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FI1G. 2. Calcium distribution in a muscle fiber. (4) Subcellular organization of a field as revealed by ESI at 240 eV. (B) The same image as in
A plus the addition of the superimposed net calcium map represented by pseudocolors, ranging from dark red to yellow (low to high calcium content).
Two triads are shown to contain elevated amounts of calcium concentrated within the terminal cisternae (tc) while the transverse tubules (t) and
the SR longitudinal cisternae (arrows) appear poor or negative. Note that calcium positivity does not correlate with the electron density of organelles
as clearly indicated by the low signal in various dense structures including the bright spot indicated by the arrowhead. (X40,500). (C) Procedure
used to evaluate the thickness of sections used for ESI, based on the measurement of little folds appearing in the analyzed field (in this case, 2
X 23 nm of thickness). (D) EELS spectrum recorded from one of the terminal cisternae, confirming the presence of calcium.

superimposed ESI calcium distribution image coded from dark
red to yellow (low to high values, respectively). At 240 eV (i.e.,
below the carbon K-edge), contrast is reversed with respect to
conventional bright field images, and thus structures appear
white while the cytosol, and even more the extracellular space,
look dark (see A4 in Figs. 2-4).

The ESI/EELS analysis of muscle fibers revealed the highest
calcium signals within the SR terminal cisternae, recognized by
their apposition to triad T tubules (ref. 33; Figs. 2 and 3),
whereas in longitudinal cisternae the signal was close or below
detection already at short distance from the triads (Fig. 2B).
At the EELS, clear calcium peaks (Ca-L, 3 edge) appeared in
the terminal cisternae spectra together with the prominent
carbon (C-K edge) and nitrogen signals (N-K edge) (Fig. 2D).
Spectra were highly reproducible as documented by measure-
ments repeated up to 30-fold in the same area, in which
calcium and carbon peaks varied in size less than 10%,
indicating that mass loss during individual measurements was
negligible. Mitochondria that, in agreement with the transmis-
sion EM data (Fig. 1A4), exhibited a dense homogeneous
appearance obscuring appreciation of membranes and cristae
were often localized close to the triads. In the mitochondrial
populations, many failed to exhibited any detectable calcium
signal (not shown), whereas a fraction, even in the same fiber,
appeared variably positive (Fig. 3). In all cases, however,
mitochondria were less positive for calcium than the SR
terminal cisternae. No EELS signal was appreciated in cyto-
solic areas. When sections, before analysis by ESI/EELS, were
soaked for 30 min in water containing 1 mM EGTA, calcium
signals were no longer detected in muscle fibers (not shown).

Neuromuscular junctions were also analyzed (Fig. 4). Con-
sistent ESI/EELS signals were observed in the vast majority of
synaptic vesicles whether they were located close to or some
distance from the active zones (Fig. 4B) and also in some
cisternal structures identified as elements of the smooth
endoplasmic reticulum. Within mitochondria the signal was
most often absent; in a few cases it was variable and irregularly
distributed (Fig. 4B). Also, in the nerve terminal the calcium
nature of ESI signals was confirmed by EELS analyses (Fig. 4
C and D).

DISCUSSION

Analytical electron microscopy represents the only approach
by which mapping of elements can be assessed within the cell.
Until now these maps were obtained primarily by EPMA using
scanning probes that collect x-rays inside the transmission EM
(7, 8, 12). In these studies, the use of cryosections is certainly
advantageous, provided that freezing is quick enough to keep
crystal size, and thus redistribution of solutes, below the spatial
resolution of the elemental analysis (6, 37). Due to the physical
basis of EPMA, thinner sections produce higher spatial reso-
lution, but with lower detection sensitivity. In practice, the best
assays (spatial resolution ~100 nm) have been carried out on
100- to 200-nm thick, freeze-dried cryosections, cut from
quick-frozen samples (6). Most often, thicker sections were
employed (up to 1 wm), with higher elemental sensitivity but
lower spatial resolution, which is appropriate only for large
structures inside the cell.

ESI/EELS can reveal selected elements with high sensitivity
and spatial resolution (19-23), but only when sections are

Fi1G. 3. Calcium maps in other muscle fibers. In the two pairs of images, the calcium map appears on the right. The terminal cisternae (tc) of
the two triads exhibit strong calcium signal within their lumen similar to that of Fig. 2B. Within two adjacent mitochondria (m) a calcium signal
is appreciable, although much lower, especially in the areas apposed to the triads. (X30,800.)



Downloaded by guest on January 21, 2021

4802 Cell Biology: Grohovaz et al.

Proc. Natl. Acad. Sci. USA 93 (1996)

C v
Ca

| Y

250 . 500

D ser
Ca

I \j !

250 - 500

AE

FiG. 4. Calcium distribution and EELS spectra from a motor nerve terminal. Note in B that all synaptic vesicles (v) appear rich in calcium, and
the same occurs with the lumen of the smooth endoplasmic reticulum cisterna (ser). Also mitochondria (m) appear positive; however, their average
calcium signal is distinctly lower and the distribution irregular. (X28,900.) The calcium nature of the ESI map is confirmed by EELS spectra recorded

from a cluster of eight synaptic vesicles (C) and the SER (D).

substantially thinner than the mean free path of inelastic
collisions, so that single electrons predominate over multiple
scattered electrons, and thus specific signals over background
(19, 21, 23, 39). This implies that, at 85-100 KV, only sections
thinner than ~25 nm can be profitably used. This makes the
use of cryosections problematical (see ref. 24 and the Intro-
duction). Although the use of ESI instrumentation with higher
accelerating voltage should, in principle, allow the use of
thicker sections, this approach has not been widely exploited
yet. On the other hand, conventional sample preparations
appear inadequate for ESI analyses since aqueous fixatives and
dehydration solutions are known to induce migration and/or
loss of diffusible elements from the original sites of location
within the cell. Also, attempts to preserve the native distribu-
tion of calcium by addition to fixatives of either the cation itself
or calcium precipitating anions are open to serious question
inasmuch as artefactual accumulations and/or displacements
before the element is ultimately immobilized cannot be ex-
cluded (9, 10). Another aspect to be considered is sensitivity.
Although in absolute terms the elemental detection is higher
for ESI/EELS than EPMA because of the requested thinness
of the analyzed specimens and the large contribution of the
carbon peak, only relatively high calcium levels can be de-
tected. While the detection sensitivity of EELS has been
analyzed in nonbiological standards (21, 40), in cellular sam-
ples it has not been precisely established yet. In standards
obtained by deposition or evaporation of calcium on different
substrates, directly appreciable signals were recorded from
samples containing 100 mmol/liter and above calcium (R.
Door, personal communication).

To investigate the potential of ESI for calcium mapping in
biological specimens, we developed a sample preparation
procedure based on the combination of physical and chemical
steps: quick-freezing and freeze-drying followed by fixation
with OsQ4 vapors and embedding in 100% araldite. A similar
approach had been previously proposed by Livesey et al. (30)
to be used for experimental tasks other than elemental anal-
ysis. Two aspects of our procedure are worth emphasizing.
First, freeze-drying was performed at temperatures that ex-
clude recrystallization of physiological solutions (30); second,
the specimens were never exposed to polar solutions or
moisture before embedding. Also important was the precau-
tion to minimize the time (<15 sec) the sections remained in
contact with water during cutting. Finally, the ESI images were
analyzed in parallel by EELS spectra.

For our investigation we chose the R. pipiens cutaneous
pectoris, a very thin muscle that can be appropriately processed
by quick-freezing, yielding high quality preparations of both

fibers and synaptic terminals (31). We felt that muscle was a
convenient model because its calcium distribution was already
known better than in any other tissue. In particular, studies
carried out by both ultrastructural (EPMA; immunocytochem-
istry) and cell fractionation techniques had revealed a differ-
ential distribution of calcium within the SR (1), with high
accumulation at the level of terminal cisternae due to the
clustering of the calcium binding protein, calsequestrin (41,
42). The available data on the protein calcium binding char-
acteristics and on its degree of saturation indicate that in the
calsequestrin-rich areas of the terminal cisternae, calcium
levels around 80-100 mmol/liter are attained in resting muscles
(43). The observation in our specimens of clearly appreciable
EELS/ESI signals within terminal cisternae, on the one hand,
strengthens the notion that no major relocation occurred
within the SR during tissue processing; on the other hand, it
suggests that calcium values around 100 mmol/liter can indeed
be detected by the technique.

Compared to terminal cisternae, our findings on mitochon-
dria appear open to questions. Previous EPMA observations
in a variety of cell types revealed only moderate calcium
contents most often around or below 1 mmol/liter (6, 13, 15,
17). In our preparations, numerous mitochondria failed to
exhibit calcium signals, which is consistent with these previous
studies, whereas others appeared positive, although to differ-
ent extents. These signals could be regarded as a consequence
of cell damage, which is similar to the calcium accumulation
that occurs when isolated mitochondria are maintained under
inappropriate conditions. However, EPMA showed that the
elemental composition of the muscle fibers were not severely
affected by our procedures. In addition, the calcium-rich
mitochondria were localized in apposition to the triads, where
extensive mitochondrial reuptake of the Ca?* released from
the SR could take place. Indeed, based on recent studies,
mitochondria appear able to sense [Ca2*); variations in their
microenvironment (4, 5, 44—47). Up until now, however, the
molecular mechanisms of calcium binding (if any) to mito-
chondrial matrix components have not been investigated in
detail and the relationship between free and total calcium is
still undefined. Thus the significance of our ESI positive
mitochondria is unclear and needs to be considered with great
caution at the present time.

Within nerve terminals, calcium was high in some but not all
endoplasmic reticulum cisternae, in apparent agreement with
studies that predict its preferential accumulation in discrete
regions (6, 48, 49). Synaptic vesicles are known to possess an
efficient system of calcium uptake (50), yet the available data
on their content are fragmentary and controversial (6, 25, 29).
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Our results show relevant signals within the lumen of all
vesicles, independent of their location with respect to the active
zones.

In conclusion, the results reported here reveal that our
quick-freezing ESI/EELS approach can be employed to map
intracellular calcium with high spatial resolution and precise
recognition, but only in intracellular organelles particularly
rich in the element. Other advantages of the approach, not
exploited in the present study but easy to predict, are the high
temporal resolution typical of quick-freezing (msec) and the
possible correlation with other techniques: cytosolic [Ca?*]
measurements (fluororescent dye imaging) and immunocyto-
chemistry of Ca?* binding proteins (immunogold labeling). By
using these comprehensive studies, further biological and
physiological information might become available soon in a
variety of cellular systems.
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