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Abstract
Extracellular Ca++, a ubiquitous cation in the soluble environment of cells both free living and
within the human body, regulates most aspects of amoeboid cell motility, including shape, uropod
formation, pseudopod formation, velocity and turning in Dictyostelium discoideum. Hence it
affects the efficiency of both basic motile behavior and chemotaxis. Extracellular Ca++ is optimal
at 10 mM. A gradient of the chemoattractant cAMP generated in the absence of added Ca++ only
affects turning, but in combination with extracellular Ca++, enhances the effects of extracellular
Ca++. Potassium, at 40 mM, can substitute for Ca++. Mg++, Mn++, Zn++ and Na+ cannot.
Extracellular Ca++, or K+, also induce the cortical localization of myosin II in a polar fashion. The
effects of Ca++, K+ or a cAMP gradient do not appear to be similarly mediated by an increase in
the general pool of free cytosolic Ca++. These results suggest a model, in which each agent
functioning through different signaling systems, converge to affect the cortical localization of
myosin II, which in turn effects the behavioral changes leading to efficient cell motility and
chemotaxis.
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Introduction
Ca++ is the fifth most abundant element in the earth's lithosphere (Day, 1963), the fourth
most abundant element in igneous and sedimentary rocks, usually the most abundant cation
in freshwater and the third most abundant cation in seawater (Hem, 1970, 1989). In the
aqueous environment, the concentration of free Ca++ varies dramatically between oceans,
rivers, lakes and soil-solutions (Goldberg et al., 1971; Dodds, 2002; Dauer, et al., 2007;
Bangerth, 1979; McLaughlin and Wimmer, 1999). It can also vary within a body of water
over time through precipitation, evaporation, the melting of ice and exchange with
catchment soil (Jeziorski et al., 2008). In soil solutions, the concentration of free Ca++

standardly varies between 3.4 and 14 mM (Bangerth, 1979; McLaughlin and Wimmer,
1999), but can undergo even greater transient fluctuations due to precipitation and
evaporation. Hence, organisms like the soil amoeba Dictyostelium discoideum, which
depend upon amoeboid motility in one or more phases of their life histories, can experience
dramatic changes in the Ca++ concentration of the environment in which they migrate.
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In the human body, the concentration of free Ca++ also varies between tissues and fluids. For
instance, in serum the concentration is between 2.2 and 2.6 mM (Silver et al., 1988), and in
the extracellular fluids of tissues, it can vary between 1.1 and 1.3 mM (Breitwieser, 2008).
At erosion sites of osteoporotic fragments (Silver et al., 1988; Breitwieser, 2008), free Ca++

can reach concentrations as high as 20 to 40 mM. Ca++ also forms spatial gradients
emanating from sites of Ca++ deposition and erosion, which attract stromal cells and
osteoblasts (Godwin and Soltoff, 1997; Yamaguchi et al., 1998; Sugimoto et al., 1993), and
has been shown to play a role in the migration of axons (Zheng and Poo, 2007), smooth
muscle cells (Scherberich et al., 2000) and white blood cells (Randolph et al., 2008; Clark
and Petty, 2008; Kindzelskii et la., 2004). Ca++ gradients may also affect the behavior of
negative cells of D. discoideum (Korohoda et al., 2002). Hence, a variety of human cell
types, like D. discoideum amoebae, translocate through environments containing different or
changing concentrations of soluble Ca++.

Extracellular Ca++ can affect the behavior of a cell in two ways. First, it can do so by
regulating the intracellular concentration of free cytosolic Ca++, the source of which can be
bound Ca++ stores (Berridge, 2005; Berridge et al., 2003; Oh-Hora et al., 2008) and/or
extracellular Ca++ (Berridge, 2005; Berridge et al., 2003; Taylor, 2002; Wheeler and
Brownlee, 2008; Fisher and Wilczynska, 2006; Lombardi et al., 2008). Second, extracellular
Ca++ can affect behavior through Ca++ receptors (Clark et al., 2008; Hofer and Brown,
2003; Sharan et al., 2008; Martinac et al., 2008) that activate signaling pathways. These
pathways may or may not affect the concentration of free cytosolic Ca++ (Clapham, 2007;
Hofer and Brown, 2003).

Given the prevalence of Ca++ in the natural environment and the natural fluctuations in
concentration experienced by free living organisms and cells migrating through the human
body, it is remarkable how little we know about its effects on the basic motile behavior of a
cell. Such information would facilitate not only our understanding of the role extracellular
Ca++ might play in motility and chemotaxis in the natural life history of a cell, but also the
relevance of behaviors identified under in vitro conditions, which in many cases include
nonphysiological concentrations of extracellular Ca++.

Here we have used 2D and 3D computer-assisted reconstruction and motion analysis
systems (Soll, 1995, 1999; Soll et al., 2003; Wessels et al., 2006a, 2007; Heid et al., 2005)
to assess the effects of extracellular Ca++ on the basic motile behavior of D. discoideum
amoebae and on chemotaxis in a spatial gradient of cAMP. We have also used fluorescent
imaging methods to measure free cytosolic Ca++ and myosin II localization. Finally, we
have tested whether extracellular K+ and cAMP can substitute functionally for extracellular
Ca++. Our results demonstrate that there are two extracellular Ca++ concentration thresholds
that affect different aspects of cell morphology, pseudopod formation, velocity, chemotaxis
and the localization of myosin II in the cell cortex. Our results also demonstrate that
extracellular K+ and a cAMP gradient can partially substitute for extracellular Ca++. Finally,
our results indicate that extracellular Ca++, K+, and a cAMP gradient do not effect changes
by similarly inducing increases in the general pool of free cytosolic Ca++. Rather a model
emerges in which the effects of extracellular Ca++, K+ and cAMP gradients on cell motility
may be mediated through different signaling systems that converge to regulate the cortical
localization of myosin II.

Materials and Methods
Strain maintenance and development

Frozen stocks of strain AX2 of D. discoideum were reconstituted every two weeks as
previously described for experimental purposes (Wessels et al., 2007). To obtain
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aggregation-competent amoebae, cells were developed on filters according to methods
previously described (Soll, 1979; Wessels et al., 2006b, 2007). For analyses of basic
motility and chemotaxis, cells were harvested from filters at the onset of aggregation (Soll,
1987), when velocity and chemotactic responsiveness under these conditions were
maximum (Varnum et al., 1986). Harvested cells were washed three times in a tricine buffer
solution (TB: 5 mM tricine buffer, 5 mM KCl, pH 7.0) (Gardner, 1969; Böhme et al., 1987;
Wick et al., 1978), then suspended in one of the following test solutions: TB alone, TB
containing 5 mM EGTA [glycol-bis (1-aminoethylether)-N, N, N1, N1-tetra acetic acid], or
TB containing varying concentrations of CaCl2. TB does not contain phosphate, which
precipitates Ca++ at high concentrations. TB had previously been shown to contain
approximately 380 nM Ca++ (Buman et al., 1984). In select experiments, cells were washed
and resuspended in the buffered salt solution “LPS” (Sussman, 1987), which we will refer to
as “BSS” (Soll, 1987). BSS contains 20 mM KCl, 2.5 mM MgCl2, 20 mM KH2PO4 and 5
mM Na2HPO4, pH 6.4. The major cation in BSS was, therefore, 40 mM K+. BSS contained
no added Ca++.

Analysis of basic motile behavior
Cells in a test solution were distributed at low density on the glass coverslip wall of a Sykes-
Moore perfusion chamber (Bellco Glass, Vineland, NJ) (Varnum et al., 1986), and incubated
for one hour in that test solution prior to perfusion and analysis. The density was adjusted so
that cells could crawl without contacting one another. Cells were perfused with test solution
at a rate that resulted in turnover of chamber volume once every 15 sec, to exclude
conditioning of the microenvironment. After 5 min of perfusion, cell behavior was
videorecorded for 10 min.

Analysis of chemotaxis
Cells incubated for 1 hr in test solution were dispersed on the bridge of a plexiglass chamber
(Varnum and Soll, 1984) designed after that of Zigmond (1977). The cell density was
adjusted so that cells crawled during periods of analysis without contacting one another.
Gradients were then generated by adding test solution without the chemoattractant cAMP to
a trough on one side of the bridge and test solution with 10-6 M cAMP to a trough on the
other side, according to methods previously described (Varnum and Soll, 1984). Cells were
videorecorded beginning five minutes after solutions were added to the troughs.

DIAS analysis
For 2D studies of behavior, cells were video recorded through a bright-field 20× objective
and motion-analyzed with 2D-DIAS software (Soll, 1995; Soll and Voss, 1998; Wessels et
al., 2006a). For 3D studies, cells were optically sectioned and reconstructed with 3D-DIAS
software as previously described (Soll et al., 2000, 2007; Zhang et al., 2003; Wessels et al.,
1998, 2007; Heid et al., 2002, 2005). Briefly, 60 optical sections were obtained in a two
second period in the z-axis, and this process repeated every five seconds. Perimeters in each
set of sections were outlined, pseudopods, which contained non-particulate cytoplasm, were
discriminated from the cell body by drawing an interface line, and outlines converted to
beta-spline representations. Velocity and turning parameters were based primarily on the
position of the cell centroid, and shape parameters on the beta spline representations of the
cell perimeter (Soll, 1995; Soll and Voss, 1998). Only cells with instantaneous velocities ≥ 3
μm per min were analyzed, since this has been found to represent on average a threshold for
actual cellular translocation (Wessels et al., 2000). Except for those treated with 5 mM
EGTA, over 80% of all test populations meet this criterion.
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Myosin staining
Myosin II was stained with anti-myosin II antibody (Burns et al., 1995), a generous gift
from Arturo de Lozanne of the University of Texas, Austin. The methods for staining were
similar to those previously described (Wessels et al., 1989, 2007), with the addition of an
antigen retrieval step (Daniels et al., 2006). Line profiles of grey scale intensity were
obtained by general methods previously described (Wessels et al., 2004, 2006b), using a
Biorad Radiance 2100 MP laser scanning confocal microscope and software. Pixel intensity
was monitored along a zigzag track that crossed the width of each cell at a slight angle from
the anterior to posterior end approximately 10 to 15 times, extending outside the cell edge in
each zigzag scan. The scans were processed using Zeiss LaserSharp™ software.

Measurements of cytosolic Ca++

Fifty μl of cells (2 × 107 cells/ml) were washed once in ice-cold electroporation buffer (EB:
13 mM KH2PO4, 4 mM Na2HPO4 with KH2PO4 to pH 6.0), and resuspended in 20 μl of EB
containing 1 mM CaCl2 and 1 mg per ml of Fura-2-dextran (Invitrogen, Carlsbad, CA),
which has been shown to stain free Ca++ selectively in the cytosol (Schlatterer et al., 1992;
Sonnemann et al., 1997). This and all subsequent steps were performed in the presence of
monochromatic red light to minimize loss of Fura-2-dextran fluorescence. The suspension
was electroporated in a 0.2 cm Gap ice-cold electroporation cuvette (Biorad, Richmond,
CA) at 850V, 3 μF and 200Ω. The time constant under these conditions was 0.6 seconds.
Electroporation efficiency has been demonstrated to be independent of developmental time
up to 7 hr and Fura-2-dextran has been shown to remain in a cell after electroporation
throughout subsequent development (Sonnemann et al., 1997). Immediately after
electroporation, 80μl of EB containing 5 mM MgCl2 were added to the cells to induce pore
closure. Cells were incubated on ice for 10 min and then washed in EB. For measurements
in the absence of cAMP, the cell pellet was resuspended in 70 μl of EB, 8 μl of it placed in a
Sykes-Moore chamber, and incubated for 5 min for the cells to attach to the surface. For
measurements in a spatial gradient of cAMP, cells were dispersed in test solution on a
coverslip positioned on the bridge of a plexiglass gradient chamber (Varnum and Soll, 1984)
designed after that of Zigmond (1977), and incubated for one hour prior to filling the
troughs to generate a gradient as described previously. Preparations were analyzed through a
Bio-Rad Radiance 2100MP Multiphoton/Confocal Microscope equipped with a Nikon S
Fluor 1.30 40× oil objective. Three neutral density filters were placed in the light path. Cells
were excited at 800 nm (Wokosin et al., 2004). Emission was selected by a green filter (HQ
450/80; HQ 515/30; Dichroic 495 DCXR). Images were processed using Zeiss
LaserSharp™ software and subsequently converted into QuickTime movies. The files were
analyzed for grayscale intensity using the luminescence option of 2D-DIAS software
(Wessels et al., 2006a, 2007).

Results
The effects of CaCl2 on cell motility

Since D. discoideum amoebae release the chemoattractant cAMP in response to cAMP in
the process of signal relay (Shaffer, 1975; Bonner et al., 1969; Konijn et al., 1969; Alcantara
and Monk, 1974; Gerisch et al., 1975; Tomchik and Devreotes, 1981), cells in undisturbed
culture can signal one another. To assess the effects of extracellular calcium on basic cell
motility in the absence of chemoattractant, analyses were performed at very low cell
densities in a perfusion chamber in which the high rate of flow further prevented
conditioning of the soluble microenvironment. All test solutions were made in 5 mM tricine
buffer (TB), pH 7.0, which contained 5 mM KCl and approximately 380 nM CaCl2 (Buman
et al., 1984). In TB + 5 mM EGTA (EGTA), TB + 0 mM CaCl2 (0 mM CaCl2), or TB +
CaCl2 ranging in concentration from 0.1 to 20 mM (0.1 to 20 mM CaCl2), a majority of cells
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(78 to 95%) exhibited average instantaneous velocities ≥ 3μm per minute, which we
considered the defining threshold for a motile D. discoideum amoeba undergoing persistent
translocation (Wessels et al., 2000) (Figure 1A). The highest proportions of motile cells
were consistently attained at 10 and 20 mM, and the lowest at 40 mM CaCl2 (Figure 1A).
The differences between the proportions in 5 and 10 mM CaCl2 was significant (p = 0.02).

The average instantaneous velocity of cells in EGTA, 0 mM CaCl2, 0.1 mM CaCl2 and 5
mM CaCl2, ranged from 6.5 to 7 μm per min (Figure 1B). In 10 mM CaCl2, however, the
average instantaneous velocity increased to 13.5 μm per min, a significant increase of 93%
over that in 5 mM CaCl2 (p = 5 × 10-5) (Figure 1B). At 20 mM CaCl2, the instantaneous
velocity remained high (11.5 μm per min), but at 40 mM CaCl2, it decreased to 6 μm per
min (Figure 2B). The highest proportions of cells with velocities ≥ 9 μm per min were
achieved at 10 and 20 mM CaCl2 (Figure 1C). Positive flow, an area displacement
measurement that computes movement independently of the cell centroid (Soll, 1995), also
reached maximum values at 10 and 20 mM CaCl2 (Figure 1D). The difference in positive
flow between 5 and 10 mM CaCl2 was highly significant (p = 2 × 10-6).

The extracellular concentration of CaCl2 also affected two parameters that reflected the
frequency of turning, “directional persistence” and “directional change” (Soll, 1995). The
average value for directional persistence, measured as the net distance between the first and
last cell centroid divided by the total distance of the centroid track (Soll, 1995), was very
low in EGTA, increased 2.7 fold in 0 mM CaCl2, then increased by 50% between 0 and 0.1
mM CaCl2 (Figure 1E). It then increased at a low but relatively constant rate between 0.1 to
40 mM CaCl2 (Figure 1E). Directional change, measured as the average change in the angle
of translocation (Soll, 1995), decreased gradually as the CaCl2 concentration increased to 5
mM, then remained relatively stable between 5 and 40 mM CaCl2 (Figure 1F). It is
noteworthy that while velocity parameters exhibited a precipitous increase between 5 and 10
mM CaCl2, the two parameters that reflected the frequency of turning reached near a
maximum and minimum value, respectively, at lower extracellular CaCl2 concentrations. It
is also noteworthy that although the four measured velocity parameters decreased
dramatically at 40 mM CaCl2, the two turning parameters remained optimum.

The effects of CaCl2 on velocity and turning were reflected in the perimeter tracks of
translocating cells. In EGTA, the tracks were highly compacted (Figure 2A) and cell shapes
amorphous, rather than elongate (Figure 2A, insert). In 0 mM CaCl2, the tracks were longer
and more directional (Figure 2B). Cell shape was still, however, relatively amorphous rather
than elongate (Figure 2B, insert). In 5 mM CaCl2, however, cell tracks were longer and
more persistent (Figure 2C), and cell shapes more elongate (Figure 2C, insert). Finally, in 10
mM CaCl2 (data not shown) and 20 mM CaCl2 (Figure 2D, insert), the tracks reached
maximum lengths and persistent, and cell shapes were maximally elongate (Figure 2D,
insert).

The effects of CaCl2 on shape, uropod formation and pseudopod formation
In previous computer-assisted studies of the behavior of cells in the absence of
chemoattractant, it was observed that cytoskeletal and regulatory mutants exhibited reduced
velocity, increased directional change and amorphous shapes that were associated with
defects in the suppression of lateral pseudopod formation, especially from the posterior half
of the cell body (Wessels et al., 2000, 2007; Kumar et al., 2004; Heid et al., 2004, 2005;
Falk et al., 2003; Soll et al., 2002; Chung and Firtel, 1999; Lee et al., 2004). In 2D analyses,
we found that cells migrating in EGTA, or in 0 and 0.1 mM CaCl2, also exhibited similar
characteristics (Figure 1, 2), suggesting that in low concentrations of CaCl2, normal cells
might also be defective in the suppression of lateral pseudopod formation.
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To assess the effects CaCl2 concentration on cell shape and pseudopod dynamics in the
absence of chemoattractant, we used 3D-DIAS software to reconstruct cells. In both EGTA
(data not shown) and 0 mM CaCl2 (Figure 3A), the average shape of a cell was relatively
amorphous, with multiple pseudopods protruding from around the entire perimeter of the
cell body. The pseudopods were uniformly small, and formed on and off the substratum. At
5 mM CaCl2, cells were slightly more elongate, but pseudopods still protruded from around
the entire cell perimeter and were uniformly small (Figure 3B). In 10 mM (Figure 3C) and
20 mM (data not shown) CaCl2, however, cells were more elongate, possessed only one or
two pseudopods at any one time and formed new pseudopods almost exclusively from the
anterior half of the cell.

In EGTA (data not shown), 0 mM CaCl2 (Figure 3A) and 5 mM CaCl2 (Figure 3B), cells
did not form a tapered posterior uropod. The anterior-posterior axis of these cells could be
deduced by two parameters, the translocation vector and the position of posterior tail fibers
(Heid et al., 2004), which were not reconstructed here. In 10 mM CaCl2, cells elongated and
exhibited a visible change in curvature (“junction”) between the larger, more ellipsoid main
cell body and the tapered uropod (Figure 3C). At concentrations greater than 10 mM, these
morphological characteristics were retained.

To quantitate the effect of CaCl2 on pseudopod dynamics, the frequency of lateral
pseudopod formation was measured in 2D. A lateral pseudopod was defined as a new
expansion zone emanating either from the posterior flanks of an already existing anterior
pseudopod (Andrew and Insall, 2007), or from the flanks of the cell body (Wessels et al.,
1988). To be considered a lateral pseudopod, the expansion zone had to contain particle-free
cytoplasm clearly demarcated from the particulate cytoplasma of the main cell body, and
attain a minimum area that was ≥ 3.5 percent of the total cell area (Wessels et al., 1988). At
0 and 5 mM CaCl2, cells formed on average eight and seven lateral pseudopods per 10
minutes, respectively, and did so equally from the anterior and posterior halves of the cell
body (Figure 4A). At 10 mM CaCl2, the frequency of total pseudopod formation decreased
by approximately one half and, the major decrease was along the posterior half of the cell
(Figure 4A). The average cell continued to form lateral pseudopods in 20 to 40 mM CaCl2
from the anterior half of the cell at a frequency (three per ten minutes) close to that in 0, 5
and 10 mM CaCl2 (four per ten minutes) but exhibited a decrease in frequency from the
particular half, like cells in 10 mM CaCl2 (Figure 4A). These results demonstrated that a
major behavioral defect of cells in CaCl2 at concentrations ≤ 5 mM was the incapacity to
suppress lateral pseudopod formation along the posterior, not anterior, half of the cell.

The effects of extracellular CaCl2 on adhesion
There was, however, a paradox in the behavior of cells in 40 mM CaCl2. Although the shape
of the cell body, the formation of the uropod, turning parameters (i.e., directional persistence
and directional change) and the suppression of lateral pseudopod formation in 40 mM CaCl2
were similar to those in 10 mM CaCl2, all velocity parameters decreased dramatically. An
analysis of plating efficiency revealed that the majority of cells incubated in 40 mM CaCl2
adhered to the chamber wall, as did a majority in 10 and 20 mM CaCl2 (data not shown).
3D-DIAS reconstructions, however, revealed that at 10 and 20 mM CaCl2, cells adhered to
the substratum along their entire cell body and uropod, but at 40 mM CaCl2 (data not
shown) and at 80 mM CaCl2 (Figure 3D), cells adhered to the substratum only by their
uropod. Surprisingly, these latter cells still translocated in a persistent fashion, but at roughly
half the velocity of cells in 10 mM CaCl2 (Figure 1B). These results demonstrated that the
anterior two-thirds of a cell (the main cell body) adhered to the glass substratum through
Ca++-sensitive adhesion sites, whereas the uropod adhered through Ca++-insensitive
adhesion sites.
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The effects of CaCl2 in a cAMP gradient
The effects of CaCl2 were also analyzed in a spatial gradient of the chemoattractant cAMP.
This condition was selected over global stimulation because the latter involves the rapid
addition of a high concentration of cAMP uniformly to all points on the cell surface and,
therefore, is not representative of the natural chemotactic signal which is in the form of an
outwardly moving, nondissipating, relayed wave that crosses the cell over a seven minute
period on average and includes both spatial and temporal gradients (Soll et al., 2002).
Whereas cells in a spatial gradient of cAMP undergo efficient locomotion and chemotaxis,
cells globally stimulated with a high concentration of cAMP immediately cringe, stop
translocating, dismantle their cortex and after several minutes partially rebound (Wessels et
al., 1989; Soll et al., 2002).

As was the case in the absence of chemoattractant (Figure 1), the velocity parameters peaked
at 10 and 20 mM CaCl2 in a cAMP gradient (Figure 5A, B and C, respectively), and the
turning parameters, reached near maxima and minima, respectively, at 5 mM (Figure 5E and
F, respectively). There were, however, consistent differences between the effects of CaCl2 in
the absence and presence of a cAMP gradient. The average level of directional persistence at
0 and 5 mM CaCl2 in a spatial gradient of cAMP (Figure 5E) was approximately two times
higher than in the absence of cAMP (Figure 1E). In addition, directional change in 0 and 5
mM CaCl2 in a spatial gradient of cAMP (Figure 5F) was lower than in the absence of
cAMP (Figure 1F). These results demonstrated that a cAMP gradient in the absence of
added CaCl2 caused an increase in persistence, but did not affect velocity.

Analyses of cell shape and pseudopod formation further supported the conclusion that a
cAMP gradient alone (i.e., in 0 mM CaCl2) induced several of the behavioral changes
induced by CaCl2, and, furthermore, that a cAMP gradient enhanced the effects of CaCl2. In
0 mM CaCl2, cells in a cAMP gradient (Figure 3E) were flatter and more elongate than
those in the absence of chemoattractant (Figure 3A), and sometimes formed a small, but
unstable uropod (Figure 3E). At 5 mM CaCl2, these differences were accentuated. Cells in
the absence of cAMP were amorphous, formed pseudopods around their entire perimeter
and did not form a uropod (Figure 3B), but cells in a cAMP gradient were more elongate,
formed a full-sized uropod and suppressed formation of lateral pseudopods (Figure 3F). The
3D reconstructions, therefore, suggested that the frequencies of lateral pseudopod formation
in 0 and 5 mM CaCl2 were lower in a cAMP gradient (Figures 3E and F, respectively) than
they were in the absence of cAMP (Figures 3A and B, respectively). Measurements in 2D of
the frequency of lateral pseudopod formation supported this suggestion. In a cAMP gradient
generated in 0 mM CaCl2, the frequency of lateral pseudopod formation (Figure 4B) was
half that in 0 mM CaCl2 in the absence of chemoattractant (Figure 4A). The major
difference was in the frequency of pseudopods formed from the anterior half of the cell, 3.8
per 10 minutes in the absence of cAMP (Figure 4A) and 1.1 per 10 minutes in a spatial
gradient of cAMP (Figure 4B), a 3.5 fold difference. The frequency of pseudopod formation
along the posterior half of a cell was also lower in 0 mM CaCl2 in a cAMP gradient, but not
to the same extent as the frequency of anterior pseudopods (Figure 4A and B). In a cAMP
gradient generated in ≥ 10 mM CaCl2, the frequencies of anterior and posterior pseudopod
formation approached a negligible frequency of zero per 10 minutes (Figure 4B), while in ≥
10 mM CaCl2 the absence of cAMP, the frequencies were approximately 2.7 and 0.8 per 10
minutes, respectively (Figure 4A). These results demonstrated that a cAMP gradient alone
suppressed lateral pseudopod formation primarily in the anterior half of the cell, and that a
cAMP gradient generated in ≥ 10 mM CaCl2 completely suppressed lateral pseudopod
formation, suggesting that the CaCl2 and cAMP gradient effects might be additive.
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The effects of calcium on the efficiency of chemotaxis
The effects of CaCl2 were tested on two chemotaxis parameters, the average chemotactic
index (“C.I.”), which is the net distance traveled by the centroid of a cell up a spatial
gradient of cAMP divided by total distance traveled in a 10 minute period, and the percent
cells exhibiting a positive C.I. (“percent positive chemotaxis”). In previous computer-
assisted studies of chemotaxis in a spatial gradient chamber, a C.I. value greater than +0.10
and a percent positive chemotaxis value greater than 60% have consistently provided
thresholds for positive chemotactic responses. C.I. values increasing from +0.11 to +1.00,
and percent positive chemotaxis values increasing from 61 to 100%, reflected increasing
levels of chemotactic efficiency (Wessels et al., 2004, 2007). For cells in a spatial gradient
of cAMP containing 5mM EGTA, the average C.I. was less than +0.1 (Figure 5G) and the
percent positive chemotaxis was very close to 60% (Figure 5H), indicating no chemotactic
response. At 0 and 0.1 mM CaCl2, however, the C.I.'s increased to +0.33 and +0.34,
respectively, and the percent positive chemotaxis to 84 and 82%, respectively (Figure 5G
and H, respectively), values reflecting a moderate positive chemotactic response. At 5 mM
CaCl2, however, the C.I. increased to +0.70, and the percent positive chemotactic index
increased to 100% (Figure 5G and H, respectively), reflecting extremely efficient
chemotaxic responses. These parameters remained high at 10, 20 and 40 mM (Figure 5G,
H). The change in CaCl2 concentration that caused the largest increase in chemotactic
efficiency was from 0.1 to 5 mM (Figure 5G and H), the same concentration changed that
caused the greatest increase in directional persistence (Figure 5E), the greatest decrease in
directional change (Figure 5F), and near maximum suppression of lateral pseudopod
formation (Figure 4B).

At 40 mM CaCl2, the chemotaxis parameters remained high (Figure 5G and H,
respectively), even though all of the velocity measurements decreased (Figure 5A, B, C and
D). At 60 and 80 mM CaCl2, however, the average C.I. decreased to +0.12 and +0.02,
respectively, and the percent positive chemotaxis decreased to 65 and 45%, respectively
(data not shown). As was observed at high CaCl2 (≥ 40 mM) in the absence of
chemoattractant (Figure 3D), the main cell body of a majority of cells did not adhere to the
substratum; cells remained attached only by their uropods (Figure 3H).

The effects of CaCl2 on myosin II localization
The majority of cell parameters that affected CaCl2 in the absence of cAMP or in a cAMP
gradient, including velocity, turning, the suppression of lateral pseudopod formation, cell
shape and uropod formation, have been shown to be dependent upon the localization of
myosin II in the posterior cortex of D. discoideum amoebae (Heid et al., 2002; Catalano and
O'Day 2008; Chung and Firtel, 1999; Bosgraaf and van Haastert, 2006; Jeon et al., 2007;
Zhang et al., 2002, 2003; Shelden and Knecht, 1996; Laevsky and Knecht, 2003; Egelhoff et
al., 1993). We therefore entertained the hypothesis that CaCl2 regulated these cell
characteristics through the cortical localization of myosin II. This hypothesis was explored
by staining cells incubated in 0 to 40 mM CaCl2, in the absence of chemoattractant with
anti-myosin II polyclonal antibody (Burns et al., 1995). Stained cells were optically
sectioned in the z-axis by multiphoton laser scanning confocal microscopy, and a projection
image, derived from the center five sections (in the z-axis), analyzed for pixel intensity
(Figure 6A through D). A zigzag scan of pixel intensity along the posterior-anterior axis
crossed the width of the cell 15 times to points outside the cell edge (see inserts in Figure 6A
through D). Pixel intensity was then plotted along the scan from the posterior to anterior end
of a cell. For cells without distinct tapered uropods (i.e., at 0 and 5 mM CaCl2), the posterior
end was identified by the location of tail fibers (Heid et al., 2005). In Figure 6A through D,
the broad peaks in each zigzag scan represented that portion through the cell. The points at
the edges of each broad peak represented the intensity at the cell cortex, and the points in the
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middle of each peak the cell interior. The troughs between each pair of broad peaks
represented points outside the cell body.

In 0 mM CaCl2 in the absence of cAMP, the average intensity of cortical staining was higher
than that of interior staining (Figure 6A). There was no difference between the intensity of
staining of the anterior and posterior cortex (Figure 6E, F); the ratio of posterior to anterior
cortical staining was 1.0 (Figure 6G). At 5 mM CaCl2, the average intensity of cortical
staining of both the anterior and posterior halves of cells increased similarly by
approximately 30% (Figure 6E, F). The ratio of posterior to anterior cortical staining was
1.0, just as it was at 0 mM CaCl2 (Figure 6G). At 10 mM CaCl2, however, while the average
intensity of staining of the cortex of the anterior half of the cell, remained relatively
unchanged from that in 5 mM CaCl2, the average intensity of the posterior half increased by
50% (Figure 6E, F). The ratio of posterior to anterior cortical staining increased from 1.0 in
5 mM CaCl2 to 1.6 in 10 mM CaCl2 (Figure 6G). The absolute intensity increased slightly
and the proportion decreased slightly between 10 and 40 mM CaCl2 (Figure 6E, F, G).
Together these results indicated that in the absence of cAMP, increasing the extracellular
concentration of CaCl2 to 5 mM led to a general increase in cortical myosin II in both the
anterior and posterior half of a cell, but an increase in concentration to 10 mM or higher
caused a further and selective increase in posterior, but not anterior, cortical localization. It
should be noted that the differential increase in posterior but not anterior cortical myosin II
was caused by an increase in the concentration of CaCl2 from 5 to 10 mM in the absence of
cAMP, the same increase in CaCl2 that caused cell elongation, formation of the uropod,
lateral pseudopod repression in the posterior half of a cell and an increase in velocity in the
absence of chemoattractant.

Cells in a cAMP gradient generated in 0 mM CaCl2 exhibited changes in turning and lateral
pseudopod suppression that were induced by 5 mM CaCl2 in the absence of cAMP, and cells
in a cAMP gradient generated in 5 mM CaCl2 exhibited many of the changes that were
induced by 10 mM CaCl2 We hypothesized that if CaCl2 affected behavior by inducing
myosin II localization in the cell cortex, then a cAMP gradient generated in 0 mM CaCl2
should induce a general increase in myosin II localization throughout the entire cortex, as
was the case for 5 mM CaCl2 in the absence of cAMP, and a cAMP gradient generated in 5
mM CaCl2 should induce a further selective increase in myosin II in the cortex of the
posterior half of the cell, as was the case for 10 mM CaCl2 in the absence of cAMP (Figure
6). These predictions were supported by staining experiments with anti-myosin II heavy
chain antibody analyzed in the same fashion as the cell in Figure 6. For cells in a cAMP
gradient in 0 mM CaCl2, there was a two to three fold increase in general cortical staining
when compared to parallel stained cells in 0 mM CaCl2 in the absence of cAMP (Table 1).
However, the ratio of anterior to posterior cortical staining was close to 1.0, as it was for
cells in a cAMP gradient. In 5 mM CaCl2 in a cAMP gradient, there was disproportionate
staining in the posterior cortex of the cells, resulting in a ratio of anterior to posterior
staining of 1.4 (Table 1). This contrasted, as predicted, with cells in 5 mM CaCl2 in the
absence of cAMP, which had a ratio very close to 1.0 (Figure 6), but was close to the ratio
for cells in 10 mM CaCl2 in the absence of cAMP (Figure 6). For cells in a cAMP gradient
generated in 10 mM CaCl2, the ratio was 1.7 (Table 1), very close to the ratio of cells in 10
mM CaCl2 in the absence of cAMP (Figure 6). These results are consistent with the
hypothesis that both extracellular Ca++ and cAMP effect changes in behavior by inducing an
increase in myosin II localization in the general cell cortex, and a further selective increase
in the posterior cortex. They also are consistent with the suggestion that the effects of cAMP
and CaCl2 may be additive, or that the former enhances the effects of the latter.
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Extracellular K+ can substitute for Ca++

Although we have found here that increasing the extracellular concentration of CaCl2 to 10
mM CaCl2 induces changes in cell behavior that lead to highly efficient motility and
chemotaxis, in past studies we routinely obtained efficient motility and chemotaxis in a
buffered salt solution (BSS) that did not include Ca++ as an added component. BSS in the
absence of cAMP supported cell elongation, uropod formation, myosin localization in the
posterior half of the cell body and efficient motility, and in a cAMP gradient BSS supported
all of these characteristics plus relatively efficient chemotaxis (Varnum et al., 1986; Wessels
et al., 2004, 2006b, 2007; Zhang et al., 2002, 2003; Heid et al., 2004; Stepanovic et al.,
2005). BSS was originally formulated by Sussman and colleagues (Sussman, 1987) and
referred to by then as “lower pad solution” (LPS). It contained 40 mM K+, 10 mM Na+ and
2.5 mM Mg++. A comparison between data we previously obtained for Ax2 cells in BSS in
the absence of cAMP (Wessels et al., 2007) and data obtained here for Ax2 cells in 10 mM
CaCl2 revealed that the velocity parameters in BSS were consistently reduced and the
frequency of pseudopod formation in the anterior half of the cell in BSS consistently higher
(data not shown). Cells undergoing chemotaxis in a cAMP gradient generated in BSS also
exhibited velocity parameters slightly lower than in a cAMP gradient generated in 20 mM
CaCl2 (Figure 7A through C). The chemotactic indices, however, were comparable (Figure
7D). We hypothesized that K+, the major cation in BSS, might be responsible (i.e., might
substitute for extracellular Ca++), especially since previous studies had shown in a variety of
cell types that extracellular K+ induced the release into the cytosol of stored Ca++ (Corrales
et al., 2005; Miyauchi et al., 1990; Roberts et al., 1984). We tested whether the motility and
chemotaxis parameters of cells in a cAMP gradient generated in 40 mM KCl in TB were
similar to those in a gradient generated in BSS. We found that they were highly similar
(Figure 7A through D). Velocity parameters in 20 and 60 mM KCl, however, were reduced
(Figure 7A, B), indicating that 40 mM KCl was optimum. Staining with anti-myosin II
heavy chain antibody demonstrated that 40 mM KCl in a cAMP gradient induced a general
increase in cortical staining, with further selective staining in the posterior cortex (Table 1).
The ratio of posterior to anterior cortical staining, however, was 1.30 ± 0.21 (Table 1),
which was lower than the ratio of 1.58 obtained in a cAMP gradient generated in 10 mM
CaCl2 (Figure 6G). NaCl at a concentration of 10 mM in TB, the concentration in BSS did
not substitute for 10 mM CaCl2 (data not shown), and NaCl at 20 mM was inhibitory to
motility and chemotaxis (Figure 7A through D).

We next tested whether the divalent cation Mg++, the concentration of which is 2.5 mM in
BSS, could substitute for Ca++. In TB + 2.5 mM MgCl2, behavioral parameters were similar
to those in TB + 0 mM CaCl2 (data not shown), and in TB + 20 mM MgCl2, motility and
chemotaxis were inhibited (Figure 7E through H). MnCl2 and ZnCl2 at 20 mM were also
inhibitory to motility and chemotaxis (Figure 7E through H). These results supported the
conclusion that the monovalent cation K+ was the component of BSS that supported
efficient motility and chemotaxis.

Finally, we tested whether pH, which was maintained at 7.0 in the experiments reported
here, affected motility and chemotaxis parameters. Within a measured range of 6.2 to 8.8,
pH 7 proved optimum for velocity parameters (Figure 7I, J); both directional persistence and
chemotaxis were insensitive to pH in that range (Figure 7K and L, respectively).

Intracellular Ca++

Extracellular Ca++ has been shown to affect the level of free cytosolic Ca++ in a variety of
cell types, including D. discoideum (Clapham et al., 2001, 2007; Berridge et al., 2003;
Malchow et al., 1996; Berridge, 2005; Clark and Petty, 2008; Fisher and Wilczynska, 2006;
Taylor, 2002; Wheeler and Brownlee, 2008). We therefore considered the hypothesis that
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the effects of extracellular Ca++ on cell behavior and on the cortical localization of myosin II
were mediated through changes in the concentration of free cytosolic calcium. If true, then
increasing the concentration of extracellular CaCl2 from 0 to 10 mM, a maximum effect on
behavior, should also increase the concentration of free cytosolic Ca++ to a maximum, and
increasing the concentration to 20 and 40 mM of CaCl2 should have no further effect on free
cytosolic Ca++. To measure free cytosolic Ca++, cells were loaded with the indicator Fura-2-
dextran. Cells of each treated population were then analyzed by fluorescence imaging
methods for the relative concentration of free cytosolic Ca++ when incubated in 0, 5, 10 and
40 mM CaCl2. The relative concentration was calculated in each of five independent
experiments by taking the fluorescent intensity at 0 mM CaCl2 to be 0 and the highest
individual cell intensity at 10 or 40 mM CaCl2 to be 100. Intermediate intensities were
converted to intensities between 1 and 100%. Comparisons were made only within a single
experiment in which fractions of a common pool of cells loaded with Fura-2-dextran were
compared in different test solutions. In each of three or more experiments, the maximum
relative concentration of free cytosolic Ca++ was obtained at 10 mM extracellular CaCl2.
The mean relative free cytosolic concentration at 5 mM CaCl2 was 31 ± 12%, and at 10 mM,
98 ± 3% (Figure 8A). At 40 mM, it was 92 ± 8% (Figure 8A). These results demonstrated
that, as predicted, extracellular Ca++ regulated the intracellular concentration of free
cytosolic Ca++, and that 10 mM extracellular Ca++ induced a maximum increase in free
cytosolic Ca++.

If extracellular Ca++ exerts its control on cell behavior by inducing an increase in free
cytosolic Ca++, then one would expect 40 mM K+, which substitutes for extracellular Ca++,
to induce a similar increase in free cytosolic Ca++. The results, however, did not support this
prediction. Although KCl induced an increase in free cytosolic Ca++, the mean relative
concentration was only approximately one fourth that induced by 10 mM CaCl2 (Figure 8B).
This level of free cytosolic Ca++ was close to that induced by 5 mM CaCl2 (Figure 8A) (p
value was > 0.05). An extracellular concentration of 5 mM CaCl2, however, effected a far
less complete behavioral response than 40 mM KCl.

Based on similar logic, one would expect a spatial gradient of cAMP generated in 0 mM
CaCl2 to have a very small effect on the concentration of intracellular Ca++. The results
again did not support this prediction. In a spatial gradient of cAMP in 0 mM CaCl2, the
mean relative concentration of free cytosolic Ca++ for six independent experiments (Figure
8C, open circles) was 50% higher than that caused by in 10 mM CaCl2 in the absence of
chemoattractant (Figure 8C, closed circles). If the concentration of the cytosolic Ca++

regulated myosin II localization and the subsequent behavioral change, then one would have
expected a cAMP gradient to induce a cytosolic Ca++ concentration for below that induced
by 10 mM CaCl2.

Discussion
CaCl2 in the absence of cAMP

In 0 mM CaCl2, cells were amorphous, extended small pseudopods from all surfaces of the
cell body, did not form a uropod, and moved at reduced velocities and reduced persistence.
Two concentration thresholds of CaCl2 were identified that regulated different sets of these
parameters. A concentration of 5 mM induced a maximum increase in persistent
translocation (i.e., a decrease in the frequency of turning), but had no measurable effect on
speed, shape, lateral pseudopod dynamics or uropod formation. A concentration of 5 mM
CaCl2 also induced a general increase in the localization of myosin II throughout the cell
cortex. Since increased cortical localization of myosin II causes an increase in cortical
tension (Egelhoff et al., 1996), one might assume that the increase in persistent translocation
in 5 mM CaCl2 might be a result of the general increase in myosin II localization and a
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general increase in cortical tension. The absence of an apparent effect by 5 mM CaCl2 on
lateral pseudopod dynamics was, however, paradoxical, since a number of studies suggested
that a decrease in the frequency of turning was usually associated with a decrease in lateral
pseudopod formation (Soll et al., 2002; Varnum-Finney et al., 1987; Stites et al., 1998;
Wessels et al., 1994, 2000, 2007; Shutt et al., 1995). Since lateral pseudopods that touch the
substratum are more prone to initiate sharp turns than lateral pseudopods that do not touch
the substratum (Wessels et al., 1994), one would expect the lateral pseudopods formed at 0
mM CaCl2 to be primarily in contact with the substratum and the ones formed at 5 mM
CaCl2 to be off the substratum. Side views of 3D reconstructions of cells in 0 and 5 mM
CaCl2 revealed little difference (Figure 3B). The majority at both concentrations were in
contact with the substratum. The difference in persistence between cells in 0 and 5 mM
CaCl2, therefore, remains an enigma.

The second concentration threshold that affected behavior was 10 mM CaCl2. This
concentration induced a dramatic increase in speed, cell elongation, formation of a distinct
uropod and selective suppression of lateral pseudopod formation along the posterior half of
the cell body. A 10 mM CaCl2 had only a small additional effect over that of 5 mM CaCl2
on turning parameters. A concentration of 10 mM CaCl2 induced a further increase in
cortical myosin localization, but in contrast to the increase induced at 5 mM CaCl2, the
increase was disproportionate in the posterior half of the cell. Given the role cortical myosin
II plays in cortical tension (Egelhoff et al., 1996; Girard et al., 2006; Pasternak et al., 1989;
Yumura and Uyeda, 2003), we again suggest that the selective increase of myosin II
localization in the posterior cortex may play a role in uropod formation and the selective
suppression of lateral pseudopod formation along the posterior half of the cell (Heid et al.,
2004; Wessels et al., 2007; Catalano and O'Day, 2008; Bosgraaf and van Haastert, 2006).
One might also consider the possibility that an increase in cortical tension in the posterior
half of a cell may play a role in elongation and in the associated increase in velocity.

Increases in free cytosolic Ca++ were also induced at the two CaCl2 concentration
thresholds, a relative increase of 30% at 5 mM and a maximum increase of 100% at 10 mM.
Increasing the extracellular concentration to 40 mM, had no further effect on the
concentration of free cytosolic Ca++. Since Ca++ has been shown to inactivate a kinase
responsible for phosphorylating the myosin II heavy chain (Maruta et al., 1983), and
phosphorylation causes myosin II to depolymerize and exit the cortex (Egelhoff et al., 1993;
Kuczmarski and Spudich, 1980; Kolman et al., 1996; Moores et al., 1996; Wessels et al.,
1988; Heid et al., 2004), the possibility arises that an increase in free cytosolic Ca++ induced
by extracellular CaCl2 favors an increase in cortical localization and cortical tension. A
simple model, therefore, can be formulated in which extracellular Ca++ causes an increase in
the concentration of free cytosolic Ca++, which inactivates the major myosin II heavy chain
kinase, favoring cortical localization of myosin II. General cortical localization of myosin II,
which is induced by 5 mM CaCl2, suppresses turning, and selective posterior localization,
which is induced by a further increase in the CaCl2 concentration to 10 mM, causes changes
in velocity, cell shape, uropod formation and selective suppression of posterior pseudopod
formation. Clark et al. (2008) have suggested a related model based upon their work on
mouse TRPM7, a cell surface cation channel highly permeable to Ca++. This channel is
fused to an α-kinase that phosphorylates the myosin IIA heavy chain. In this model, the
authors propose that Ca++ influx through the channel in mouse neuroblastoma cells induces
recruitment and hence phosphorylation of the actomyosin cytoskeleton. Activation leads to
relaxation of the cytoskeleton, which increases spreading and adhesion. Hence the effect of
extracellular Ca++ in this case may have the effect of dismantling the cortical cytoskeleton.
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Extracellular KCl substitutes for CaCl2
We have found that 40 mM K+ will substitute for CaCl2. A comparison of the effects of 40
mM KCl and 10 mM CaCl2 is presented in Table 2. Although it induces all of the changes
that are induced by 10 mM CaCl2, the level of induction of some of the parameters were not
of the same magnitude. This was especially true for velocity parameters and pseudopod
suppression. The capacity of extracellular K+ to substitute for extracellular Ca++ was not
surprising given that it had been demonstrated in a variety of cell types that extracellular K+

causes an increase of free cytosolic Ca++ through release from bound stores (Roberts et al.,
1984;Miyauchi et al., 1990;Corrales et al., 2005), and that specific K+ channels are sensitive
to extracellular Ca++ (Ko et al., 2008;Jackson, 2005). We found that 40 mM KCl in the
absence of cAMP induced an increase in free cytosolic Ca++, but to approximately one third
the level caused by 10 mM CaCl2. This observation did not fully support the simple
hypothesis that the extracellular signal Ca++, or K+, induced cytoskeletal and behavioral
changes by increasing free cytosolic Ca++. If that were simply the case, then 40 mM K+

should induce an increase in free cytosolic Ca++ close to the level induced by 10 mM CaCl2,
not 5 mM CaCl2, which does not cause many of the effects of 40 mM KCl and 10 mM
CaCl2.

The specificity of Ca++ and K+ as alternative extracellular stimuli suggests that each may
function through a specific surface receptor or channel. Receptors or channels for both
cations have been identified in a variety of cell types (Clark et al., 2008; Hofer and Brown,
2003; Sharan et al., 2008; Martinac et al., 2008). Two D. discoideum genes have been
identified that are homologous to the human genes for TRP channels for Ca++, which
facilitate chemosensing in axons (Martinac et al., 2008). Furthermore, a metabotropic
glutamate receptor has been identified in D. discoideum (Taniura et al., 2006). These
receptors have sequence homologies with calcium receptors (Brown et al., 1993) and
pheromone receptors (Herrada and Dulac, 1997; Matsunami and Buck, 1997). Potential K+

channels have also been identified in D. discoideum by patch-clamp analyses (Muller and
Hartung, 1990; Muller et al., 1986). The possible roles of these surface molecules in the
cellular responses to extracellular Ca++ and K+ are now under investigation.

cAMP gradients
In addition to extracellular K+, we demonstrated here that spatial gradients of cAMP
selectively induced some of the same changes induced by CaCl2 and KCl. A comparison of
the effects of extracellular K+, Ca++ and a cAMP gradient is presented in Table 2. Free
cytosolic Ca++ had previously been demonstrated to increase in a population of aggregating
cells at the time of cAMP signaling, suggesting that cAMP stimulated an increase in the
steady state level of free cytosolic Ca++ (Saran et al., 1994). Subsequent studies revealed
that global stimulation with cAMP caused a spike in free cytosolic Ca++ (Yumura et al.,
1996;Schlatterer et al., 1994;Abe et al., 1988;Nebl and Fisher, 1997;Unterweger and
Schlatterer, 1995). The abnormal addition of a high concentration of cAMP to aggregation-
competent D. discoideum, however, causes a dramatic reduction in cell motility, rounding-
up and an abnormal, transient increase in F-actin and myosin localization throughout the
entire cell cortex (Wessels et al., 1989,2000;Soll et al., 2002;Zhang et al., 2003;Stepanovic
et al., 2005). This makes it difficult to ascertain the relevance of the spike in free Ca++

caused by global stimulation given that the natural cAMP signal is in the form of a wave
(Loomis, 2008;Vicker and Grutsch, 2008;Tomchik and Devreotes, 1981;Soll et al., 2002).
Traynor et al. (2000) demonstrated through mutant analysis that the spike does not occur
upon global cAMP stimulation in the null mutant of the inositol 1,4,5-triphosphate (InsP3)
receptor-like gene, iplA, yet this mutant undergoes normal chemotaxis in a spatial gradient
of cAMP, suggesting that the spike is not essential for normal chemotaxis. Schaloske et al.
(2005), however, presented evidence indicating that Ca++-regulation does occur under
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specific conditions in the iplA mutant. The general consensus is that the role of the spike
remains elusive (Bagorda et al., 2006).

Because of the ambiguities associated with global cAMP stimulation, we analyzed the
effects of CaCl2 on cells undergoing chemotaxis in a spatial gradient of cAMP. We have
demonstrated that a spatial cAMP gradient generated in the absence of extracellular CaCl2
caused a decrease in turning, suppression of anterior pseudopod formation, partial
elongation, formation of an incipient but unstable uropod and general myosin II localization
around the cell cortex. It also induced moderately efficient chemotaxis. When a spatial
gradient of cAMP was generated in the presence of 10 mM CaCl2, however, the velocity
parameters increased to those obtained in 10 mM CaCl2 in the absence of cAMP, turning
was suppressed beyond the levels stimulated by 10 mM CaCl2 in the absence of cAMP and
chemotaxis became even more efficient (i.e., the C.I. was twice that in a gradient in the
absence of CaCl2), suggesting that select Ca++ and cAMP effects were additive. Moreover,
in 5 mM CaCl2 in the absence of cAMP, there was a general increase in the cortical
localization of myosin II, but when a cAMP gradient was generated in 5 mM CaCl2, there
was selective localization in the posterior cortex, again demonstrating additivity or
enhancement.

If the simple hypothesis was correct that 10 mM CaCl2 stimulated behavioral changes by
increasing free cytosolic Ca++ to a threshold level which in turn induced selective
localization of myosin II in the posterior cell cortex and subsequent behavioral changes, then
a cAMP gradient generated in the absence of CaCl2 should induce a level of free cytosolic
calcium far below that threshold. The reason for this is that a cAMP gradient alone causes
submaximal effects on behavior and does not induce differential localization of myosin II in
the posterior cortex. Instead, we found that a cAMP gradient in 0 mM CaCl2 induced an
increase in free cytosolic Ca++ more than 30% higher than that induced by 10 mM CaCl2.
This result demonstrates that simply increasing free cytosolic Ca++ to a threshold level, in
this case the level induced by 10 mM CaCl2, is insufficient to induce the maximum increase
in velocity, suppression of posterior pseudopod formation, formation of a full sized and
stable uropod as well as selective localization of myosin II in the posterior cortex of the cell.
When a spatial gradient was generated in 10 mM CaCl2, all motility and chemotaxis
parameters, and the localization of myosin II in the cortex, were equal to or greater than that
in 10 mM CaCl2 in the absence of cAMP. These results are more consistent with a model in
which extracellular Ca++, K+ and cAMP signal surface receptors that activate signal
transduction pathways that may not include a general increase in free cytosolic Ca++ as a
component or second messenger.

Concluding remarks
We have, therefore, demonstrated that extracellular Ca++, a major cation in the environment
of most cells, regulates cell morphology, cell behavior and the organization of the cortical
cytoskeleton. Extracellular K+ can substitute for extracellular Ca++, effecting common
changes, but not quite to the same extent. In addition a spatial gradient of cAMP alone can
effect only a few of the changes effected by extracellular Ca++, and to levels below those
induced by Ca++. The specificity of Ca++ among common divalent cations, and the inability
of Na+ to substitute for K+, suggest that, as is the case for cAMP, extracellular Ca++ and K+

effect common behavioral changes through independent Ca++ and K+ receptors, or channels.
Although we initially assumed that the three signals would all affect changes in the
cytoskeleton and behavior by increasing free cytosolic Ca++, our results do not support so
simple a model. The observations that a cAMP gradient alone induces a larger increase in
free cytosolic Ca++ than 10 mM CaCl2, but does not induce most of the major changes in
morphology and behavior that 10 mM CaCl2 induces, leads us to propose that both
extracellular Ca++ and K+ induce changes through receptors that activate signal transduction
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pathways, just as cAMP effects cell behavior through receptor-mediated signal transduction
pathways (Garcia and Parent, 2008; Kay et al., 2008; Janetopoulos and Firtel, 2008;
Andrews and Insall, 2007; Veltman et al., 2008; Iglesias and Devreotes, 2008). The
transduction of an extracellular Ca++ signal through such pathways has been demonstrated
for the Ca++ receptor of the parathyroid and a variety of other cell types (Ramasamy, 2006;
Hofer and Brown, 2003; Sharan et al., 2008). Alternatively extracellular Ca++ and K+ may
activate surface molecules that directly interact with the cytoskeleton, as is the case for
TRPM7 (Clark et al., 2008). Therefore, although we still believe that the downstream effects
of extracellular Ca++ and K+ stimulation are commonly mediated at least in part through the
regulation of myosin II localization in the cell cortex, we do not believe that a common
intermediate step is an increase in the general free cytosolic Ca++ pool. Our collective
results, therefore, suggest a model in which extracellular Ca++, K+ and cAMP, interacting
with different receptors, activate common or separate signal transduction pathways. The
common downstream effect of the three signals is an increase in myosin II localization in the
cell cortex through the regulation of the phosphorylated state of the myosin II heavy chain
(Yumura et al., 2005; Heid et al., 2005; Egelhoff et al., 1996; Luck-Vielmetter et al., 1990;
Rahmsdorf et al., 1979; Malchow et al., 1981). The general increase in cortical myosin and
the differential increase in the posterior cortex in turn play fundamental roles in elongation,
uropod formation and pseudopod formation. These changes are basic to the efficiency of the
basic motile behavior of a cell, and this in turn increases the efficiency of chemotaxis in a
spatial gradient cAMP (Soll et al., 2002). Although this model is oversimplified and does
not explain the polar effects of signal induction, such as the selective increase in myosin II
in the posterior half of a cell, or the nature of the signal transduction machinery, it does
provide a contextual framework for pursuing answers to these questions.
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Figure 1.
Extracellular calcium regulates velocity and turning in the absence of chemoattractant. Cells
were analyzed in a Sykes-Moore perfusion chamber. All test solutions were made in tricine
buffer (TB) which contained 5 mM K+, pH 7.0. Test solutions tested were tricine buffer plus
5 mM EGTA (EGTA), or tricine buffer containing 0 to 40 mM CaCl2. Error bars represent
the standard deviation of the means. At least 10 cells were analyzed in each of three
independent experiments and the data pooled.
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Figure 2.
Extracellular calcium regulates the length of perimeter tracks and cell shape in the absence
of chemoattractant. See legend to Figure 1 for details. Cell perimeters were obtained at 4 sec
intervals for 10 min and smoothed with Tukey windows (Soll, 1995). Outlines were drawn
every 12 sec. Insets in the lower right of each panel show shapes at the end of the track for
the representative cells. The numbers refer to the individual cells monitored. Arrows
indicate average direction of transduction. TB, tricine buffer.

Lusche et al. Page 23

Cell Motil Cytoskeleton. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
3D reconstructions using 3D-DIAS software reveal that extracellular calcium regulates cell
shape, pseudopod dynamics, uropod formation, adhesion to the substratum and uropod
formation, in the absence of chemoattractant and in a gradient of cAMP gradient. A through
D. Representative 3D reconstructions in test solutions in the absence of chemoattractant. E
through H. Representative 3D reconstructions in test solutions in the presence of a spatial
gradient of cAMP. In each case the cell is viewed at two time points and three different
angles (90°, 15°, 0°). Blue represents cell body; yellow represents pseudopods; s, seconds.
Black arrows represent the direction of the cAMP gradient in panels E through H.
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Figure 4.
Extracellular calcium regulates lateral pseudopod formation in the absence of cAMP (A) and
in a spatial gradient of cAMP (B). Pseudopods were identified and counted as described in
Methods section. The mean is presented for 10 cells at each concentration. The standard
deviation was less than 50% of the mean for all data points ≥ 2.4, and no greater than the
mean for all data points ≤ 1.3.
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Figure 5.
Extracellular calcium regulates velocity, turning and the efficiency of chemotaxis in a spatial
gradient of cAMP. Cells were analyzed in a spatial gradient chamber. See legend to Figure 1
for details of basic test solutions. Error bars represent the standard deviations of the means.
At least ten cells were analyzed in each of three independent experiments and the data
pooled.
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Figure 6.
Extracellular calcium regulates localization of myosin II in the cell cortex. Cells were
stained with anti-myosin II antibody, and a confocal microscope projection image derived
from the center five sections analyzed for pixel intensity through a zig-zag scan. The
anterior and posterior ends of amorphous cells were identified by the location of tail probes
(Heid et al., 2005). Percent maximum intensity was computed from the most intense point
(100%) in the scan. Data for the anterior half of the cell is dark green, and that for the
posterior half light green. A through D. Scans for representative cells in test solution in the
absence of cAMP. The zigzag track of the scan is presented in the dark box and the percent
maximum intensity is plotted along the zigzag (“pixel”) scan for each analyzed cell. E.
Average staining intensities of the cortex of the anterior and posterior halves of five test
cells as a function of CaCl2 concentration in TB. F. Percent maximum intensities of the
cortex of the anterior and posterior halves of five test cells as a function of CaCl2
concentration in TB. G. Ratio of the percent maximum intensity of posterior to anterior half
as a function of CaCl2 concentration in TB. Error bars represent standard deviations of the
means.
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Figure 7.
Extracellular potassium substitutes for extracellular calcium in the presence of a spatial
gradient of cAMP. A through D. A comparison of the effects of the buffered salt solution
BSS, and TB containing 0 and 20 mM CaCl2, 20, 40 and 60 mM KCl and 20 mM NaCl2.
The main cation in BSS is 40 mM K+, it contains no added Ca++. E through H. A
comparison of the effects of divalent cations on behavior and chemotaxis. With the
exception of BSS, all test solutions but BSS contained TB plus the noted concentration of
each monovalent or divalent cation. I through L. Analysis of the effects of pH. pH was
adjusted in TB buffer in the presence of 10 mM CaCl2. Cells were analyzed in a spatial
gradient of cAMP. Error bars represent standard deviations of the means.
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Figure 8.
Extracellular CaCl2, KCl and a spatial gradient of cAMP induce increases in free cytosolic
Ca++. Cells were loaded with Fura-2-dextran then analyzed by fluorescent imaging methods
in test solutions. All data points represent the mean of the relative free cytosolic Ca++

normalized to the highest data point obtained at 10 or 20 mM CaCl2 in each of five
independent experiments. The error bars represent the standard deviation of the means for
the five experiments. A. Relative free cytosolic Ca++ in TB containing 0 to 40 mM CaCl2.
B. Relative free cytosolic Ca++ in TB containing 40 mM KCl. C. Relative free cytosolic
Ca++ in a spatial gradient of cAMP (open circles), and in the absence of cAMP (closed
circles) in 0 and 10 mM CaCl2.
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