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Negative Contrast Imaging of Mitochondria by Confocal Microscopy

The paper by Petronilli et al. in the February issue of the
Biophysical Journal examined the distribution of calcein
fluorescence in hepatocytes and hepatoma cells by con-
focal microscopy (Petronilli et al., 1999). Previously, we
showed that warm incubation with calcein acetoxym-
ethyl (AM) ester led to almost exclusive cytosolic distri-
bution of calcein in both rat hepatocytes and rabbit car-
diac myocytes (Nieminen et al., 1995; Ohata et al.,
1998). Mitochondria excluded calcein and were visual-
ized by confocal microscopy as round and oval voids
about a micron in diameter in images of green calcein
fluorescence. The identity of the dark voids as mitochon-
dria was confirmed by colocalization with the red-fluo-
rescing electrical potential-indicating dye, tetra-
methyrhodamine methyl ester (TMRM), which strongly
labels mitochondria. A similar cytosolic distribution after
warm ester loading occurred for the Ca2�-indicating
fluorophore, Fluo-3, in myocytes (Ohata et al., 1998) and
for another Ca2�-indicating fluorophore, Fura-2, and the
pH-indicating fluorophore BCECF in hepatocytes (Ni-
eminen et al., 1988; Gores et al., 1989). In contrast, after
ester loading at 4°C, calcein and Fluo-3 entered both the
cytosol and the mitochondria, and mitochondrial calcein
voids were absent (Nieminen et al., 1995; Ohata et al.,
1998).

In their paper, Petronilli et al. inferred that the voids
we observed in images of calcein fluorescence were
caused by quenching by TMRM. However, we observed
an identical pattern of cytosolic calcein fluorescence in
the absence of TMRM (Lemasters et al., 1998; Byrne et
al., 1999). Subsequent TMRM addition did not alter the
calcein image or enhance the mitochondrial voids (Le-
masters et al., 1998). Moreover, after depolarization,
mitochondrial voids did not disappear, provided that
onset of the mitochondrial permeability transition (MPT)
was prevented, although virtually all TMRM fluores-
cence was lost (Trost and Lemasters, 1997; Qian et al.,
1997, 1999). Similarly, when mitochondria repolarized,
TMRM was taken up into mitochondria without alter-
ation of the mitochondrial voids (Qian et al., 1997). In
contrast, when mitochondrial permeability to calcein

increased at the onset of the MPT, the voids quickly
filled with calcein fluorescence (Nieminen, 1995; Le-
masters et al., 1998; Byrne et al., 1999; Trost and Le-
masters, 1997; Qian et al., 1997, 1999).

Using conventional spectrofluorometry, Petronilli et
al. showed that 50 �M TMRM strongly suppressed flu-
orescence from a 10-mm cuvette containing 50 �M cal-
cein. This observation is a classic example of the inner
filtereffect. In a spectrofluorometer, the excitation beam
passes through the center of the cuvette, and fluorescence
is measured at a 90° angle to the beam. Thus the average
path length of emitted fluorescence out of the cuvette is
�5 mm. TMRM has an extinction coefficient of 110
cm�1 mM�1 at its absorbance maximum of 554 nm. At
517 nm, the peak emission wavelength for calcein,
TMRM absorbance is about half its peak value. At this
wavelength, TMRM transmits only 4% of light through a
5-mm path length. The emission spectrum of calcein is
asymmetrical with broadening to the red, and light ab-
sorbance by TMRM at longer wavelengths will be even
greater. Moreover, light absorbed by TMRM will be
reemitted as red fluorescence. Decreased green fluores-
cence and enhanced red fluorescence were exactly what
Petronilli et al. observed when TMRM was added to
calcein in a cuvette.

In confocal microscopy, the average path length of
calcein fluorescence out of a TMRM-containing mito-
chondrion is not 5 mm but 0.5 �m (half the diameter of
a mitochondrion). Indeed, the typical path length out of
the entire cell is only �5 �m (distance from the confocal
image plane to the coverslip surface). With such short
path lengths, the inner filter effect becomes negligible. If
one assumes that TMRM concentration rises to 1 mM in
mitochondria and 0.25 mM for the cell as a whole, then
only 0.6–1.6% of calcein fluorescence is absorbed by
TMRM. Thus, although colorimetric quenching of cal-
cein fluorescence by TMRM can be substantial in a
cuvette, it becomes trivial at the microscopic scale.

Several factors may explain the failure of Petronilli et
al. to observe dark mitochondrial voids after ester load-
ing of calcein-AM. Ester loading is very temperature
dependent. Loading at cool or ambient temperatures can
cause mitochondrial loading and loss of voids (Niemi-
nen, 1995; Ohata et al., 1998). Ester loading is also quite
cell type specific. In fresh primary cultures of hepato-
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cytes and myocytes, cytosolic esterase activity is appar-
ently so high at 37°C that the neutral AM ester of calcein
cannot cross into mitochondria without first being hydro-
lyzed in the cytosol to calcein free acid. At lower tem-
peratures the esterase is inhibited sufficiently to allow
neutral esters to cross the cytosol and enter mitochondria.
However, in other cell types, such as transformed cell
lines and 2–3-day cultured hepatocytes that have dedif-
ferentiated in culture, cytosolic esterases may not be
active enough to prevent calcein AM entry into mito-
chondria.

Cell lines also typically have mitochondria that are
smaller than the mitochondria of hepatocytes and myo-
cytes. Such mitochondria have average diameters of 0.3
�m and are impossible to visualize by negative contrast
in confocal image slices, the z axis dimension of which is
0.7–0.8 �m at best. Indeed, negative imaging of heart
and liver mitochondria with a diameter of 1 �m chal-
lenges the z axis resolving power of confocal micros-
copy. Thus the optical alignment of the confocal micro-
scope must be virtually perfect to visualize the dark
mitochondrial voids.

The technique introduced by Petronilli et al. of
quenching cytosolic calcein fluorescence with cobalt is
an important advance in visualizing small mitochondria.
Loss of mitochondrial fluorescence after cobalt quench-
ing may be used to monitor opening of the permeability
transition pore. An alternative approach to labeling mi-
tochondria selectively is to ester-load both the cytosol
and the mitochondria at a low temperature. Subse-
quently, the cells are returned to the incubator. Over the
next few hours, cytosolic fluorophores, such as calcein
and Rhod-2, leak from the plasma membrane through an
organic anion transporter. Mitochondrial fluorophore is
retained, but cytosolic fluorophore is lost almost com-
pletely (Trollinger et al., 1997; Lemasters et al., 1999).
The advantage of the cold loading/warm incubation tech-
nique is avoidance of Ca2� channel blockade, dehydro-
genase inhibition, genotoxicity, and other adverse effects
of cobalt (Hughes and Barritt, 1989; Beyersmann and
Hartwig, 1992; Seghizzi et al., 1994).
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