases  

r a n d o m  or  chemotac t i c  fac tor - s t imula ted  motili ty.  It  has  also 

b e e n  s h o w n  tha t  chemotac t i c  factor  s t imula t ion  o f  neu t roph i l s  

causes  ca lc ium a n d  s o d i u m  up take  (35). S o d i u m  up take  in 

o the r  nonelect r ica l ly  excitable cells m a y  be s imilar  to tha t  in 

megaka ryocy t e s  since vol tage- insensi t ive  T T X  channe l s  have  

been  identif ied in a var ie ty  o f  f ibroblas t ic  cells (36-3 8). A n o t h e r  

s i tua t ion  in wh ich  intracel lular  p H  has  been  impl ica ted  as a 

cont ro l l ing  factor  is the fer t i l iza t ion- induced microvi l lar  e lon-  

ga t ion  o f  the  n e w  sea u r ch i n  egg cortex. It  was  s h o w n  tha t  

micro  f i l ament  bund l e s  were  p resen t  in cortices o f  fertilized 

eggs isolated at p H  7.6 bu t  no t  at p H  6.8. Also, f i l ament  nets  

f o r m e d  in cort ices wh ich  were  isolated at p H  6.8 and  then  

t r ans fe r red  to p H  7.6 (39). 

T h e  s imilar i ty  be t w een  the  ionic dependence  o f  m e g a k a r y -  

ocyte sp read ing  a n d  such  diverse sys tems  as sea u r ch in  gamete  

ac t iva t ion  a n d  leukocyte  mig ra t i on  shows  tha t  s o d i u m  a n d  p H  

m a y  be o f  genera l  s ignif icance as a med ia to r s  o f  s t imula t ion  o f  

n o n m u s c l e  cell motil i ty.  

Whi le  this m a n u s c r i p t  was  in p r e p a r a t i o n  it was  repor ted  

tha t  s e r u m  or  ep ide rma l  g r o w t h  factor  induced  depolar iza t ion  

o f  an  epi thel ial  cell line was  associa ted wi th  ruff l ing at the cell 

p e r i p h e r y  (Ro thenbe rg ,  P., L. Reuss ,  L. Glaser .  1982. S e r u m  

a n d  ep ide rma l  g r o w t h  factor  t rans ien t ly  depolar ize  quiescent  

BSC-1 epi thel ia l  cells. P r o c .  N a t l .  A c a d .  Sc i .  U S A .  79:7783- 

7787). 
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