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EXPERIMENTAL TRANSPLANTATION

Mitochondrial calcium overload

is restricted to a few mitochondria
in endothelial cells after cold
ischemia/reperfusion

Abstract Changes in cytosolic and
mitochondrial calcium content were
studied in an endothelial cell model
after simulating cold ischemia re-
perfusion injury. Image analysis
demonstrated that only a subpopu-
lation of mitochondria in endothe-
tial cells accumulate calcium. Ob-

are mainly affected by the Ca®* ef-
flux across that membrane, while
those in other parts of the cell re-
main unaffected.
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Introduction Material and methods

Preservation injury is a consequence of a multifactorial
process. The mechanisms leading to cold ischemia re-
perfusion (CIR) injury at the cellular level are still not
fully defined. Current evidence demonstrated that calci-
um can mediate injury to organs exposed to ischemia
followed by reperfusion {3, 13]. Recent studies have sug-
gested that calcium induces opening of the permeability
transition pore which leads to collapse of the mitochon-
drial membrane potential (MMP) and the release of cy-
tochrome ¢ from the mitochondria |5, 9]. Studies provid-
ed evidence that loss of MMP and cytochrome c release
are the first irreversible events in apoptosis [7, 11]. Most
studies have analyzed the physiological function of cal-
cium on mitochondrial function in isolated mitochon-
dria and brain cells [4, 5, 15]. Little is known about the
pathophysiological function of calcium on cells and mi-
tochondria in CIR injury. In this study we measured the
changes in cytosolic and mitochondral calcium content
in an endothelial cell model after simulated CIR injury.
With specific image aquisition and analysis, changes of
calcium content in individual mitochondria were esti-
mated after reperfusion.

Human umbilical vein endothelial cells (HUVECs) were isolated
and cultivated as described previously [6]. Cells after the third sub-
cultivation were seeded onto plastic coverslips and after 3 days in
culture they were used for preservation experiments. In experi-
ments of simulated cold ischemia, cells were incubated in Universi-
ty of Wisconsin solution (UW; 4°C, 12 h, Viaspan; Dupont, USA)
and stored in a precooled styrofoam box as described earlier {6].
At the end of the cold storage period, cells were loaded with fura-
2 (Molecular Probes, USA) to analyze cytosolic-free calcium con-
centrations and rhod-2 (Molecular Probes) to analyze mitochon-
drial calcium content.

I_?luoresccnce measurements were done with a microscope
equipped for epifluorescence and photometry as described [8).
The exitation light of 340, 380 nm (fura-2) was directed through a
quartz glass fiber and a gray filter into the microscope. The emitted
light was directed through a 520-nm cut-off filter to a photomulti-
plier tube. Each experiment was calibrated with ionomyein and
mangan 1o estimate the cytosolic calcium concentrations. Images
were takc?n with an integrated CCD camera connected to an in-
verted microscope. Image analysis of mitochondrial calcium con-
tent were performed at exitation/emission of 488/520 nm. Image
analysis was done with the software FUCAL (Till Photonics).
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Fig.1A, B Effect of cold ischemia/reperfusion on cytosolic and
mitochondrial calcium content in human endothelial cells. Cytoso-
lic free calcium concentrations {Ca®*], decreased during cold is-
chemia and increased only after reperfusion (rep.) with calcium
supplemented Ringer solution. Reperfusion had no effect on
[Ca*], in control cells (A). B demonstrates the increase of Rhod-
2 fluorescence (FL.) in mitochondria during reperfusion (reperf.).
Data from images at the start and at the end of reperfusion were
analyzed with the software FUCAL. Mean and SD from five dif-
ferent experiments are shown. * P < 0.05. (arb. Arbitrary)

Results

After preserving HUVECs in UW solution at 4°C for
12 h, coverslips were mounted in the microscope and re-
perfused with calcium-free Ringer solution (ringer I) for
10 min and subsequently perfused with Ringer solution
supplemented with calcium (Ringer I1, 0.4 mM) for an
additional 10 min (Fig. 1A). The results in Fig. 1A show
a significant decrease of [Ca®*], after cold storage in
UW solution compared to control cells. This low
[Ca*), was not changed during reperfusion with Ring-
er I. Reperfusion with Ringer II lead to a fast increase
of [Ca?*], to levels not significantly higher than in con-
trol cells. This rise in [Ca®*], did not change during the
perfusion period.

It was shown that mitochondria in a wide variety of
cell types undergo large changes in matrix [Ca?*] follow-
ing elevated cytosolic calcium concentrations [2, 9].
Therefore we estimated mitochondrial Ca?* content

with rhod-2, a Ca?*-sensitve dye, which localizes specifi-
cally to mitochondria and responds to Ca** entry [2].
Analysis of rhod-2 fluorescence was performed on im-
ages taken at the beginning and at the end of the reper-
fusion with the software Fucal and Datgraf. Our data
revealed a significant increase of mitochondrial Ca®*
content during reperfusion with Ringer II medium
(Fig.1B). Image analysis demonstrated that only a sub-
population of mitochondria in endothelial cells accumu-
late calcium. Rhod-2 fluorescence was not changed in
the other areas of the cells including cytoplasm and nu-
cleus.

Discussion

In this study we examined the effect of cold ischemia
and reperfusion on cellular and mitochondrial calcium
metabolism in isolated human endothelial cells. The re-
sults demonstrated a loss of [Ca®*], in ischemic calci-
um-free UW solution which could be due to either re-
uptake of cytosolic calcium by intracellular organelles
or efflux of cytosolic calcium to the extracellular medi-
um. However, reperfusion with Ca**-free Ringer solu-
tion did not increase [Ca?*],, whereas reperfusion with
Ca?*-containing medium increased [Ca?*], to levels of
controls. Therefore, we suggest an efflux of [Ca®], to
the UW solution and a re-uptake of Ca** during reperfu-
sion. A recent study demonstrated similar observations
after hypothermic storage of hepatocytes in UW solu-
tion [10]. They showed a significant decrease of [Ca?*],
and total cellular calcium over a period of 48 h cold stor-
age, but they did not analyze reperfusion-induced chan-
ges of cellular and mitochondrial calcium content. It is
known that mitochondria can accumulate large quanti-
ties of calcium and also participate in cytosolic Ca?* ho-
meostasis [2, 9, 14]. Data presented in this study demon-
strated that only a fraction of endothelial mitochondria
accumulate Ca®* during reperfusion. Differences be-
tween individual mitochondria in the degree of uptake
are indicative of the variety of factors that regulate mi-
tochondrial Ca?* uptake. For example, the rate of in-
crease of [Ca’*],, the level reached, the spatial inhomo-
geneity, and the duration of high [Ca**], may all influ-
ence mitochondrial Ca** uptake. In the ECV304 HU-
VEC line it was found that a fraction of mitochondria
are closely associated with the cell membrane, which is
quite different from HeLa cells, where less than 4% of
mitochondria are within 700 nm of the plasma mem-
brane [12]. This observation and our data lead us to hy-
pothesize that mitochondria which are in close contact
with the plasma membrane are mainly affected by Ca?
influx across the plasma membrane and that mitochon-
dria in the other parts of the cells remain unaffected.
Hypoxia has a dramatic effect on the ATP concentra-
tions in HUVECs as estimated by Arnould et al. {1].
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Their results indicated that endothelial cells actually un-
dergo a siginificant ATP depletion during 2 h hypoxia.
This low ATP concentration and the enhanced energy

expenditure in handling the elevated [Ca?*], after CIR
could lead to a reduction of energy supply for processes
that are essential for maintainance of cell viability.
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