
ture encloses the center of the core and 
its immediate surroundings. In this re- 
gion, of course, the simple spiral repre- 
sentation of isointensity lines is not ap- 
plicable. 

Our experimental evidence for the ex- 
istence and the structure of the core of 
the spiral pattern exhibited in the BZ 
reaction system shows the importance of 
a locally restricted phenomenon driving 
and controlling the spiral propagation 
through space. Our observation shows 
the stable coexistence of two different 
dynamic states in space. Further applica- 
tion of the digital video technique for a 
quantitative description of the dynamic 
behavior of the core and the local pre- 
dominance of specific reaction steps at 
its center is expected to lead to stimulat- 
ing contributions to our knowledge of 
chemical waves. Furthermore, the spa- 
tial transition from the local to the bulk 
state in terms of the outward moving 
chemical activity is of utmost interest. 
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Intracellular Free Calcium Localization in Neutrophils 
During Phagocytosis 

Abstract. Intracellular free calcium ( C U ~ + ~ )  is thought to be an important second 
messenger for phagocyte functions. The fluorescent indicator Quin2 was used to 
measure and visualize [ ~ a ~ + ] ~  in human neutrophils during chemotaxis toward, and 
phagocytosis of, opsonized zymosan. In neutrophils migrating toward zymosan, 
[ ~ a ~ + ] ~  was highest in the lamellipodium. Neutrophils ingesting opsonized zymosan 
had the highest [ca2+lj  in the pseudopods and periphagosomal cytoplasm. Most of 
the increase in [ca2+li was from extracellular sources. Regional increments in 
[Ca2+li are strategically located to modulate such cellular functions as chemotaxis, 
oxidative activity, and degranulation. 
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Intracellular free calcium (Ca2+i) is 
thought to be an important secondary 
messenger for many phagocyte functions 
including chemotaxis (I), phagocytosis 
(2), and degranulation (3). Surface stimu- 
li trigger transient changes in calcium 
concentration that are associated with 
these effector functions. The subcellular 
pattern of ca2+ distribution in resting 
and stimulated neutrophils is largely un- 
known because in prior studies changes 
in populations of cells were analyzed 
with fluorometric or photometric tech- 
niques. We investigated the alterations 
in the subcellular distribution of Ca2+ in 
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neutrophils during chemotaxis and 
phagocytosis with the ca2+ indicator 
Quin2. This indicator emits Ca2+-depen- 
dent fluorescence when excited at 340 
nm and Ca2+-independent fluorescence 
when excited at 360 nm (4). 

Neutrophils were isolated from hepa- 
rinized (10 units per milliliter) venous 
blood of normal volunteers by Ficoll- 
Hypaque separation (5); after isolation, 
the neutrophils were subjected to dex- 
tran sedimentation and hypotonic lysis 
of erythrocytes. Isolated neutrophils 
were washed with Hanks balanced salt 
solution (HBSS) and loaded with 25 pM 
Quin2 ester (Calbiochem) for 60 minutes 
at 37°C. The cells were washed with 
HBSS plus 1 percent autologous heat- 
inactivated serum and incubated at 24OC 
for 120 minutes, allowing hydrolysis of 
the ester to the active Ca2+ indicator. 
For experiments without extracellular 
calcium ([Ca2+lo), the Quin2-loaded cells 
were spun and resuspended in ca2+-  and 
Mg2+-free HBSS with 10 mM EGTA. 

Quin2-loaded neutrophils (lo6 cells per 
milliliter) were transferred to a cover 
glass, mixed with opsonized zymosan 
(6) ,  and observed with a microscope 
(Leitz Orthoplan) equipped with a 100-W 
mercury vapor epi-illuminator, quartz 
optical elements in the epifluorescence 
pathway, and a glycerine immersion ob- 
jective (Nikon lOOx UV-CF). Neutro- 
phils for analysis were selected with 
bright-field microscopy. Images of 
Quin2-loaded neutrophils were collected 
with a silicon-intensified target camera 
(DAGE series 65) and stored for later 
processing with an image processor 
(Quantex 9210). Three images of single 
cells were collected in sequence over 
less than 5 seconds. The first image was 
a processed bright-field image based on 
the use of a modification of asymmetric 
illumination contrast optics (7), in which 
a circular filter (50 mm in diameter), one 
half clear and one half black, was placed 
in the transmitted light path. Processing 
included the averaging of eight frames, 
background subtraction, and gray-scale 
expansion. This image was used to es- 
tablish the location of morphological fea- 
tures. The second and third images were 
fluorescence images obtained with a 
long-pass barrier filter that transmits 
wavelengths >475 nm. Cells were excit- 
ed first at 340 nm (10-nm half width) and 
subsequently at 360 nm (10-nm half 
width paired with a .25 percent transmis- 
sion neutral density filter). Each of the 
fluorescence images was an average of 
eight video frames. The two fluores- 
cence images were separated in time by 
less than 0.5 second. 

To determine [Ca2+Ii, we first convert- 
ed each raw fluorescence image to a 
pixel array (640 by 480 by 8 bits). Point 
density readings were taken first within 
the 360-nm fluorescence image, and then 
at the corresponding pixels within the 
340-nm fluorescence image. The ratio of 
the fluorescence intensity at 340 nm to 
that at 360 nm, when applied to a curve 
relating known concentrations of Ca2+ 
(8, 9), indicated the [Ca2+li at that point 
in the cell. We did not detect neutrophil 
autofluorescence with this system. 

To visually display the relative local 
[Ca2+li within a single cell, we converted 
the intensity of each pixel of the two 
digitized fluorescence images to a loga- 
rithm and subtracted the 360-nm log im- 
age from the 340-nm log image. The 
antilog of the difference represents the 
free Ca2+ distribution and is independent 
of Quin2 concentrations at specific im- 
age locations. 

Measurements of [Ca2+li in unstimu- 
lated but polarized neutrophils are listed 
in Table 1A. The mean [Ca2+li in the 



front third of these cells (the lamellipo- 
dium) was not significantly different 
from the [ca2+li in the middle third of the 
cell (the cell body). A computer-en- 
hanced image of an asymmetrically illu- 
minated cell is shown in Fig. 1A. The 
nearly simultaneous monochrome and 
color-coded ratio images are shown in 
Fig. 1, B and C, respectively. Free cyto- 
plasmic Ca2+ is evenly distributed in 
these cells. 

In contrast, the mean [ca2+li in the 
lamellipodium of stimulated neutrophils 
migrating toward opsonized zymosan 
particles was significantly greater than 
the [Ca2+Ii in the cell body by 37.8 + 16 
nM (Table 1B). Figure 1D shows a neu- 
trophil approaching an opsonized zymo- 
san particle. 

Figure 1, E and F, shows the mono- 
chrome and color-coded ratio images of 
the same cell. The red area has the 

highest [Ca2+Ii. The lamellipodium was 
the region of highest free cytosolic Ca2+. 
Other studies have shown this to be a 
region of high F-actin, actin-binding pro- 
teins, and myosin (10). Stossel et al. (11) 
postulated that neutrophil movement oc- 
curs subsequent to growth of the actin 
network, resulting from a regional de- 
crease in [Caz+Ii. Although we found 
that [ca2+li is increased in the lamellipo- 
dium, it is possible that there is a region 

Fig. 1. Subcellular free calcium distribution. (A) Computer-enhanced, asymmetrically illuminated bright-field image of an unstimulated 
neutrophil that is polarized (has an identifiable head and tail). Bar, 10 pm. (B) Monochrome ratio image showing the [Ca2+Ii distribution. The 
white area represents the highest [Ca2+Ii and black the lowest [Ca2+Ii. (C) Color-coded ratio image of the same cell as in (B). The numbers in the 
bar reflect nanomolar concentrations of [Ca2+Ii. (D) Neutrophil migrating toward an opsonized zymosan particle (arrowhead). (E and F) 
Monochrome and color-coded ratio images of the same cell as in (D). (G) Neutrophil with pseudopods surrounding an opsonized zymosan 
particle. The arrow indicates the developing periphagosomal cytoplasm. (H and I) Ratio images of the same cell as in (G). (J through L) Images 
showing a neutrophil that has ingested several zymosan particles. 
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at the very edge of the leading front with 
a low [Ca2+li. 

Phagocytosis of particles stimulates 
numerous cellular responses, including 
oxidative activity and degranulation. 
Hydrogen peroxide, the result of cellular 
oxidative activity, is produced primarily 
at the phagosomal membrane and within 
the phagosome. Moreover, the activity 
of the enzyme responsible for hydrogen 
peroxide production is enhanced by 
Ca2+ (12). The primary target for degran- 
ulation is also the phagosome, and free 
ca2+ plays an important role in degranu- 
lation (13). Table 1C shows the mean 
[ca2+li of neutrophils ingesting opso- 
nized zymosan particles. The [Ca2+li in- 
creased significantly in the pseudopods 
(19.2 + 9.9 nM) and in the periphagoso- 
ma1 cytoplasm (55.2 + 28.5 nM) relative 
to the cell body. A neutrophil ingesting 
an opsonized zymosan particle is shown 
in Fig. 1, G through I. The regions of 
highest [Ca2+Ii are the pseudopods and 
the base of the developing phagosome. A 
neutrophil at a later stage of phagocyto- 
sis with a group of zymosan particles in 
the phagosome is shown in Fig. 1, J 
through L;  [Ca2+li was highest in the 
periphagosomal cytoplasm. Cockroft et 
al. (14) have shown that degranulation 
can be stimulated by increasing [Ca2+li 
in neutrophils with ionomycin when 
Ca2+o is present. Likewise, increasing 
[ca2+lo stimulated lysozyme release in 
cells made permeable with saponin (15). 
Alternatively, buffering [Ca2+Ii with high 
concentrations of intracellular Quin2 de- 
creased phagocytosis in monocytes (16). 

The absence of [Ca2+lo inhibits but 
does not block orientation, movement, 
degranulation, phagocytosis, and post- 
phagocytic oxidative metabolism (3, 17). 
The increase in [Ca2+Ii with soluble stim- 
uli is blunted by the absence of [Ca2+Io. 
In order to determine the role of [Ca2+Io 
on these [Ca2+Ii patterns, we carried out 
similar experiments in the absence of 
[Ca2+lo with 10 rnM EGTA. Table 1D 
shows the mean [Ca2+li of neutrophils 
migrating toward opsonized zymosan 
particles. There was no measurable dif- 
ference in [Ca2+li of the lamellipodium 
and cell body of chemotactic cells. Since 
neutrophils can mobilize [Ca2+Ii from 
intracellular stores when stimulated 
without [Ca2+Io (17), one would expect 
similar regional differences in the [Ca2+Ii 
distribution as observed during chemo- 
taxis with [Ca2+Io present. However, 
with 10 mM EGTA and [Ca2+Io < lo  nM, 
some internal Ca2+ associated with the 
cortical cytoplasm of neutrophils might 
have been removed. In the absence of 
[Ca2+lo, the [Ca2+Ii in the pseudopods 
was not higher than in the cell body of 

Table 1. Intracellular free calcium concentrations (mean nM t standard error of the mean). 
Statistical analysis was performed with a paired t test, comparing either the lamellipodium, 
pseudopod, or periphagosomal cytoplasm to the cell body. *P < 0.05. (A) Neutrophils loaded 
with Quin2 (0.875 nmol per lo6 cells). The lamellipodium is defined as the front third of the cell 
and the cell body as the middle third. (B) Neutrophils analyzed were actively migrating toward 
opsonized zymosan, which was no farther than 10 km from the cell. (C) The pseudopods are 
defined as the arms surrounding the opsonized zymosan particle. The periphagosomal [Ca2+Ii 
values were obtained from within 3 pm of the developing or completed phagosome. (D) 
Chemotaxis toward opsonized zymosan in the absence of [Ca2+Io. (E) Phagocytosis of 
opsonized zymosan in the absence of [Ca2+Io. 

System Cell Difference C Lamelli- Pseudo- Periphago- standard error 
body podium pods some (4 

[Ca2+Io = 1 FM 
A. Unstimulated 74 + 4 69 t 3 5.2 + 3.1(17) 
B. Chemotaxis 108 + 42 146 t 44 37.8* + 16.0 (12) 
C. Phagocytosis 95 t 22 114 + 32 19.2* t 9.9 (23) 

I106 + 23 161 + 44 55.2* + 28.5 (31) 
[Ca2+Io < 10 nM 

D. Chemotaxis , 6 4 t 6  1.4 + 1.9 (5) 
E. Phagocytosis 6 2 +  9 5.1 t 3.4 (7) 

6 3 +  6 7 0 +  6 6.4" 24(11)  

neutrophils ingesting zymosan particles. 
However, there was a small but signifi- 
cant increase in [Ca2+Ii in the periphago- 
soma1 cytoplasm of neutrophils ingesting 
opsonized zymosan in Ca2+-free medi- 
um. It thus appears that, with opsonized 
zymosan as a stimulus, most of the in- 
crease in [Ca2+Ii observed in the lamelli- 
podium, pseudopods, and periphagoso- 
ma1 cytoplasm is from extracellular 
sources. The fact that these cells exhibit- 
ed orientation, locomotion, and phago- 
cytosis, albeit slowly, suggests that the 
changes in [Ca2+Ii, were too small to 
detect. 

The increases in [Ca2+Ii with these 
Quin2-loaded neutrophils is lower than 
the peak [Ca2+li reported for cell popula- 
tions by others (18). Using neutrophils 
loaded with low concentrations of 
Ouin2. Lew et al. (19) have shown that - ,  \ ,  

[Ca2+Ii increases to micromolar levels 
after stimulation with soluble stimuli; 
however, with high intracellular concen- 
trations of Quin2 (0.9 nmol per lo6 cells), 
the [ca2+li reaches only 300 nM. Our 
estimated level of intracellular Quin2 
was 0.875 nmol per lo6 cells (20). In 
addition, our technique excludes the 
contribution of damaged cells, Quin2 
leakage from loaded cells, and neutro- 
phils with large Quin2 ester precipitates, 
all of which could elevate estimates of 
[Ca2+Ii. Our technique averages eight 
frames (about 0.25 second), and thus a 
very transient peak could be blunted. 
Kruskal et al. (8), using single cell mea- 
surements in pituitary cells, found 
[ca2+li in the same range as reported 
here for neutrophils. 

late certain cellular responses such as 
oxidative activity, phagocytosis, loco- 
motion, and degranulation. Regional in- 
creases in [ca2+li occur during migration 
toward, and phagocytosis of, particulate 
stimuli. These regional changes in 
[Ca2+Ii occur at sites within the cell 
where important cellular functions take 
place. High regional [ca2+li appears to 
be important for neutrophil functions such 
as directed movement, oxidative metab- 
olism, and degranulation. Future studies 
are required to document the temporal 
sequences of these [Ca2+Ii patterns. 
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High-Frequency Switching of Colony Morphology in 

Candida albicans 

Abstract. The pathogenic yeast Candida albicans switches heritably and at high 
frequency between at least seven general phenotypes ident$ed by colony morpholo- 
gy on agar. Spontaneous conversion from the original smooth to variant phenotypes 
(star, ring, irregular wrinkle, hat, stipple, and fuzzy) occurs at a combined frequency 
of 1.4 x but is increased 200 times by a low dose of ultraviolet light that kills 
less than 10 percent of the cells. After the initial conversion, cells switch spontane- 
ously to other phenotypes at a combined frequency of 2 x lo-'. Switching is 
therefore heritable, but also reversible at high frequency. The genetic basis of this 
newly discovered process and its possible role in Candida pathogenesis are consid- 
ered. 

BERNICE SLUTSKY 
JEFFREY BUFFO 
DAVID R. SOLL 
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Iowa City 52242 

The dimorphic yeast Candida albicans 
is one of the most pervasive fungal 
pathogens in man (1). Although it has 
been assumed that its pathogenicity de- 
pends to a large extent on its capacity to 
grow in either a budding or hyphal form, 
this single developmental characteristic 
has never seemed to be sufficient to 
account for its capacity to invade so 
many diverse body locations, in many 
instances to evade antibiotic treatment 
(2) and the immune system (3), and to 
opportunistically infect a diverse spec- 
trum of compromised hosts (4). In addi- 

tion, it has been shown that C,  albicans 
is a diploid (5) with balanced lethals (6) 
and therefore most likely without a sexu- 
al phase or meiotic cycle. Where, then, 
does C,  albicans obtain the diversity that 
appears to be basic to its success? The 
answer to this question may lie in the 
discovery that C. albicans spontaneous- 
ly and reversibly switches at high fre- 
quency between at least seven general 
phenotypes that can be distinguished by 
a simple agar assay for colony morpholo- 
gy. 

When clonal colonies of a standard 
strain of Candida albicans (3 153A) were 
grown on an amino acid-rich agar (7) at 
24°C for 7 days, the colony morphology 
was "smooth" (Fig. 1A). Smooth colo- 
nies exhibited an unmottled, or unwrin- 
kled, surface, with no aerial mycelia. 
Cells removed from the surface of a 

smooth colony were exclusively in the 
budding form of growth. On the under- 
side of a mature colony, at the colony- 
agar interphase, hyphae penetrated the 
agar. Because of its smooth colony mor- 
phology, we will refer to the original 
parent strain as "original smooth" or 
''0-smooth." 

When large numbers of cells of o- 
smooth were plated as clones, variant 
colony morphologies appeared sponta- 
neously at a frequency of 1.4 x In 
50,500 colonies examined, we found sev- 
en variant colonies: two "star" (Fig. 
lB), three "ring" (Fig. lC), and two 
"irregular wrinkle" (Fig. ID). Colonies 
with the star morphology exhibited a 
slightly thickened perimeter encompass- 
ing a star with between 8 and 12 arms 
projecting peripherally and equidistant 
from one another (Fig. 1B). The arms 
usually did not connect centripetally, 
and their peripheral tips extended off the 
colony proper. Colonies with the ring 
morphology exhibited a very thick pe- 
rimeter, encompassing up to one-third of 
their radius (Fig. 1C). The center of a 
ring colony was relatively thin in com- 
parison, and was usually mottled in tex- 
ture. Colonies with the irregular wrinkle 
morphology exhibited deep wrinkling 
throughout their surface (Fig. ID). In 
contrast to o-smooth colonies, cells re- 
moved from the surface of star, ring, and 
irregular wrinkle colonies exhibited both 
budding and hyphal phenotypes. When 
original isolates of the three spontaneous 
variant morphologies were in turn plated 
as clones, the respective variant pheno- 
type persisted in the majority of off- 
spring. These phenotypes persisted in 
successive clonal platings. 

When cells of o-smooth were plated as 
clones on agar and immediately treated 
with low doses of ultraviolet light, result- 
ing in relatively low levels of cell death, 
variant colony morphologies appeared 
with even higher frequencies. At an ul- 
traviolet light dose that killed only 8 
percent of the cells, 136 out of the 5600 
surviving clones exhibited variant colo- 
ny morphologies, a combined frequency 

Table 1. The frequency of variants in an ultraviolet-induced star colony emanating from original smooth and in ring, stipple, fuzzy, and r-smooth 
colonies emanating from the star. 

Num- Total Frequency of individual switch phenotypes Combined 
Switch Ntz- ber frequency 
pheno- of 

of col- Irregular of 
onies type clones onies Star Ring wrinkle Stipple Fuzzy r-Smooth switching 

Star 1 25,000 442 7.4 x 2.0 x 4.1 x 6.4 x 5.2 x 1.8 x 
Ring 10 57,000 1,398 1.0 x 1.0 x 4.7 x 2.6 x 9.8 X 2.5 X 

Stipple 6 36,100 3,933 7.8 x 2.9 x 7.1 x 2.4 x 6.1 x 1.1 X lo-' 
Fuzzy 4 25,400 665 2.2 x 8.3 x 5.1 x 1.3 x 9.4 x 2.6 x lo-' 
r-Smooth 5 30,700 444 6.6 x 6.3 x 1.2 x 2.9 x 1.4 x lo-' 
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