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Elevated free cytosolic Ca*+ (Ca?+;) has been implicated as 
a mechanism of hypoxic neuronal death. The calcium hy- 
pothesis postulates that the basic metabolic response to 
hypoxic ATP depletion is a toxic increase in free cytosolic 
Ca2+,, in all cell types. This inherent response then creates 
the environment in which subsequent derangements of Cazfi 
may occur, for example, from glutamate excitotoxicity. Al- 
though the effect of glutamate on neuronal Ca2+; has been 
extensively studied, the basic neuronal response to hypoxia 
independent of glutamate receptor activation is not well de- 
fined. We therefore assayed both Ca2+; and plasma mem- 
brane integrity in fura-2-loaded, single SK-N-SH neuroblas- 
toma cells, using digitized video microscopy and metabolic 
inhibition (2.5 mM NaCN, 10 mu 2-deoxyglucose) to model 
the ATP depletion of hypoxia. 

Median time to cell death was 90 min (n = 51 cells). Initial 
Ca*+; was 121 + 67 nM. Ca2+i increased by 50 nM after 5-10 
min of metabolic inhibition. Blebbing of the cell membrane 
was evident within 30 min. Ca2+idid not appreciably increase 
further until the time of cell death, when the loss of plasma 
membrane integrity allowed unimpeded influx of extracel- 
lular Ca2+. Although the increase in Ca*+; prior to cell death 
was statistically significant, it is unlikely to be physiologically 
significant, because (1) percentage change in Ca2+j ac- 
counted for only 13% of the variation in time to cell death, 
in a linear regression model; (2) some cells died in less than 
the median 90 min despite having decreases or very slight 
increases in Cazfi during metabolic inhibition; and (3) the 
omission of Ca*+ from the experimental buffer prevented an 
increase in Ca*+, but did not prevent cell death during met- 
abolic inhibition. In contrast, cells exposed to oxidative stress 
(1 mu H,O,) as a positive control showed a severalfold in- 
crease in Ca2+i prior to cell death, greater than the change 
seen in any metabolically inhibited cell. In conclusion, in the 
absence of glutamate receptors, Ca2+; increases minimally 
during metabolic inhibition in SK-N-SH cells, and this in- 
crease does not appear to contribute to the mechanisms of 
cell death. 

[Key words: calcium, neuroblastoma, hypoxia, neuronal 
ischemia, metabolic inhibition, cyanide, 2-deoxyglucose, 
fura- 

Received July 19, 1993; revised Dec. 13, 1993; accepted Jan. 20, 1994. 
This work was supported by a Mayo Foundation CR20 grant to M.E.J., NIH 

Grant DK 41876 to G.J.G., and NIH Grant HL 38668 to J.C.S. We thank Dr. 
W. L. Lanier for critiquing the manuscript. 

Correspondence should be addressed to Michael E. Johnson, M.D., Ph.D., 
Department of Anesthesiology, Mayo Clinic, Rochester, MN 55905. 
Copyright 0 1994 Society for Neuroscience 0270-6474/94/144040-10$05.00/O 

The calcium hypothesis postulates a central role for elevated 
cytosolic free calcium (CaZ+,) in hypoxic cell death. In neurons, 
the calcium hypothesis is supported by studies showing an ac- 
cumulation of Ca2+, in ischemic brain and tissue slices, and 
protection during ischemia by calcium channel antagonists and 
lowered extracellular Ca*+ (Choi, 1988; Uematsu et al., 1988; 
Meyer, 1989; Siesjo, 1989; Siesjij and Bengtsson, 1989; Siesjii 
et al., 199 1). The calcium hypothesis has been particularly pro- 
ductive in providing a framework to study glutamate excito- 
toxicity, which is thought to occur during neuronal hypoxia 
(Ogura et al., 1988; Goldberg and Choi, 1990; Siesjo et al., 199 1; 
Hartley et al., 1993) although changes in Ca2+, have not always 
correlated with toxicity (Dubinsky and Rothman, 1991; Du- 
binsky, 1993). However, the calcium hypothesis also postulates 
a harmful increase in Caz+, as the basic cellular response to 
hypoxia in all cell types, independent ofexcitotoxicity. Potential 
mechanisms include increased Ca*+, permeability and decreased 
ion pump activities during hypoxia, and subsequent activation 
of intracellular proteases, phospholipases, and endonucleases 
(Siesjo, 1986, 1989; Siesjij and Bengtsson, 1989; Trump et al., 
1989; Farber, 1990; Kluge, 1991; Orrenius et al., 1991). The 
calcium hypothesis is still actively investigated in studies of 
myocardial, hepatic, and renal hypoxia (Marsh and Smith, I99 1; 
Gasbarrini et al., 1992; Wetzels et al., 1992; van Zwieten, 1993). 
In contrast, the question of whether Ca2+, increases during neu- 
ronal hypoxia independent of excitotoxicity and other extra- 
cellular influences has not been definitively answered, even 
though the basic cellular response to hypoxia creates the envi- 
ronment in which any other effect, such as excitotoxicity, must 
operate. For example, a glutamate-induced increase in Ca2+, 
would more likely be toxic if hypoxia had already caused a 
derangement of Ca”+, homeostasis and elevation of Ca2+,. Fur- 
thermore, the mechanism of nonglutamatergic neuronal death 
is also of interest for peripheral neurons that may be involved 
in an acute ischemic insult (Kroll. et al., 1990). 

The cell biology of calcium itself imposes significant experi- 
mental constraints in addressing the basic neuronal response to 
hypoxia. Many previous studies using various calcium assays 
and ischemic neural tissue are limited by the enormous con- 
centration gradient (roughly 104) between cytosolic and extra- 
cellular free Ca2+. Therefore, when a tissue is made hypoxic and 
some cells begin to die, their apparent Ca2+, will rise enormously; 
however, this is simply a postnecrotic phenomenon accompa- 
nying loss of plasma membrane integrity, not the mechanistic 
cause of cell death (Cheung et al., 1986). Furthermore, the use 
of radioactive calcium or microanalysis to determine intracel- 
lular calcium, even in a live cell, does not distinguish between 
elevated calcium in the endoplasmic reticulum and mitochon- 
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dria, which function normally as calcium reservoirs and buffers, 
and elevated calcium in the cytosol, Ca2+,, which is the pos- 
tulated etiologic agent of calcium-mediated hypoxic damage 
(Cheung et al., 1986; Choi, 1988; Siesjii, 1989; Siesjij and 
Bengtsson, 1989). Experiments with calcium channel antago- 
nists are limited by their effects on the heart and vasculature in 
the whole animal or perfused organ, and by their effects at other 
receptors and ion channels in isolated cell experiments (Miller, 
1987; Partridge and Swandulla, 1988; Kostyuk, 199 1; Wetzels 
et al., 1992; van Zwieten, 1993). 

To determine the true relationship of Ca2+, to hypoxic cell 
death, it is helpful to perform experiments at the level of the 
single cell, using a calcium indicator such as fura- that is lo- 
calized to the cytoplasm under appropriate loading conditions. 
When such experiments have been performed on hepatocytes, 
they have shown that the change in Ca’+, prior to cell death 
from metabolic inhibition (cyanide and iodoacetate) is either 
negligible (Lemasters et al., 1987) or moderate (150 nM) and 
bears no relationship to cell death (Nieminen et al., 1988). The 
assumption that elevated Ca*+, is inevitably neurotoxic has also 
been called into question by the finding that embryonic ciliary 
ganglion neurons require elevated Caz+, (> 1000 nM) for survival 
during maturation, and that the survival of other neurons in 
culture is promoted by depolarization with high potassium, which 
also raises Ca*+, (Collins et al., 199 1). 

To elucidate further the role of Ca2+, in the basic neuronal 
response to hypoxia, independent of excitotoxicity and other 
extracellular factors, we utilized the cell line SK-N-SH, which 
is derived from human neuroblastoma and has been well char- 
acterized as a neuronal model (SadCe et al., 1987; Fisher et al., 
1989; Lambert et al., 1989). To simulate hypoxia conveniently 
on the microscope stage, we used cyanide and 2-deoxyglucose 
to produce metabolic inhibition. To distinguish between pre- 
and postnecrotic changes in Ca2+, , and to prevent the averaging 
and loss of information that accompany assay of large cell num- 
bers, we measured Ca2+, and determined the time of cell death 
in single cells using fura- digitized video microscopy. We tested 
the hypotheses that (1) metabolic inhibition causes an increase 
in Caz+, prior to neuronal death, and (2) increases in Ca2+, are 
correlated with the rapidity of neuronal cell death during met- 
abolic inhibition. 

Materials and Methods 
Chemicals. Fura- AM ester, fura-2, and 4-bromo-A23187 were ob- 
tained from Molecular Probes, Eugene, Oregon. Fetal calf serum was 
obtained from Hyclone (Logan, UT). All other chemicals were pur- 
chased from Sigma (St. Louis, MO). 

Cell culture. SK-N-SH was obtained from the American Type Culture 
Collection, Rockville, MD, at passage 34. Cells were grown in RPM1 
supplemented with 10% fetal calf serum at 37°C in sir/6% CO,, and fed 
every 2-3 d. Cells for experiments were trypsinized briefly, replated on 
glass coverslips in medium lacking phenol red, and incubated on the 
coverslips inside 35 x 10 mm culture plates (Primaria Falcon) overnight 
prior to experiments. All cells used for experiments were from passages 
35-47. 

No neuroblastoma cell line is known to form neural synapses (Banker 
and Goslin, 199 la), and no synapses were found during electron mi- 
croscopic examination of SK-N-SH (Barnes et al., 198 1). During culture 
of SK-N-SH, a small number of epithelial-like cells typically appear 
that lack neurotransmitter receptors and synthesis. These are readily 
distinguishable from the neuronal cells by morphology alone-all cells 
with a neuronal phenotype have processes resembling~neurites and are 
much smaller than the enithelial-like cells (Ross et al.. 1983). Cellular 
morphology correlates absolutely with neural phenotype-cells with 
neuroblast morphology express tyrosine hydroxylase, dopamine fl-hy- 
droxylase, p and 6 opioid receptors, muscarinic cholinergic receptor 

coupled to phosphoinositol turnover, and catecholamine uptake trans- 
porter, while cells with epithelial morphology express none of these 
neural characteristics (Sad&e et al., 1987). All cells used for our exper- 
iments had typical neuroblast morphology with-neurite-like processes. 
These processes were present at all stages of culture, except in the ep- 
ithelial-like cells. Expression ofthe neuroblast phenotype is constitutive; 
no inducers were added to cause differentiation. Predominance of neu- 
roblasts over epithelial cells is encouraged by culture at low initial cell 
density (Sad&e et al., 1987) which was our practice, so that all cells 
used for experiments were actively growing and probably in log growth 
phase. Although we did not obtain quantitative growth curves, doubling 
time of cells prepared on coverslips as if for an experiment, and then 
allowed to grow instead of being exposed to metabolic inhibition, was 
grossly similar to the doubling time of cells in regular culture, about 24 
hr. 

Measurement of cytosolic free calcium using fura- and multipara- 
meter digitized video microscopy. Cells were loaded with fura- by in- 
cubating a coverslip with 1 ml ofculture medium containing 5 FM fura- 
AM, for 30 min in sir/6% CO2 at 37°C. The cells were then washed 
with KRH buffer (25 mM HEPES, 115 mM NaCl, 5 mM KCl, 1.2 mM 
MgSO,, 1.0 mM KH,PO,, 2.0 mM CaCl,, +NaOH to pH 7.4). The 
coverslip was mounted on a microscope stage chamber,.and covered 
with 1.0 ml of KRH. The coverslio was kent at 37.o”C with a Zeiss 
TRZ3700 thermostatically controlled microscope stage heater. 

Ratio imaging of fura- fluorescence was performed using multipar- 
ameter digitized video microscopy. Two imaging systems were used, 
both of which gave similar results in control experiments: an Image-l/ 
FL software-based system as previously described (Universal Imaging 
Corp., West Chester, PA) (Groskreutz et al., 1992) using excitation 
filters of 340 and 360 nm, or an Attofluor RatioVision system (Atto 
Instruments, Rockville, MD) equipped with an ICCD camera and a 
Zeiss Axiovert 135TV inverted microscope, using excitation filters of 
334 and 360 nm. For each system, eight video frames were averaged 
to obtain each fluorescence image. Cells were completely shielded from 
the excitation light except when images were being acquired. Total 
exposure to excitation light was ~0.3 set for each pair of 340 and 360 
nm images, acquired at 2.5-4 min intervals. Backgrounds were acquired 
using a portion ofthe coverslip free ofcells, and background fluorescence 
was subtracted from each image on a pixel-by-pixel basis prior to ratio 
calculations or further analysis. The ratio (R) of 340 nm excited fluo- 
rescence to that at 360 nm fluorescence (F& was converted to Ca2+, 
concentration using the calibration equation previously described 
(Grynkiewicz et al., 1985) 

W+, = &CR - LJRm,, - R))‘(F,,,[-Ca”]/F,,,[+Ca*+]), 

with Kd = 224 nM. R,,, and R,,, and F,&Ca2+ ) were determined for 
each experiment with standard solutions of fura- free acid in 115 mM 
KCl, 20 rnr.4 NaCI, 10 mM K-MOPS, pH 7.2, containing either 2 mM 
CaClz or 10 mM EGTA for *Ca’+, visualized in glass capillary rods of 
20 p internal diameter (Vitro Dynamics, Rockaway, NJ). For analyzing 
a single cell, ratios were calculated on a pixel-by-pixel basis, and then 
[Ca’+,] was calculated for each pixel. The Ca2+, concentrations for each 
pixel in a cell’s image were then averaged to give the cellular Ca’+, value 
reported. 

Other microscope analyses. Concurrent imaging of propidium iodide 
and fura- fluorescence during an experiment was performed by adding 
500 nM propidium iodide to the experimental buffer, and by switching 
optical filters between exposures. Propidium iodide fluorescence was 
acquired with 490 nm excitation, 580 nm dichroic, and 630 long-pass 
emission filters. Fura- fluorescence was acquired with 340 and 360 nm 
excitation, 5 10 nm dichroic, and 5 15-565 nm emission filters. Phase- 
contrast images were acquired with a Zeiss 63x, 1.25 NA, oil, Ph3, 
Plan, Neofluar lens; fluorescence images were also acquired through this 
lens when phase images were being analyzed. Otherwise, fluorescence 
images were acquired through a Zeiss 40 x , 1.30 NA, oil, Plan, Neofluar 
lens. 

Metabolic inhibition. Cells were allowed to incubate lo-20 min to 
attain a stable baseline of Ca*+, values, and then metabolic inhibition 
was initiated (at 0 min on all graphs) by adding the respiratory inhibitor 
NaCN (2.5 mM final concentration) and the glycolytic inhibitor 
2-deoxyglucose (10 mM final concentration) (Hochster, 1963; Lemasters 
et al.. 1987: Nieminen et al.. 1988: Lemasters et al.. 1990). The addition 
of 2-deoxyglucose inhibits giycolytic production of ATP (Hochster, 1963) 
because its metabolite, 2-deoxyglucose-6-phosphate (2dG6P), compet- 
itively inhibits phosphoglucose isomerase. Metabolism of 2-deoxyglucose 
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Figure 1. Effect of control incubation on single SK-N-SH cell. The cell 
was placed in KRH buffer with no metabolic inhibitors added, and 
fluorescent images acquired at the times indicated. The arrow indicates 
the addition of 20 MM digitonin to lyse selectively the cytoplasmic mem- 
brane and leave organelks intact. Linear regression ofCa2+, values prior 
to digitonin addition yielded Ca’+, = 0.204 x (time, in min) + 83.07, 
with r2 = 0.87. One cell typical of 20. 

to 2dG6P also depletes ATP, since a high-energy phosphate from ATP 
is transferred to a metabolite (2dG6P) that cannot be further metabo- 
lized. A concentration of 10 mM was chosen to give maximal inhibition 
without undue osmotic perturbations, based on published reports 
(Hochster, 1963), and was found experimentally to speed the rate of 
cyanide-treated SK-N-SH cell death enough to allow the experiments 
described here. 

ATP analysis. Cultures in 35 x 10 mm plates were exposed to met- 
abolic inhibition or to 5 mM glucose, both in air, in KRH buffer, at 
37°C. The cultures were then extracted with acetonitrile as described 
previously (Au et al., 1989). Each extract was lyophilized and recon- 
stituted with 0.10 ml of 100 mM potassium phosphate pH 5.9, and then 
analyzed by HPLC as described previously (Jones, 198 1). 

Analysis of changes during metabolic inhibition. Images were acquired 
at 2.5-4.0 min intervals. Because 360 nm is near the isosbestic point 
of the fura- excitation spectra when Ca’+ is varied, the amount of 
fura- left in the cell is proportional to the average fluorescence above 
background within the boundary ofthe cell seen with 360 nm excitation, 
multiplied by the number of non-zero pixels left within the boundaries 
ofthe cell (Nieminen et al., 1988; Bronk and Gores, 199 1). This product, 
the two-dimensional representation of fura- concentration, is referred 
to as “fluorescence 360 nm” in this article. For graphical display, flu- 
orescence 360 nm was multiplied by a constant to put it on the same 
axis as Ca*+, , since it is the change rather than the absolute value of 
fluorescence 360 nm that is important in determining cell death. The 
time of cell death was calculated as the first point in the sustained 
decrease of fluorescence 360 nm to zero. Initial Ca’+,, Caz+,(to), was 
calculated by averaging the last two Ca’+, values prior to the initiation 
of metabolic inhibition. Ca2 +, halfway to cell death, Ca2+,(tii2), was 
calculated by averaging the two values closest to (time of cell death)/2. 
Percentage change in Caz+, at f,!] was calculated as 

%ACa2+,(t,,2 - to) = 100% x [Ca’+,(t,,z) - Ca’+,(t,)]lCa”,(t,). 

Data were analyzed statistically using two-tailed paired t test and 
linear regression with the Pearson product-moment correlation coeffi- 
cient (A&an, 1991). A p value of 10.05 was considered significant. 
All data are reported as the mean + standard deviation. 

Viability studies on whole cultures. Matched cultures in 10 x 35 mm 
plates, with the same subculturing history, were exposed to the condi- 
tions described for the indicated period of time. For lactate dehydro- 
genase (LDH) analysis, an aliquot of the culture medium was taken and 
then the remaining cells were lysed with 0.1% Triton X- 100. After 
centrifugation, both the initial medium and lysate were assayed for LDH 
activity using the LDL-20 kit from Sigma. The amount of LDH released 
into the medium expressed as a percentage of total activity is reported 
as percentage cell death. 

For direct counting of cell viability, a previously described technique 
was adapted (Jones and Senft, 1985). Cultures on coverslips were in- 

cubated with fluorescein diacetate (20 PM) and propidium iodide (5 PM) 

for 10 min at the end of the exposure, and then dried for counting bv 
rapid aspiration of the fluid over the coverslip. Fluorescence microscopy 
using 360 nm excitation, 395 nm dichroic, and 457 nm long-paqq filter - r-w- ---_-- 
dist&guished clearly between live (green) and dead (red-yellow) cells. 
Alternatively, cells could be loaded with fura- as described above, and 
then stained with propidium iodide (5 PM) and processed similarly, 
making live cells blue and dead cells red. The numbers of live and dead 
cells were counted in several contiguous fields at 400 x magnification 
to yield a total count of > 100 cells. Other sections of the coverslip were 
then counted in a similar fashion. More than 800 cells were counted on 
two coverslips each for each experimental condition (2 added external 
Ca2+). Percentage cell death for each count was calculated and used to 
determine the standard deviation reported, which is a measure of vari- 
ability in counting and scoring as well as experimental outcome. The 
percentage death reported was determined by summing all the counts 
for each condition (+ added external Ca2+ ). This percentage death an - - - - - - I  - - -  

overall cell death for the entire experiment, differed from the average 
cell death of the individual field counts by ~0.8% in all cases. Statistical 
significance was determined for each experiment by x’ analysis, with 
Yates’ correction (Altman, 1991), of the 2 x 2 frequency table con- 
structed with added external Cal ’ and cell viability as the two dichot- 
omous variables. 

Oxidative stress with hydrogen peroxide. Exposure to H,O, was made 
under the same conditions as metabolic inhibition, except that sodium 
cyanide and 2-deoxyglucose were replaced with 1 .O mM H,O,, and KRH 
buffer contained 5.0 mM glucose. 

Results 
Furu-2 as an indicator of cytoplasmic free calcium. Cells loaded 
with fura- under the conditions described lost >98% of their 
fluorescence upon exposure to 20 NM digitonin, which does not 
lyse endoplasmic reticulum or mitochondria at this concentra- 
tion, indicating that fura- was localized in the cytoplasm (Le- 
masters et al., 1990). Cells loaded with fura- responded to 
depolarization by 70 mM [K+] buffer with an increase in Ca2+, 
to more than twice the initial level, while exposure to the calcium 
ionophore 4-bromo-A23 187 (5 FM) increased Ca*+, > 1 O-fold. 
These positive controls demonstrate the predicted responsive- 
ness of completely hydrolyzed fura- in SK-N-SH cells. 

Absence of glutamate receptors in SK-N-SH. Previous screen- 
ings of neuroblastoma lines have uniformly shown the absence 
of glutamate receptors (Younkin et al., 1993). The RPM1 me- 
dium used to culture SK-N-SH contains 0.15 mM L-aspartate 
and 0.14 mM L-glutamate, which would usually preclude the 
successful culture of cells expressing functional glutamate re- 
ceptors (Banker and Goslin, 199 1 b). To confirm the absence of 
glutamate receptors, we tested the Cal+, response of SK-N-SH 
to 1 mM L-glutamate (sodium salt, pH 7.4) in regular KRH 
buffer (n = 8 cells), as well as in KRH with magnesium omitted, 
and 10 WM glycine and 5 mM glucose added (n = 20 cells). In 
no case was there any increase in Ca’+,. Cultures incubated with 
1 mM L-glutamate and 10 PM glybine added to their regular 
culture medium showed no increased LDH release after 24 hr 
compared to controls without glutamate and glycine (14.6 ? 
12.4% cell death vs 11.2 i 14.5% cell death, respectively; n = 
4 cultures each, P > 0.5). The NMDA receptor antagonist 
2-amino-phosphonovaleric acid (APV, 50 PM) had no effect on 
cell death during metabolic inhibition for 2 10 min, measured 
by LDH release (75.5 & 3.6% -APV vs 71.8 & 3.6% +APV; 
y1 = 5 cultures each; P > 0.1). 

Effect qf control exposure without metabolic inhibition. The 
cytoplasmic concentration of fura- (proportional to fluores- 
cence at 360 nm excitation) was stable after a small initial decline 
in cells incubated in KRH buffer alone, without metabolic in- 
hibition (Fig. l), indicating that cells remained viable during 
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Figure 2. ATP depletion during metabolic inhibition of SK-N-SH 
Ca2+! (Fig. 5). Fluorescence 360 nm decreased to ~5% of its 

cells. Each point is the average of four separate cultures. Error bars are initial value after cell death (at further time points than shown 
SDS. in Fig. 5; see also Figs. 7, 10, 1 l), indicating that metabolic 

inhibition did not cause fura- to become sequestered in or- 
ganelles that remain intact after cell death. The loss of fura- 

the experimental period and did not suffer from phototoxicity fluorescence at 360 nm has been shown to correlate temporally 
or other injury related to fluorescence monitoring. If 20 PM with the onset of propidium iodide staining, another widely 
digitonin was added after 300 min (arrow, Fig. 1) to lyse selec- accepted assay for cell death (Lemasters et al., 1987; Geeraerts 
tively the cytoplasmic membrane and leave endoplasmic retic- et al., 199 1). We validated this correlation for the SK-N-SH cell 
ulum and mitochondria intact (Lemasters et al., 1990), all fura- line during metabolic inhibition. As shown in Figure 6, the 
fluorescence disappeared, indicating that fura- did not become fura- image at 360 nm excitation diminished and then dis- 
sequestered in organelles during the experiment. Cells displayed appeared at the same time that the propidium iodide image at 
only a small, linear increase in Ca*+, prior to digitonin treatment 490 nm excitation appeared and then increased. This is quan- 
during the 300 min control incubation (Fig. 1). Linear regression titated in Figure 7, showing that the time ofthe abrupt, sustained 
analysis gave a statistically significant increase in Ca2+, with decrease in fura- 360 nm fluorescence is similar to the time of 
time (p < 0.001) that was quantitatively unimpressive: 6.1 + the abrupt, sustained increase in propidium iodide 490 nm flu- 
2.0 nM Ca*+, increase per 30 min. Hence, although control cells orescence. The small delay in propidium iodide fluorescence 
probably suffered some depletion of energy stores by prolonged probably reflects the need for this dye to diffuse from outside 
incubation without glucose, there was no effect on cell viability the cell, through the cytoplasm and the nuclear membrane, and 
within 300 min, and much less effect on Ca2+, than was seen bind to nuclear DNA before a change in fluorescence is seen, 
with metabolic inhibition (below). while the loss of cytoplasmic fura- adjacent to the ruptured 

Cell injury during metabolic inhibition. Cells subjected to met- plasma membrane is immediately evident. In any event, Figure 
abolic inhibition with cyanide (2.5 mM) and 2-deoxyglucose (10 7 establishes that an abrupt, sustained decrease in fura- fluo- 
mM) displayed the biochemical characteristics of hypoxic cells. rescence 360 nm is a reasonable measure of cell death in SK- 
As illustrated in Figure 2, cellular ATP declined steadily during N-SH during metabolic inhibition. 
metabolic inhibition, from 31% of its initial value at 30 min, Neither sodium cyanide (2.5 mM) nor 2-deoxyglucose (10 mM) 
to 0.1% at 180 min. The approximation to a straight line of the alone caused cell death within the observation period of 300 
logarithmic plot suggests a continuing first-order destruction of min, while all cells treated with the combination of cyanide and 
ATP throughout at least the first 180 min of metabolic inhi- 2-deoxyglucose (metabolic inhibition) died within 300 min. As 
bition. Data beyond that time are severely limited by the ac- shown in Figure 8, the median time to cell death during met- 
curacy of the analytical technique with such low levels of ATP. abolic inhibition was 90 min (n = 5 1 cells from seven separate 

Hypoxia, metabolic inhibition, and other toxins have been cultures). 
reported to cause formation of blebs, rounded protrusions of Free cytoplasmic calcium during metabolic inhibition. Typical 
the plasma membrane (Lemasters et al., 1987; Nieminen et al., changes in Ca*+, in a single SK-N-SH cell are shown in pseu- 
1988; Lemasters et al., 1990; Geeraerts et al., 1991). SK-N-SH docolor cell images in Figure 4, and quantified in Figure 5. 
cells examined by phase microscopy during metabolic inhibition Although there was usually a small increase in Ca2+, shortly 
showed obvious early bleb formation (Fig. 3), documenting the after the onset of metabolic inhibition, the majority of the ap- 
occurrence of injury from metabolic inhibition well before cell parent increase in Ca*+, occurred at the time of cell death, when 
death. plasma membrane integrity was lost and there was no longer 

Cell death from metabolic inhibition. Cell death during met- an effective barrier to the influx of Ca2+ along its large concen- 
abolic inhibition was visually apparent by the loss of fura- (Fig. tration gradient. It is probable that the concentration of Ca*+ 
4), corresponding to the abrupt loss of plasma membrane per- inside the volume bounded by the cell membrane increased far 
meability at the time of cell death, and analogous to the release beyond the 700 nM seen in Figure 5, since it was equilibrating 
of lactate dehydrogenase, 51Cr-labeled proteins, and other in- with buffer containing 2 mM Ca*+. However, outward diffusion 
tracellular components as assays of cell death. The time of cell of fura- from the dead cell caused the fluorescent image to 
death was quantitatively determined by the sudden decrease in shrink and then disappear, and limited the determination of 
fluorescence intensity and image area in the 360 nm image, since Ca*+ to a short period of time immediately after cell death. 
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The increase in Ca2+, observed while the SK-N-SH cells were 
alive occurred within 5-l 0 min after the initiation of metabolic 
inhibition, and quickly reached a plateau value. The plateau 
value remained fairly constant until cell death occurred, as shown 
in Figure 5. The plateau value was always achieved well before 
half of the time to cell death. Therefore, to analyze the change 
in Ca’+, due to metabolic inhibition, we compared the Ca2+, 
halfway to cell death, Ca2+,(t,,& with the initial Ca2+, , Ca*+,(&). 
Caz+,(to) was 12 1 f 67 nM, while Caz+,(t,,>) was 17 1 f 116 nM. 
The difference was significant by paired t test (p < 0.0001). 

Eflect offree cytoplasmic calcium on susceptibility to metabolic 
inhibition. Observing a moderate increase in Ca*+, during met- 
abolic inhibition is necessary but not sufficient to establish that 
CaL+, plays a mechanistically significant role during neuronal 
death from metabolic inhibition. One prediction that can be 
made and examined using single-cell experiments is that if el- 
evated Ca2+, causes cell death, the time to cell death should be 
inversely related to some measure of the change in Ca*+, during 
metabolic inhibition. We therefore examined the correlation 
between Ca*+, and time to cell death by simple linear regression. 

Linear regression analysis showed no significant relationship 
between time to cell death and either Caz+,(tO), Ca2+,(t&, or the 
difference between Ca2+,(t,,z) and CaZ+,(tO), ACa’+,(t,,, - to). 
However, measurement of Ca’+, by fura- is more reliable as 
an indicator of change in Ca’+, than as an indicator of accurate, 
absolute Ca*+, concentrations (Roe et al., 1990). Therefore, we 
also analyzed the percentage change in Ca2+, as a dimensionless 
parameter reporting relative change rather than absolute values. 
As shown in Figure 9, when the time to cell death was plotted 
against percentage change in Ca*+, , the coefficient of determi- 
nation (9) was 0.13, with p(slope) of 0.009; that is, only 13% 
of the variation in time to cell death could be attributed to 
changes in %ACa*+,(t,,, - to), although the quantitatively small 
correlation that did occur is unlikely to have occurred by chance. 
Examination of Figure 9 also reveals that there were eight cells 
(16% of the total) with ~20% ACaZ+,(t,,z - to) that nevertheless 
died before the median time to death (90 min). 

The effect of Ca2+, on survival during metabolic inhibition 
was also examined by using buffer that omitted added Ca*+. As 
shown in Figure 10, such treatment moderately reduced resting 
Cal+, levels, and almost completely prevented the rise in Ca*+, 
seen during metabolic inhibition in buffer with Ca2+ added. 
Nevertheless, preventing the increase in Cal+, did not prevent 
cell death (shown in Fig. 10 by the sharp decrease in fluorescence 
360 nm), and in the small number of cells analyzed did not 
prevent blebbing and did not markedly prolong cell survival 
during metabolic inhibition. To determine if preventing an in- 
crease in Ca’+, might delay cell death, matched cultures with 
and without added Ca*+ were subjected to metabolic inhibition 
and their viability determined at a given time point, as presented 
in Table 1. In three different experiments, each using a different 
assay of cell viability, more cells died in the absence of added 
Ca’+ than in its presence. 
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Figure 5. Effect of metabolic inhibition on Ca2+, and ceil membrane 
integrity (fluorescence 360 nm) for a single SK-N-SH cell, loaded with 
fura-2. Data are for the upper right cell in Figure 4. The time of cell 
death is indicated by the sharp decline in fluorescence 360 nm. Fluo- 
rescence 360 nm was multiplied by a constant to put it in the same 
range as Ca2+, , since it is the change rather than the absolute value of 
fluorescence 360 nm that is important in determining cell death. Note 
the expanded x-axis compared to the control exposure in Figure 1. 

Free cytoplasmic calcium during oxidative stress. Hydrogen 
peroxide toxicity has been shown in other cell types to involve 
large elevations in Ca2+, that are required for toxicity (Ody and 
Junod, 1985; Hyslop et al., 1986; Geeraerts et al., 1991). We 
therefore tested it as a positive control to ensure that our system 
wouldm fact have detected larger, more toxic elevations in Ca2+, 
had they occurred during metabolic inhibition. Figure 11 illus- 
trates the changes in Ca2+, and cell viability during exposure of 
an SK-N-SH cell to 1 mM HzOZ, showing a fivefold increase in 
Ca*+!(t,,z) compared to Ca2+,(to), from 80 to 400 nM. The initial 
increase in Ca2+, was more delayed than during metabolic in- 
hibition, possibly related to the presence of glucose in the ex- 
perimental buffer with HzO,. Glucose was added to better mimic 
the in vivo conditions that accompany oxidative stress during 
reperfusion. Figure 12 demonstrates that membrane blebbing 
also occurred early during oxidative injury, in a time course 
similar to the increase in Ca’+,. These experiments were not 
amenable to the same type of analysis as the metabolic inhi- 
bition experiments. The rise in Ca?+, was more delayed and 
more sustained, so that Ca’+, at half the time to cell death 
continued to increase meaningfully. Nevertheless, the demon- 
stration of large increases in Ca 2+ during HzO, cytotoxicity is , 
a positive control and serves to strengthen our observation of 
minimal changes in Ca2+, during metabolic inhibition. 

Discussion 

Our model was specifically designed to create a lethal metabolic 
insult similar to the ATP depletion of ischemia in a cell line of 
neuronal origin, while excluding excitotoxicity, the effects of 

Figure 4. Effect of metabolic inhibition on fura- images of single SK-N-SH cells near the time of cell death. Images are pseudocolor representations 
of cells at the indicated times after metabolic inhibition (2.5 mM NaCN, 10 mM 2-deoxyglucose; added at 0 min) was begun. The upper image 
represents fluorescence with excitation at 360 nm (F360), which is isosbestic with respect to Ca2+, and therefore a measure of cell membrane 
integrity. The F360 image begins to contract and diminish at the time of cell death as fura- diffuses from the cytoplasm. The lower image represents 
the pixel-by-pixel ratio of fluorescence at 340 nm to that at 360 nm for the same cells, with pseudocolor ratio scale as shown; an increasing ratio 
(more red pixels) implies increasing Ca’+, (seen primarily after cell death). 
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Figure 6. Concurrent imaging of fura- 
and propidium iodide fluorescence in 
SK-N-SH cells during metabolic inhi- 
bition. Images are gray scale represen- 
tations of cells at the indicated times 
after metabolic inhibition (2.5 mM 
NaCN, 10 mM 2-deoxyglucose; added 
at 0 min) was begun. The lower images 
represent fluorescence with excitation 
at 360 nm as a measure of cytoplasinic z?E 
fura- concentration. The uuuer maaes “S 
represent fluorescence with*excitatlron 
at 490 nm as a measure of intracellular 
propidium iodide. When cell mem- 
brane integrity is lost at the time of cell 
death, the fura- image begins to con- 
tract and diminish as fura- diffuses 
from the cytoplasm, while the propi- 
dium iodide image appears and enlarg- 
es as propidium iodide diffuses from 
outside the cell into the nucleus and 
binds to DNA, with a marked increase 
in fluorescence yield. 

z 
ii 

non-neuronal cells, the averaging of dead with viable cells, and 
the use of cells that were irreversibly injured prior to metabolic 
inhibition. Hence, our results provide new information about 
the basic neuronal CaZ+, response to hypoxia, upon which other 
influences such as excitotoxicity must act. This is the first such 
report using single cells examined continuously until the time 
of cell death, with individual changes in Cal+, correlated with 
individual times of cell death. 

Although we observed a statistically significant increase in 
Ca2+, during metabolic inhibition in the absence of glutamate 
release and receptors, the increase is unlikely to have much 
physiological significance; (1) quantitatively, the 50 nM increase 
in Ca*+, we observed is moderate and well within the range of 
Ca2+, changes seen during normal neural function; (2) some SK- 
N-SH cells died in less than the median time to cell death, with 
no or ~20% increase in %ACa2+,(t,,* - t,); (3) the correlation 
between time to cell death and increase in Ca2+, , while present, 
was extremely weak; and (4) preventing the increase in Ca2+i by 
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Figure 7. Quantitative comparison of fura- and propidium iodide 
fluorescence as indicators of time of cell death in SK-N-SH. The graph 
is for the cell on the lower right of Figure 6. The open arrow indicates 
the time at which an abrupt, sustained decrease in fura- fluorescence 
(360 nm), beyond the gradual decrease seen previously, begins. The 
solid arrow indicates the time at which an abrupt, sustained increase in 
propidium iodide fluorescence (490 nm), beyond the stable background 
level seen previously, begins. 

omitting Ca2+ from the buffer did not prevent cell death from 
metabolic inhibition. Although the increase in cytoplasmic vol- 
ume accompanying bleb formation might have acted to dilute 
and minimize the Ca2+, increase during metabolic inhibition, it 
cannot account solely for the lack of a large Ca2+, increase, since 
a large Ca2+, increase was seen during oxidative stress despite 
blebbing. Our results confirm the importance of studying glu- 
tamate receptor activation as a source of potentially toxic Ca2+; 
elevation during hypoxia (Goldberg and Choi, 1990), since the 
underlying cellular response alone is unlikely to cause Ca2+,- 
mediated neuronal death. 

Our results complement those of Friedman and Haddad 
(1993), who monitored Ca*+, with liuo-3 in acutely dissociated 
hippocampal neurons, during anoxia produced with the 0, scav- 
enger dithionite. They tested the effects of Ca2+ and Na+ mod- 
ulation by buffer changes and channel blockers during anoxia, 
and found that preventing an increase in Ca2+, did not prevent 
cell death during anoxia. Other studies in single neurons (Duch- 
en et al., 1990; Dubinsky and Rothman, 1991) have reported 
the effect of cyanide alone, in concentrations near those used in 
our study, on Ca2+;. Duchen et al. (1990) found a 79 nM increase 
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Figure 8. Cumulative survival curve for all individual SK-N-SH cells 
analyzed during metabolic inhibition (2.5 mM NaCN, 10 mM 
2-deoxyglucose; added at 0 min). The data represent 5 1 cells from seven 
separate cultures. 
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Figure 9. Linear regression analysis of time to cell death versus per- tegrity (fluorescence 360 nm) for a single SK-N-SH cell, loaded with 

centage change in Ca2+,. Each point represents a single cell. The line of fura-2. Hydrogen peroxide (1 .O mM) was added at 0 min. Cell death is 

best fit is (time to cell death) = -0.59[%ACa2+,(t,,, - to)] + 137. indicated by the abrupt decrease in fluorescence 360 nm. Fluorescence 
360 nm was multiplied by a constant to put it in the same range as 
Ca2+, , since it is the change rather than the absolute value of fluorescence 

in Ca*+, in acutely dissociated mouse dorsal root ganglion neu- 360 nm that is important in determining cell death. One cell typical of 

rons exposed to 2 mM cyanide, similar to the 50 nM we observed. four. 

Dubinsky and Rothman (1991) found an 800 nM increase in 
Ca2+, in cultured rat hippocampal neurons exposed to 3 mM There are many potential pitfalls in using fura- as a calcium 
cyanide, but this probably reflected endogenous glutamate re- indicator. Our system reported physiologically reasonable initial 
lease during cyanide exposure. In neither study was cyanide values for Ca*+, , excluded organellar noncytoplasmic fura-2, 
toxic. Shorter exposure periods than ours were used, more ap- and used 360 nm rather than 380 nm as a second wavelength 
propriate to the objectives of those studies (1 O-30 min for hip- to minimize contributions from incompletely hydrolyzed, cal- 
pocampal neurons, 2-10 min for sensory neurons), and no gly- cium-insensitive fura- AM esters (Roe et al., 1990). Cells ob- 
colytic inhibitor was added. Although cyanide is an efficient served with our system responded appropriately to agents known 
inhibitor of cytochrome oxidase (K, = lo-’ M) (Hewitt and to elevate Ca*+,. Our findings confirm the hazard of assaying 
Nicholas, 1963) it must compete with the oxygen also present many cells simultaneously for Ca2+, regardless of the analytic 
in these experimental systems. Also significant, for hippocampal technique, without excluding the effect of dead cells on apparent 
cells, is the tendency of embryonic cells to be more resistant to Ca2+, , for example, in cell suspensions using aequorin lumi- 
hypoxia than adult cells (Friedman and Haddad, 1993) and for nescence (Snowdowne et al., 1985) and in perfused organs using 
cultured cells, particularly tumor lines, to shift to a more gly- a calcium-sensitive fluorophore (Uematsu et al., 1988) or a cal- 
colytic metabolism with greater glycogen stores (Penttila and cium-binding, fluorinated NMR probe (Murphy et al., 1990). 
Trump, 1974; Freshney, 1987; Jenkins, 199 1) This necessitated The increase in Ca*+, prior to cell death in our experiments was 
the concomitant use of 2-deoxyglucose as a glycolytic inhibitor far less than the massive increase that occurred at the time of 
(Hochster, 1963) in our experiments, in order to achieve an cell death. The increase in apparent Ca2 +, when plasma mem- 
observable rate of cell death. brane integrity is irreversibly lost is an effect, not the cause, of 

cell death, and bears no relationship to the mechanism of cell 
r I 1 I I death during metabolic inhibition. 

700 - - 700 In contrast to the effect of metabolic inhibition, hydrogen 
peroxide at a concentration near that achieved locally during 
activation of neutrophils (Shayevitz et al., 199 1) caused a major 
rise in Ca*+, prior to cell death. Hydrogen peroxide is an oblig- 
atory breakdown product of the superoxide radical that may be 
produced during reperfusion, and is more toxic than superoxide 
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Figure 10. Effect of omitting added external calcium during metabolic - 
inhibition. Metabolic inhibition (2.5 mM NaCN, 10 mM 2-deoxyglucose) 
was begun at 0 min, in KRH buffer with no calcium added. One cell Figure 12. Production of membrane blebbing by oxidative stress. Hy 
typical of eight, except that a longer-lived cell was chosen to demonstrate drogen peroxide (1 .O mM) was added at 0 min. The cell shown was 
the stability of Ca*+, even during a prolonged period of metabolic in- 
hibition. 

viable at every time point illustrated, as determined by exclusion of 
propidium iodide. Scale bar, 10 pm. 
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Table 1. Effect of buffer Ca*+ on cell death from metabolic inhibition 

Percentage cell death 

Time Method of determining cell death No added Ca2+ +2 mM Ca’+ 

140 min Propidium iodide/fluorescein diacetate stain 51.8 z!z 5.6 31.2 + 3.7 
180 min Propidium iodide/furs-2 stain 65.5 -t 6.7 56.4 f 10.2 

210 min Lactate dehydrogenase release 98.3 f 2.4 15.5 i 3.6 

Each line represents simultaneous exposure to metabolic inhibition (2.5 rn~ cyanide, 10 rn~ 2-deoxyglucose) of matched 
cultures (n = 2 cultures for fluorescent stains, n = 4 cultures for lactate dehydrogenase, for each condition ?Ca”). For 
each experiment, the difference between ?Ca’+ was statistically significant @ < 0.05). 

to endothelial cells (Ody and Junod, 1985; Geeraerts et al., 
199 1). Although fewer experiments with hydrogen peroxide were 
performed, and the analysis is therefore more limited than that 
with metabolic inhibition, the results suggest that Ca*+, is more 
likely to play a major role during oxidative stress (e.g., reper- 
fusion) than during ischemia. This is consistent with those stud- 
ies reporting beneficial effects of calcium antagonists during in 
viva experiments involving both ischemia and reperfusion prior 
to analysis of outcome (Choi, 1988; SiesjB, 1989; Siesjij and 
Bengtsson, 1989). The results also illustrate the benefits of being 
able to analyze single cells under conditions allowing the sep- 
aration of hypoxia-like conditions from oxidative stress. 

This study was designed so that the concentration of Ca2+, 
reported was averaged over the entire cytoplasm of the single 
cell. Occasionally, we would observe localized increases in Ca*+, 
just below the plasma membrane, or in bleb-like outpouchings 
of the plasma membrane. Further experiments with greater spa- 
tial resolution will be required to determine how consistent this 
finding is, and its significance. Intracellular gradients of Ca2+, 
in neurons have been reported (Connor et al., 1988; Llinas et 
al., 1992), and our data do not exclude the possibility that lo- 
calized, subcellular increases in Ca2+, could have an etiologic 
role in hypoxic neuronal death, although increased Ca2+, in blebs 
in hepatocytes during hypoxia was not causally associated with 
cell death (Nieminen et al., 1988). 

In conclusion, Ca2+, increases minimally during metabolic 
inhibition in SK-N-SH cells, and this increase does not appear 
to contribute to the mechanisms of cell death 
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