
deltaic environment of the Mazon Creek 
marine-brackish assemblage. Alternatively, 
Myxinikela may be an adult and character- 
istics of the living myxines might have 
evolved phylogenetically later. Thus M y x -  
inikela is primitive relative to living myxin- 
iforms in the above features as well as the 
larger eyes. Finally, in the last 30 years of 
intense collecting efforts, only one hagfish 
but in excess of 40 lampreys have been 
found. Perhaps hagfish were rare entrants 
to the Mazon Creek habitat. 
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Calcium Gradients Underlying Polarization and 
Chemotaxis of Eosinophils 

The concentration of intracellular free calcium ([Ca2+],) in polarized eosinophils 
was imaged during chemotaxis by monitoring fluorescence of the calcium-sensitive 
dye Eura-2 with a modified digital imaging microscope. Chemotactic stimuli caused 
[Ca2+], to increase in a nonuniform manner that was related to cell activity. In 
cells moving persistently in one direction, [Caz+Ii was highest at the rear and 
lowest at the front of the cell. Before cells turned, [Ca2+], transiently increased. The 
region of the cell that became the new leading edge had the lowest [CaZ+],. These 
changes in [Ca2+], provide a basis for understanding the organization and local 
activity of cytoskeletal proteins thought to underlie the directed migration of 
many cells. 

T H E  ABILITY OF CELLS TO MIGRATE 
toward a directional stimulus is a 
basic property of virtually all cells at 

some stage in their development (1) 
Directed migration results from the devel- 
opment of a polarized cell morphology (2). 
The region of the cell closest to the at- 
tractant forms a broad lamellipod whose 
leading edge then moves toward the stim- 
ulus. The posterior contents of the cell flow 
forward into this lamellipod and the rear- 
most regions become constricted. These 
local differences must reflect local differ- 
ences in cell chemistry, but these chemical 
processes are not well understood. Many 
stimuli that induce polarization and 
chemotaxis also cause [Ca2+], to rise, and 
where a rise in [Ca2+Ii has been noted (3), 
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it has often ( 4 ) ,  but not always (S), been 
spatially nonuniform in nature. The rela- 
tion between the [Ca2+], signal and local 
changes in cell behavior has been difficult 
to understand, and the spatial patterns 
observed have been variable (6) perhaps 
because of local differences in indicator 
distribution in the cytoplasm or into cellu- 
lar compartments (7). Furthermore, the 
optical conditions required for assessing 
[Ca2+], often did not allow for simulta- 
neous assessment of cell morphology and 
behavior. We have n9w observed changes 
in [Ca2+], during polarization and chemo- 
taxis by simultaneously imaging both 
[Ca2+Ii and cell morphology under condi- 
tions obviating many of these problems. 
Single eosinophils from the newt Taricha 
granulosa were studied because of their 
large size and rapid responsiveness to 
chemotactic stimuli (8). 

Experiments wgre carried out to deter- 

mine if treatments with agents that inter- 
fere with Ca2+ signaling altered the abil- 
ity of eosinophils to polarize and move in 
response to newt seGm. Exposure to newt 
serum (10%) induces polarization, 
chemokinesis, and chemotaxis in these cells 
(8). Treatment with agents that block Ca2+ 
entry into cells (EGTA, a chelator of 
extracellular Ca2+; verapamil, an organic 
Ca2+ channel antagonist; and Co2+, an 
inorganic Ca2+ channel blocker), caused 
the cells to round up and inhibited their 
movement (9). caffeine, which releases 
Ca2+ from internal stores and prevents 
regulation of cytoplasmic Ca2+, had simi- 
lar effects as did the Ca2+-s~ecific iono- 

I ^ 

phore ionomycin (9). Ionomycin exerted 
these inhibitory effects at both normal (1.8 
mM) and reduced (1 kM) extracellular 
[Ca2+]. By contrast, the K+-specific iono- 
phore, valinomycin (0.6 kM) had no effect 
on cell movement or shape at both normal 
(3 mM) and elevated (120 mM) concen- 
trations of extracellular K+ (10). This sug- 
gests that the membrane potential of the 
cell is unimportant for polarization and 
locomotion in response to serum and that 
the effects of ionomycin are specific to 
its ability to act as a Ca2+ ionophore. 
These treatments had the expected effect on 
[Ca2+],; for example, treatment of cells 
with verapamil lowered [Ca2+], by 24.7 + 
11.1% in three cells, ionomycin increased 
[Ca2+Ii by 801 + 233% in five cells, and 
caffeine reduced [Ca2+] in regions believed 
to reflect Ca2+ in internal stores (10). 
Thus, agents expected to lower [Ca2+], 
diminished polarity and locomotion as did 
agents that raised [Ca2+],. Regulation of 
[Ca2+], therefore appeared to be necessary 
for these processes, suggesting that Ca2+ 
functions in chemoattractant signal trans- 
duction. 

We therefore investigated the relation be- 
tween cell shape, cell movement, and 
[Ca2+Ii. [Ca2+Ii was measured with the 
Ca2+-sensitive fluorescent probe Fura-2, 
which was microinjected into the cells in the 
free' acid form to obviate ~roblems from 
incomplete de-esterification or intracellular 
compartmentation that may occur when 
cells are incubated with the-a,etoxymethyl 
ester of this dye (1 1). Pairs of fluorescent 
images at 340 and 380 nm excitation were 
taken in rapid succession with a high effi- 
ciency, low noise, cooled, charge-coupled 
device (CCD camera) at intervals of 10 to 
30 s, while phase contrast images were 
recorded at more frequent intervals at 680 
nm (Fig. 1A). 

Eosinophils stimulated with serum de- 
veloped a polarized motile morphology 
(Fig. 1B) and increased their overall 
[Ca2+],. The average [Ca2+Ii in resting 

1 NOVEMBER 1991 REPORTS 703 



cells was 76.9 + 5.3 nM. When these same 
cells had polarized in response to serum, 
[Ca2+Ii inaeased to 122.9 +. 8.2 nM. In 
the polarized moving eosinophil, [Ca2+Ii 
appeared to be non-uniform, unlike that in 
unstimulated nonpolarized cells, and in 
addition [Ca2+], varied over a greater 
range (23 nM) over the same time period 
(15 min) in polarized moving cells than in 
resting cells (12 nM). 

TO ietermi'ne if th; spatial heterogeneity 
and fluctuations of [Ca2+], in stimulated 
cells were related to the direction of polar- 
ization or movement or both, cells were 
imaged as they migrated and spontaneous- 
ly changed direction in medium containing 
serum (10%). During periods when the 
cell maintained a given direction of polar- 
ization and movement, a shallow but clear- 
ly detectable gradient of [Ca2+], existed 
with [Ca2+Ii at the front of the cell lower 
than that at the rear (Fig. 2). When the cell 
was changing direction, cytoplasmic 
[Ca2+Ii was higher on average but a gra- 
dient was still seen; the new leading lamel- 
lipod had the lowest [Ca2+Ii. This pattern 
was consistently observed in a total of 70 

images of five cells migrating in response to 
serum. A statistically significant (P c 
0.005) decreasing gradient of [Ca2+], from 
the rear to the front of cells was character- 
istic of both turning cells and cells moving 
consistently in one direction (Fig. 3) (12). 
The average [Ca2+Ii in the whole cell was 
2.6 + 0.1 (SD) times higher during a turn 
than in the same five cells moving straight 
ahead. A similar gradient of [Ca2+], was 
observed in cells migrating toward a mi- 
cropipette from which serum (10%) was 
slow& being ejected into serum-free medi- 
um. Under these conditions, the average 
[Ca2+Ii was 0.77 + 0.02 (SD) times that 

the same three cells when thev were 
migrating in medium containing a uniform 
concentration of serum; the gradient of 
[Ca2+Ii was also less steep. The average 
velocity of these cells when moving straight 
toward the p i p e  was lower (5.4 + 1.4 
pm/min) than when these same cells were 
moving persistently in one direction in the 
presence of serum (10%) (11.4 + 3.9 
pmlmin). 

Although the nonuniformity of the 
[Ca2+Ii images might reflect nonunifor- 

FIg. 1. Simultaneous measurement of [Ca2+Ii with Fun-2 and cell morphol with phase contrast 
optics. (A) Schematic illustration of digital imaging microscope. (a) Phase rumination, filtered to 
680-nm central wavelength. (b) Nikon UVF 40x Phase 4 objective. (c) Xe a&, shutter and filter 
wheel (AZI Corp., D e b ,  Massachusetts). (d) Dichroic mirrors: upper-long pass, 50% transmis- 
sion at 430 nm, lower-short pass, 50% ansmission at 605 nm. (e) Mask to limit image area to 390 
by 292 pixels on 390 by 584 pixel CCD detector array. An SlT camera rccords phase-contrast images 
and the digitized video is stored on an optical disc recorder (ODR). Fun-2 f l u o r ~ c e  is imaged 
on the unmasked CCD a m  by alternately exposing the specimen for 0.5 s with 340- and 380-nm 
illumination, the 340-nm image stored on the CCD b e i  moved to the maskd region during the 
100-ms filter changing time. The CPU controls and coordinates filter wheel position, digitized SlT 
imaging, and the readout to hard disk (-8 s) ofthe 340- and 380-nm images for storage prior to 
processing (26). (B) Phase contrast images and pseudocolored images of [Caz+Ii in an eosinophil 
during stimulation with newt serum (10%) (top) and after tenfold dilution of serum (bottom) with 
amphibian culture medium (ACM). Thc mean [Ca2+Ii in this a l l  during serum stimulation was 139 
nM and was 72 nM aftcr serum dilution. In the presence of serum, these cosinophils were highly 
polarized and migrated rapidly (mean velocity = 11.8 2 1.2 pm/min); when serum was diluted they 
became mom spherical in shape and immobile. In the polarized mode state, they have a lamcllipod 
(1) at the rapidly mending leading edge, the nudcus (n) is positioned at the tapered rear ofthe cell, 
and the microtubule organizing center (m) is evident as a region near the nudeus devoid of granules 
that otherwise fill the rest of the cytoplasm. 

mity in the dye distribution between cyto- 
plasm and intracellular compartments, this 
is unlikely as the injected Fura-2 appears to 
be free in the cytoplasm; more than 98.5% 
of it rapidly (t c 2.75 min) left cells 
pe rmcab id  with digitonin (50 pM) 
(13). Nor does the observed gradient of 
[Ca2+], reflect the admixture of a high 
nuclear [Ca2+] at the rear of the cell with a 
lower cytoplasmic [Ca2+] signal; a similar 
[Ca2+] gradient (0.92 + 0.18 nM/pm) 
was observed in the posterior region occu- 
pied by the nucleus and in anterior regions 
beyond the nucleus (0.95 2 0.16 nM/pm) 
in the three cells analyzed. Although 
Fura-2 fluorescence is sensitive to viscosity 
(14), the apparent gradient of [Ca2+Ii is 
not due to a possible gradient of micro- 
viscosity resulting from regional differ- 
ences in cytoplasmic organization in polar- 
ized cells (15). Measurements of the fluo- 
rescence anisotropy of Fura-2, both in 
solution and in eosinophils, indicated that 
observed differences in [Ca2+Ii could not 
be explained by the effects of viscosity on 
Fura-2 (16). Thus, the differences in local 
[Ca2+Ii that have been calculated from 
images of Fura-2 fluorescence in polar- 
ized and locomoting cells appear to reflect 
genuine gradients of [C2+], within these 
cells. 

To determine if the observed gradient of 
[Ca2+], might function in determining the 
axis of polarization and subsequent direc- 
tion of locomotion, [C2+Ii and phase 
contrast images were recorded in cells that 
were induced to change their direction of 
movement either 90" or 180" by reorient- 
ing the gradient of chemoattractant to 
which they were avposed (Fig. 4). Within 
50 s after the gradient of serum was re- 
versed, the gradient of [Ca2+], also re- 
versed in the cell (Fig. 4 4 ;  at this time, 
the cell had neither slowed nor reversed 
its direction of movement, nor had it de- 
veloped a IameIlipod in the new direction 
of the stimulus. When another cell was 
induced to make a 90" turn, overall [Ca2+], 
increased and a new gradient of [Ca2+], 
appeared with the lowest [Ca2+], in the 
region which subsequently became the new 
leading edge of the cell (Fig. 4B). The 
high sensitivity and low noise of the CCD 
camera provide images of unusual clarity 
and accuracy; however, because of the slow 
read out of this device, wavelength image 
pairs could be obtained only once every 
15 s. Thus, aspects of the Ca2+ signal that 
occurred infrequently or briefly may have 
escaped detection. Our observations do 
reveal that [Ca2+] is nonunifocmly distrib- 
uted in a manner related to cell activity 
and that changes in the direction of motion 
and the preceding repolarization of cells 
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Rg. 2. Pscud0u)Iorcd imagcs 

I 
Fla. 4. Phase-contrast and ~ o ~ o l o c e d  [Ca2+Ii images of two cosin- 

of [Ca2+], and h e  path of ophib migrating toward a pipette from which saum was being cjcctcd. 
motion of an cosinophil in (A) E&et of moving the pipette from the front to the rear. The p i -  
mcdium contain@ serum tion of the serum-Wed pipette is indicated with each [Ca2+Ii image; it 
(10%). The path shown is the was between thc first and second [@+Ii images. Phasecontrast imagcs 
position of h e  aU centroid correspond to the points when fluorescent Fun-2 images were taken. (B) 
calculated from phasc --- . E&ct ofmoving a pipette fnrm which saum was slowly bcing cjcctcd 
imags at 10-s i n t cds  over a fhm the front to the side of another d. The long white line indicates 
total period of 8.3 min. The the t rackof thedcenmid,  from phase-contrast 
initial position of the cell m- - at 5-s i n t e d  as indicated-white squam. = 
m i d  is at the upper I&. Se- bccn enlargcd 13x relative to thc [Ca2+] and phase imagcs. Thc p i -  
lectcd Images of [@+], are shown with a red line pointing ftom the image tion of the serum- 6llcd pipette is indicated to the right of each phase 
to the points on the cell cenwid trajectory at which tht [Ca2+], image was contrast image. Five seconds before thc second [@+I image was 
obtained. The cenmid track has been tnlargtd 5 x relative to the [Ca2+], rccordcd, the pipette was moved to induce the d to turn, as is indicated 
imagcs. As illustntcd in thc [&+I, imagcs at the b m ,  which have been by the arrow and the subsequent change of direction of thc ccnmid 
@cd by an additional 2x, a gradient of decrcasiing [Ca2+], h m  the track. 
back to front of each cell was consistently observed whcn cells wcrc 
migrating persistently in a suaight course. This Merit may be barely 
perceptible in the unmagni6ed [Ca2+], unages. arc accompanied by a rise in [C2+Ii and 

reorientation of the [Ca2+Ii gradient. The 
formation of a new leading IameIlipod nev- 
er preceded the rise in [Ca2+Ii and reori- 

3. v d 0 1 1 o f [ C a ~ + ] ~  A 200 
thebngvriSoffivc&ophlls oTum~ng I entation of the [Ca2+Ii gradient in 17 

du~ ingdv i rchmoac t i c r r s~  images of eight & and we have seen 
to serum. (A) Relation of [Ca2+Ii reorientation of the [Ca2+Ii gradient which 
tofiacrionaldiavuxbfrontto - definitely preceded any detectable behav- 
backofaxhqhihduring rrsponse 
t o s a U m . V ~ s h o w n ~ ~ m t a a ~  -- 100: 

ioral or s W  changes (Fig. 4 4 .  Thus, 

2 SEM fw [Ca2+Ii in 16 d 13 $a 
the d t s  indicate that the [Ca2+Ii gradi- 

irmgcsof&inl0%saummov- 0 ent may be responsible, at least in part, 
ksai%ht-lm@s- 50 fbr inducing a gradient of chemical rcac- 
ly. l k  [Ca2+li llwg th Iwg uls tions that underlie chemotaxis. 
o f t h c c l l w a s ~ t e d a s s h o w n  
in (B). (8) S c h m i c  ihmarian of We might gain insight into the nature of 
thmahoduscdtoarmctinfor- O ~ k k " " " " " " '  Front the Ca2+-dependent reactions that link the 
mation b [Ca2+li irmgcs. A linc [C2'Ii gradient to the regional spccializa- 
COnmaingdK~~nmofth ~ p o d t o t h a n t c r o f t h u r o p o d ~ a s d r a w n w i t h i n ~  tion of & during p o b t i o n  and 
mmptcr gnphics t+ating m d y  (225 S) in dira6on in (k hsmo- hm wh w- 
~ ) o r ~ * - ~ o f m i e d o n ~ - ( u p p r p r l ) . M ~ - f w I ~ I i ~ ~  i n g & r o l e o f * e ~ ~ ~ n i n ~  
b I w w m c a l c d a t d f n r m ~ u p t o 1 0  ancithcrdalongamrmalatachpoiatTo 
-F ~ ~ 2 + l ~  siPd cttw lint was into U) + cdl 1-motion (17,20) and h m  emerg- 
m a n  [Ca +]iforachscgmmwascakuhtcd. ing infbrmation re- the intra* 
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distribution and the Ca2+ sensitivitv of 
proteins thought to regulate cytoskeletal 
function. The higher [Ca2+], at the rear of 
the cell should favor myosin I1 activity in 
the cortex there, resulting in constriction of 
the rear and forward propulsion of the cell 
contents. By contrast, the activity of myo- 
sin I, a tailless myosin believed to function 
in the extension of lamellipods (18), should 
be highest at the front of the cell in that its 
activity is inhibited with increasing [Ca2+], 
(19). Accumulation of these myosins 
would be expected to occur in their region 
of highest activity (20) if they are free to 
m ~ v ~ w i t h i n  the cell (as myosin 11 appears 
to be) (21 ). Finally, the gradient of [Ca2+ 1, 
may act through proteins such as gelsolin 
that sever actin filaments in a Ca2+-depen- 
dent manner (22) to produce net assembly 
and disassembly of actin filaments at the 
front and rear, respectively; this pattern of 
actin dynamics has been observed in loco- 
moting polarized cells (23). Although the 
direction of the observed [Ca2+], gradient 
provides a basis for understanding likely 
regional differences in Ca2+-dependent 
cytoskeletal processes, the differences in 
[Ca2+], we have detected are small relative 
to the Ca2+ sensitivity for many of these 
reactions in vitro. However, the Ca2+ sen- 
sitivity of a multistep pathway may be 
much greater than the Ca2+ binding step 
(for example, Ca2+ binding to cal- 
modulin) if the downstream targets are 
present at much lower concentrations or 
have very high affinities for the Ca2+- 
bound effector. Certainly this is the case 
for the calmodulin myosin light chain 
phosphorylation cascade (24). The local 
differences in cytoskeletal activity required 
for directed migration may be small, espe- 
cially if regional differences in cytoskeletal 
activity are self-amplifying because of the 
movement of the cytoskeletal proteins to 
regions of highest activity. 

Both the steepness of the gradient of 
[Ca2+], and the average [Ca2+], were in- 
creased in cells changing their direction of 
migration. The rise in [Ca2+], might facili- 
tate (25) the remodeling of attachments to 
the substrate that must accompany a sudden 
change in the direction of cell motion. The 
enhanced steepness of the [Ca2+], gradient 
might accelerate the redistribution of myo- 
sin isoforms, actin and the consequent re- 
modeling of cell shape. Once the overall 
shape ahd molecular distribution have been 
reestablished, a shallower [Ca2+Ii gradient, 
and a lower overd [Ca2+], may be suffi- 
cient to maintain the asymmetry of the cell 
and drive it forward. The rate of motion of 
cells, the [Ca2+],, and the spatial distribu- 
tion of Ca2+ all varied depending on wheth- 
er cells were stimulated by a gradient or 

uniform concentration of serum. Thus, the 
characteristics of the Ca2+ signal may influ- 
ence the rate of cell motion in the steady 
state as well. 

Although this study has focused on local 
differences in [Ca2+], underlying the polar- 
ization-chemotactic response, the observed 
local differences presumably reflect the con- 
centration of other molecules that regulate 
the changes in [Ca2+],. The pattern of dis- 
tribution of these regulating molecules may 
also contribute to the local control of reac- 
tions integral to the polarization-chemotac- 
tic response. 
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