
PDGF may be a physiological inducer of 
Lerk2 phosphorylation, because many types 
of central nervous system neurons express 
PDGF P receptors and respond to PDGF, 
~ncluding neurons of the cerebral cortex, 
which are known to exoress Lerk2 113. 30). , ,  , 

The suppression of rnitogenic signaling by 
Lerk2 may be part of a negative feedback loop, 
which would reduce the cell's responsiveness 
to peptide growth factors. Possible mecha- 
nisins of action may involve the recruitment 
of cytoplasmic phosphotyrosine phosphatases 
(311, which could antagonize signaling path- 
wavs downstream of RTKs, or of cvtoolasmic 
tyrbsine kinases such as ~ l ; 1 ,  which iediates 
growth inhibitory effects by interacting with 
the cell cycle machinery (32) and is implicat- 
ed in axonal ~athfindino 133). Whatever the - ,  . 
mechanism, the discovery of regulated ty- 
rosine phosphorylation of ligands for Eph re- 
ceptors will rapidly advance our understand- 
ing of axonal guidance and possibly of cell 
growth in the developing embryo. 
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Spatially and Functionally Distinct Ca2+ Stores 
in Sarcoplasmic and Endoplasmic Reticulum 

Vera A. Golovina and Mordecai P. Blaustein* 

The organization of calcium (Ca2-) stores in the sarcoplasmic and endoplasmic reticulum 
(S-ER) is poorly understood. The dynamics of the storage and release of calcium in the 
S-ER of intact, cultured astrocytes and arterial myocytes were studied with high-reso- 
lution imaging methods. The S-ER appeared to be a continuous tubular network; nev- 
ertheless, calcium stores in the S-ER were organized into small, spatially distinct com- 
partments that functioned as discrete units. Cyclopiazonic acid (an inhibitor of the 
calcium pump in the S-ER membrane) and caffeine or ryanodine unloaded different, 
spatially separate compartments. Heterogeneity of calcium stores was also revealed in 
cells activated by physiological agonists. These results suggest that cells can generate 
spatially and temporally distinct calcium signals to control individual calcium-dependent 
processes. 

Activation of most cells evokes diverse 
and complex responses that depend on 
lnobilization of Ca2+ from intracellular 
stores in the sarcoplas~nic (in muscle) or 
endoplasmic reticululn (S-ER) (1). Two 
types of S-ER Ca2+ stores have been func- 
tionally characterized (1-4) and identified 
by immunocyto-chemical localization of 
receptors (5). Release of Ca2+ from one of 
the stores requires myo-inositol 1,4,5- 
trisphosphate (IP3) (1 ). Thapsigargin 
(TG) (2-4, 6 ,  7) and cyclopiazonic acid 
(CPA) (3 ,  7,  81, irreversible and revers- 
ible inhibitors of the Ca2+ pump in the 
S-ER membrane, respectively, deplete this 
IP,-sensitive store. Mobilization of Ca2+ 
from the IP3-insensitive store requires cy- 
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tosolic Ca2+ in the micromolar range (9)  
and can be activated by caffeine (CAF) 
(10) and either activated or blocked by 
ryanodine (RY), depending on the con- 
centration ( I  I ) .  In some cells, neither TG 
nor CPA depletes the CAF- and RY-sen- 
sitive Ca" store, suggesting that there is 
also a TG- and CPA-resistant S-ER Ca2+ 
pump (2-4). 

The S-ER appears to be a continuous, 
interconnected network of tubules ( 1  2). It 
remains unclear, however, whether the 
pharmacologically identified stores are 
spatially separate (1-4) because the two 
S-ER Ca" stores have not been directly 
visualized. To perform dynamic high-reso- 
lution imaging studies in intact, primary 
cultured astrocvtes and ~nesenteric arterv 
(MA) myocytei (131, we loaded intracel: 
lular organelles preferentially (14) with 
the Cast-sensitive, ratiometric fluoro- 
chrolnes filraptra (Figs. 1 and 21, filra-2FF 
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(1 5), and fura-2 (Fig. 3). 
In cells loaded with furaptra (dissocia- 

tion constant Kd - 54 pM for Ca2+) at 
22°C (14), dye distributed throughout the 
cytoplasm (Fig. 1A); therefore, most of the 
furaptra leaked out of cells permeabilized 
with saponin in Ca2+-free medium (Fig. 1, 
B and C )  (1 6, 17). Initially, most of the 
furaptra signal came from the cytosol, 
where the concentration of free Ca2+ 
([Ca2+],,) is -0.1 pM (8, 18, 19); only 
dye withln the organelles remained after 
treatment with saponin, and the calculat- 
ed [Ca2+] (20) rose (Fig. 1C). In contrast, 
when furaptra was loaded at 36°C (14, 
21), as in all subsequent experiments, 
most of the intracellular dye was seques- 
tered in organelles (Fig. ID), where it was 
hydrolyzed to impermeant furaptra; little 
dye was released by subsequent saponin 
permeabilization of the plasmalemma (Fig. 
1, E and F). Under these conditions, the 
Ca2+ concentration, presumably "free" Ca2+ 
within stores, was initially high (-100 pM), 
and saponin induced little change (Fig. IF). 
This suggests that the intraorganellar [Ca2+] 
can be estimated directly in nonpermeabi- 
lized cells. Furaptra is, however, also sensi- 
tive to Mg2+ (Kd - 1.5 mM) (22, 23); thus, 
some of the signal may come from Mg2+- 
furaptra complexes. Therefore, fura-2FF and 
fura-2, which are Ca2+ selective, were used 
similarly (Fig. 3). 

Unloading and reloading of Ca2+ in vi- 

sually identifiable stores of intact (nonper- 
meabilized) cells was studied at higher mag- 
nification (Figs. 2 through 4). Furaptra (Fig. 
2A), 3,3'-dihexyloxacarbocyanine (Di0C)- 
stained (Fig. 2B) (24), and Ca2+ images 
(Fig. 2D) were made of a small peripheral 
portion of a MA myocyte. The Ca2+ con- 
centration within the S-ER ([Ca2+]s.ER) 
was imaged before mobilization of stored 
Ca2+ (Fig. 2D). The S-ER was later stained 
with the lipophilic fluorochrome DiOC 
(Fig. 2, B and C). In DiOC images (Figs. 2 
though 4), the S-ER appeared, in different 
regions, as large tubules, as a lacework of 
tiny tubules, and as cisterns, all of which 
seemed to be interconnected components 
of a complex network (12). Mitochondria 
were brightly stained by DiOC (24) and the 
Ca2+-sensitive dyes. Most mitochondria ap- 
peared to lie on the S-ER, which was lightly 
stained by DiOC and the Ca2+ dyes. There 
were, however, no mitochondria in the field 
imaged in Fig. 2C; most of the furaptra 
signal was associated with S-ER, and little 
signal came from organelle-free cytosolic 
areas (Fig. 2A). 

Further Ca2+ images were collected dur- 
ing treatment with 10 pM CPA [sufficient 
to inhibit the S-ER Ca2+ pump maximally 
(3,  8)], during subsequent addition of 10 
mM CAF, and after washout of first CAF 
and then CPA (Fig. 2D). The CPA revers- 
ibly reduced [Ca2+]s-ER, although not uni- 
formly, and CAF caused a further, revers- 
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Fig. 1. Fluorescent images of furaptra-loaded primary cultured mouse cortical astrocytes. (A through C) 
Astrocytes loaded with furaptra at 22°C (14). Images (346-nm excitation, 510-nm emission) were 
captured before (A) and after (B) 2-min treatment with a solution of 30 pg of saponin per milliliter of 
Ca2+-free medium. (C) Time course of (thin lines) changes in spatially averaged (within small, white 
rectangles in A and B) 51 0-nm fluorescence excited by 346- and 370-nm light (F,,, and F,,d and (bold 
line) changes in [Ca2+] (20). Saponin was added at arrow. (D through F) Comparable data for astrocytes 
loaded with furaptra at 36°C (14). Images were captured before (D) and after (E) saponin treatment. (F) 
Time course of changes in fluorescence and [Ca2+] in the saponin-resistant intracellular stores. 
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ible decline. Detailed changes were, how- 
ever, difficult to discern from these Ca2+ 
images. To determine where [Ca2+Is-, de- 
clined, and by how much (ZO), we displayed 
data from line scans of a segment of S-ER as 
[Ca2+]s-ER profiles (Fig. 2C). Initially, the 
mean [Ca2+]s.ER was 110 2 4 pM. Then, 
CPA caused [Ca2+],, to fall in most S-ER 
regions (termed CPA-sensitive) and to rise 
in the remainder of the S-ER (Fig. 2C). 
Subsequent addition of CAF caused 
[Ca2+IsER to fall in the CAF-sensitive 
S-ER regions. 

Many regions (-56% of S-ER) emptied 
and refilled only in response to CPA addi- 
tion and removal; other regions (-22%) 
emptied and refilled only in response to CAF 
(Fig. 2C). Some S-ER regions (-16%) (Fig. 
2C) were, however, partially depleted of 
Ca2+ by CPA and were further emptied by 
CAF in a reversible manner. Observations 
with RY suggest that this overlap was asso- 
ciated with separate CPA-sensitive and 
CAF-sensitive stores that could not always 
be spatially resolved. A relatively larger 
CPA-sensitive S-ER component is consis- 
tent with observations that CPA and TG 
evoke larger cytosolic Ca2+ transients than 
does CAF in these cells (4, 8). 

When cells were twice treated with 
CPA, the same S-ER sites reversibly lost 
(or gained) Ca2+ during both exposures, 
and the same was true of cells treated with 
CAF (4). This indicates that these two 
types of S-ER Ca2+ stores are spatially 
distinct and specific and, thus, compart- 
mentalized.  his is consistent with known 
differences in the relative distribution of 
IP3 and RY receptors in different types of 
cells (5, 25), as well as the different dis- 
tribution of the two receptor types within 
single cells (5). 

The CAF- and CPA-sensitive stores 
were often demarcated by steep changes in 
[Ca2+],, at their boundaries (Fig. 2C). 
This, too, indicates that the stores are com- 
partmentalized. Furthermore, the CAF-sen- 
sitive store must have refilled with Ca2+ 
from the cytosol during washout of CAF 
because [Ca2+],, did not decline in the 
CPA-sensitive store. This replenishment 
implies that Ca2+ was transferred between 
stores through the cytosol and not through 
the lumen of the S-ER. 

Similar results were obtained with mouse 
(26) and rat astrocytes (Fig. 3A). Moreover, 
the CAF-releasable S-ER store also respond- 
ed to RY: Regions of S-ER that filled with 
Ca2+ during exposure to CPA unloaded 
Ca2+ when RY was applied (Fig. 2E). When 
CPA and RY were washed out, only the 
CPA-sensitive regions refilled because the 
effects of RY were not reversible. Regions 
depleted of Ca2+ by both CPA and RY only 
refilled by an amount equivalent to the 



CPA-induced reduction in [Ca2+],, (Fig. stores that were not spatially resolved in es in [Ca2+],, in response to CPA and 
ZE), suggesting that the apparent overlap these regions. CAF in a furaptra-loaded astrocyte (Fig. 
was associated with two different types of We determined the time course of chang- 3A). The evoked changes in [Ca2+Is-, 
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(curves 1 and 2 in d correspond to CPA- 
sensitive and CAF- and RY-sensitive S-ER 
Ca2+ stores) were stable both spatially and 
temporally. Spatially averaged changes in 
[Ca2+]s-ER (curve 3)  were measured in the 
entire S-ER within the portion of the cell 
depicted in Fig. 3A. The distinct CPA- 
and CAF-sensitive compartments and the 
CPA-induced loading of the CAF-sensi- 
tive compartment were obscured by this 
spatial averaging. 

Furaptra fluorescence data were presented 
as a 346 n d 3 7 0  nm waveleneth ratio (14) . . 
image (Fig. 3 ~ )  rather than Ca2+ image 
because the analyzed portion of this cell 
includes several mitochondria. The Ca2+ 
concentration in mitochondria ([Ca2+],) 
rose when S-ER Ca2+ was unloaded by CPA 
and CAF, presumably because mitochondria 
help buffer rises in [Ca2+],,,. The high mi- 
tochondrial 3461370 ratios might suggest 
that [Ca2+], is greater than [Ca2+],, even 
in resting cells. Other studies, however, in- 
dicate that [Ca2+], is usually much lower 
than [Ca2+]s-ER (27). Thus, high concentra- 
tions of Mg2+ in mitochondria (28) may 
account for most of the mitochondrial furap- 
tra signal. We resolved this ambiguity with 
the help of Ca2+-selective dyes with rela- 
tively low (fura-2FF) and high (fura-2) affin- 
ities for Ca2+. 

The fura-2FF 3601380 ratio (14) was 
much lower in mitochondria than in the 
S-ER of quiescent astrocytes (Fig. 3B), 
implying that much of the mitochondrial 
furaptra signal in unstimulated cells (Fig. 
3A) was due to Mg2+, rather than Ca2+. 
Most of the S-ER furaptra signal was, how- 
ever, due to Ca2+, because comparable 
values for resting [Ca2+]s.ER in astrocytes 
(and in MA cells) (26) were obtained with 
fura-2FF [96 2 3 pM, n = 8 cells (Fig. 
3B)], which is insensitive to Mg2+, and 
with furaptra [lo4 + 4 pM, n = 23 cells 
(Figs. 2 and 3A)l. Moreover, at [Ca2+] 
>50 FM, even the furaptra signal was 
minimally influenced by Mg2+ (17, 22). 

Reductions and increases in [Ca2+]s-ER 
evoked by CPA in spatially separate stores 
were also detected with fura-2FF (Fig. 3B). 
Resting [Ca2+], was difficult to measure 
accurately with fura-2FF because of the 
dye's low affinity for Ca2+, but the large 
CPA-induced increases in [Ca2+], (to 
7.3 + 0.2 FM; n = 54 mitochondria from 
four cells) were readily detectable. Unfor- 
tunately, CAF altered fura-2FF fluores- 
cence at the Ca2+-insensitive wavelength 
(360 nm). 

To  verify that [Ca2+], was low in quies- 
cent cells, we also measured it in astrocytes 
loaded at 36OC with the high-affinity (Kd = 
232 nM) Ca2+-selective dye fura-2 (Fig. 
3C). The mean [Ca2+], (20) in these cells 
was only 195 + 13 nM (n = 88 mitochon- 

dria from three astrocytes; MA cells yielded 
similar results). The addition of CPA also 
increased [Ca2+], in these cells (Fig. 3C), 
but the maximal concentration was underes- 
timated because fura-2 is saturated by 2 to 3 
p.M Ca2+. Because CPA also increases 
[Ca2+], (8), the cells were then treated 
with the- mitochondrial uncoupler carbonyl 
cyanide p-trifluoromethoxyphenylhydrazone 
(FCCP) and the adenosine triphosphatase 
inhibitor oligomycin (in Ca2+-free media, 
to minimize capacitative Ca2+ entry). 

These agents increase [Ca2+],,, (29) but 
reduce [Ca2+], (30) (Fig. 3C), confirming 
that [Ca2+], was measured, as opposed to 
[Ca2+],,,. Thus, there are at least three 
functionally and spatially distinct dynamic 
stores of Ca2+ in these cells: two S-ER 
stores and a mitochondrial store. Mito- 
chondria can apparently buffer cytosolic 
Ca2+ and thereby attenuate the CPA- 
evoked rise in [Ca2+],,, (8). 

Distinction between the two types of 
S-ER stores did not depend on pharmaco- 
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Fig. 3. Dynamic changes in [Ca2+], and [Ca2+],,, in intact, nonpermeabilized rat astrocytes deter- 
mined with (A) furaptra, (6) fura-2FF, and (C) fura-2. For all three fluorochromes: (a) dye image at the 
Ca2+-insensitive wavelength (346 or 360 nm); (b) ratio image (346/370 nm excitation for furaptra; 
360/380 nm for fura-2FF and fura-2) (14); (c) DiOC image; and (d) time course of changes in [Ca2+], and 
[Ca2+],.,, ([Ca2+], in (A) and (B) refers to both organelles; "apparent [Ca2+]," in (A) also includes the 
signal from Mg2+). Curves labeled M in the graphs correspond to mitochondria labeled M in the DiOC 
images. Curves 1 and 2 in panel d of (A) and (B) correspond to the S-ER areas within the respective 
small, numbered boxes in panel c; curve 3 in panel d of (A) shows the averaged [Ca2+],-,, for the entire 
S-ER area (excluding mitochondria) within panel c. "Ratio images" are shown rather than Ca2+ images 
because Ca2+ calibration parameters for mitochondria and S-ER were different. Arrowheads point to 
mitochondria; all scale bars = 2 km. 
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logical methods. Compartmentalization of 
S-ER Ca2+ stores was also revealed during 
activation by physiological agonists. Sero- 
tonin caused [Ca2+],,, to decline in most 
of the S-ER of a furaptra-loaded MA myo- 
cyte (Fig. 4A). In other S-ER regions, how- 
ever, [Ca2+IaER increased reversibly in re- 
sponse to serotonin. Addition of TG mark- 
edly diminished serotonin-evoked arterial 
contractions, but not  those evoked by C A F  
(3 1 ). Indeed, CPA reversibly reduced 
[ C P ~ + ] ~ - , ~  and increased [Ca2+]s-ER in, re- 
spectively, the same regions that were re- 
duced and increased by serotonin (Fig. 4A). 
Conversely, C A F  reduced [Ca2+]s-m in 
those regions in which the concentrations 
were increased by serotonin, and even in- 
creased [Ca2+]s-ER in some regions that had 
been depleted by serotonin (Fig. 4B). The 
latter observation can be explained by the 
fact that C A F  inhibits IP,-sensitive chan- 
nels (32) and thereby permits the IP,-sen- 
sitive store to refill. Thus, the larger (sero- 
tonin-depletable) S-ER component (Fig. 4) 

Fig. 4. Effects of physiological agonists on Ca2+ 
stores in intact, non-permeabilized cells. (A) Ef- 
fects of serotonin (5HT) and CPA on an MA 
myocyte. (a) DiOC image of a portion of the cell. 
Long white line as in panel a of Fig. 2C. Analyzed 
area was 5 x 72 pixels (0.4 pm x 5.8 pm). (b) 
Control data. (c through f as in Fig. 2C): (c) se- 
rotonin addition (magenta), (d) serotonin wash- 
out (blue), (e) CPA addition (red), and (9 subse- 
quent CPA washout (blue). Bars above graphs 
indicate S-ER regions depleted by serotonin and 
CPA. Serotonin and CPA depleted the same re- 
gions. (g) Time course curves that illustrate the 
serotonin-evoked changes in [Ca2+],-,, within 
boxes 1 and 2 in image a. (B) Effects of serotonin 
(5HT) and CAF on an MA myocyte. (a) DiOC 
image as in (A). Analyzed area was 5 X 64 pixels 
(0.4 pm x 5.1 pm). (b) Control data. (c through f 
as in Fig. 2C): (c) serotonin addition (magenta), 
(d) CAF addition (green), (e) CAF washout (ma- 
genta), and (9 subsequent serotonin washout 
(blue). Bars above graphs indicate S-ER regions 
depleted by serotonin and CAF. The CAF-sensi- 
tive regions are those in which serotonin (b 
through f) and CPA (Figs. 2 and 3A) raised 
[Ca2+],-,,. [Ca2+],-,, decreased by >6 (LM in 
6240 of the,S-ER pixels, and increased by >6 
(LM in 32% of fhe S-ER pixels during serotonin 
exposure. The 6 (LM threshold was chosen be- 
cause the mean variation in [Ca2+],.,, in individ- 
ual pixels from image to image in unstimulated 
cells was 5 to 7 pM. (C) Effects of glutamate 
(GLU) on a rat astrocyte. (a) Furaptra image 
(F,,,) of a small portion of the cell. (b) DiOC 
image. Boxes 1 through 4 show the areas of 
S-ER analyzed in panel e. (c) Control Ca2+ image. 
(d) contour images of [~a~'],-,, distribution in this 
cell: (i) control; (ii through iv) [Ca2+],.,, distribution 
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apparently corresponds to the  CPA-  and 
TG-sensitive (and IP3-releasable) store; the  
smaller component, which filled during se- 
rotonin application, is the  CAF- and RY- 
sensitive store. 

Colnparable heterogeneity of S-ER re- 
sponses n.as observed in  astrocytes activat- 
ed with t h e  neurotranstnitter glutamate. 
T h e  responses were, however, more com- 
plex because of oscillations in [Ca'+]s.ER 
(Fig. 4 C )  that  likely underlie glutamate- 
e l~oked  oscillations in  [CaZ-I,,, (33) .  
Again, ba th  application of a n  agonist ini- 
tially caused [Ca2-I,.,, t o  decline i n  some 
parts of th'e S-ER but to increase in  other,  
adjacent areas; about 20 s later, however,  
[Ca2-I,-,, increased in  some of the  former 
areas and decreased in  the  latter. W h e n  
glutamate was ~vashed out, [CaZ-]s-ER re- 
turned to the control level. Some detailed 
spatial infor~nation was obscured by the spa- 
tial averaging used for quantitative analysis 
of [Ca'-I,.,, ~ i t h i n  even small (-1 p n 2 )  
salnple areas because they encolnpass por- 
tions of two or lnore compartments. 

Glutamate-induced oscillations in 
[Ca'-]s-ER (-2 to 3 min-') were observed in 
most regions of the S-ER (Fig. 4C). They 
cannot be attributed to noise because (i) 
[Ca2-I,.,, Ivas quite steady under control 
conditions and after  asho out of glutamate 
(Fig. 4C)  and (ii) oscillations were not ob- 
served in astrocytes treated n i th  C P A  and 
CAF (Figs. 2 and 3 )  or in arterial myocytes 
(Figs. 2 and 4, A and B). h?oreover, the 
oscillation frequency was similar to that of the 
oscillations of [Ca3+],,,, lneasilred n i t h  furs-2 
under comparable conditions (26,  33). 

Our  data provide lnorphological e i i -  
dence that  the  S-ER consists of two types of 
small, fi~nctionally discrete stores of Ca2+  
(34).  T h e  physiological activity of most 
cells is governed by multiple Caz+-depen- 
dent  mechanisms. Our  results suggest that  
these processes may be locally controlled by 
spatially and temporally specific transient 
cytosolic CaL- signals that arise from Ca2-  
lnobilired independently from distinct, 
small S-ER compartments. 
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