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DIFFERENT PATTERNS OF INTRAMITOCHONDRIAL CALCIFICATION

SOMPHONG SAHAPHONG,a SUDA RIENGROJ PITAK,a and BENJAMIN F.TRUMPb

a. Department of Pathabiology, Faculty of Science, Mahidol University, Bangkok, Thailand.
b. Department of Pathology, University of Maryland School of Medicine, Baltimore,
Maryland, U.S.A.

(Received 15 August 1983)

Abstract

Using isolated rat kidney mitochondria prepared in 0.25 M sucrose medium with
EDTA for maximum loading by calcium, the patterns of mitochondrial calcium uptake
were studied. If the mitochondria were allowed to accumulate large amount of calcium long
needle like crystals were seen, and when the lesser amount was taken up the annular pattern
was observed. Therefore, it is assumed that differences in the morphology of the calcification
within mitochondria from needle like crystals to annular or ringlet pattern are due to the
amount of calcium taken up by the mitochondria. '

Introduction

In acute cell injury especially in ischemic type, cellular calcium metabolism is disturbed.
One of the most sensitive morphological indicator of effects of cell injury is the disappearence
the normal mitochondrial granules and follows by accumulation of calcium within mito-
chondria. The accumulation of calcium is secondary to leakiness of plasma membrane and/
or cessation of membrane calcium pump. In injured cells different patterns of mitochondrial
calcium deposition are often observed. These include annular or ringlet images of dense
particles adjacent to the inner mambrane on one hand and long-needle-like images on the
other. We wish to investigate the relationship between these two configurations and the chemi-
cal composition of the calcific deposit. We propose that the pattern of calcium deposition
observed may depend on the amount of calcium accumulated.

Materials and Methods

Experimental Animals Adult male Sprague-Dawley rats weighting 200-250
grams were used. They were fasted over-night and sacrificed by a rapid blow to the head,
exanguinated and the kidneys quickly removed.

Isolation of Mitochondria Mitochondria were isolated in buffered 0.25 M sucrose
solution by differential centrifugation according to a modified procedure of Schneider
and Hogebooml. The quality of preparations was checked by electron microscopy and assessment
of contamination of endoplasmic reticulum of other membranes by measuring glucose-6--
phosphate . The yield of mitochondrial protein was also assessed as percentage of control
in relationship to renal tissue weight.
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The isolation mixture consisted of 0.25 M sucrose, 1 mM EDTA, 0.5 mM Tris
HCl at a pH adjusted to 7.2. Minced kidneys were homogenized in a volume of isolation
mixture 5 times the renal weight. Serial centrifugations were carried out at 4°C for 10 min
at 600 x g and 2 times for 15 min at 800 x g. Final resuspension in 0.6 ml sucrose per gram
tissue yielded about 15 mg/ml.

Massive Calcium Loading Massive calcium loading was carried out by the procedure
of Carafoli and Lehninger2. They differentiated two conditions for massive calcium loading.
One involves a respiration supported system with succinate and betahydroxybutarate as
substrate; another one uses an ATP supported system.

Incubation Mixture The incubation mixture for the respiratory dependent system
contained final concentration of 4 mM sodium phosphate (NaH,PO4H>0), 10 mM Tris-mal-
ate, 10 mM succinate, 10 mM MgCl,, 3 mM ATP, 80 mM NaCl and 4 CaCly. The incubation
was carried out according to the system developed by Carafoli and Lehningerﬂz. The ATP-
dependent system contained final concentration of 4 mM sodium phosphate, 10 mM Tris-malate,
10 mM MgCl,, 80 mM NaCl, 4 mM CaCl, and 15 mM ATP. pH was adjusted to 7.0.

Incubation Procedure Incubation was carried out with 3 ml containing 4-6 mg
mitochondrial protein at 30°C for 20 minutes. For time variable experiment, the concentration
of CaCly in the incubation mixture was constant at 4 mM, but the incubation intervals
varied from 5 to 20 minutes, whereas, in dose variable the incubation time was fixed at 20
minutes but the concentrations of CaCl, in the medium varied from 0.5 mM to 4.0 mM.

Fixation for Electron Microscopy After completion of calcium loading the mito-
chondria on 0.8 Millipore filters were fixed and embedded for electron microscopy. At all times
caution was taken to avoid mechanical damage by drying on filter and prolonged storage
in fixative, dehydrating agent and buffer.

Under the electron microscope, at both low and high magnification, random sampling
was carried out to obtain a representation sample of calcium loaded mitochondria and to
estimate the amount and character of calcium loading under various conditions. Five pictlires
were taken from each grid at each magnification condition from the right hand corner of
the first five fully covered grid fields.

Results

Control Isolated Rat Kidney Mitochondria.

Mitochondria prepared in 0.25 M sucrose exhibited a typical condensed from as
described by other investigators. An example of isolated mitochondria is shown in Fig. 1.
(Note the point of attachment between the inner and outer membranes).

After maximum loading for 20 minutes, all mitochondria were swollen. They contained
needle-like crystals within the matrix. These needle-like crystals seemed to project from
the spherical structure underneath. It is of interest to note that neither the spherical structure
nor the needle-shaped crystals were seen elsewhere except within the mitochondrial matrix.
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Calcium Uptake by Isolated Mitochondria : Time Variable. .

In this experiment, the concentration of calcium present in the. mcubatlon
medium was constant at 4.0 mM, the highest dose used in massive loading, but the incubation
time was varied from 5 to 20 minutes. Electron micrographs in Figs. 2-5 show a series
of mitochondria at-various incubation times. After 5 minutes of incubation (Fig.2), ill-defined
structures with centrally located small electron-dense dots were seen as closely related to
the inner mitochondrial membrane. Electron micrographs of mitochondria incubation for
10 and 15 minutes are shown in Figs. 3 and 4 respectively. Note that the annular structures
became prominent and increased in number with time. Finally, the needle-like crystals appeared
at longer intervals i.e. 20 (Fig. 5).

Calcium Uptake-by Mitochondria : Dose Response

Electron microscopic studies of mitochondria incubated with various concentrations
of calcium chloride, 0.5 mM to 4.0 mM, revealed interesting results. With the lower concentra-
tion range of calcium 0.5 mM to 2.0 mM, incubated for 20 minutes at 30 °C, only annular
patterns of densities were seen within the mitochondria. Fig.2 shows mitochondria incubated
with 0.5 mM CaCl,. Ill-defined structures closely related to mitochondrial inner mem-
brane were seen. Some of these ill-defined structures contained small electron-dense dots.
As the concentration of calcium chloric_le in the incubated medium increased, these structures
developed into distinct annular bodies with more of the centrally located electron-dense
spots (Figs. 8-12). The numbers of these annular - bodies seemed toincrease as the concentration
increased. A few needle-like crystals, together with annular bodles began to show at the
concentration of 3.0 mM and became more noticeable when the concentration was further
increased to 3.5' mM as shown in Fig. 12 and finally, in the so-called _méximally loading experi
ments, more of the needle-like crystals were seen as illustrated in Fig.11.

Legends to the Figures
Fig.1 Control isolated rat kidney mitochondria using 0.25 M sucrose. Note the typical
appearance of the mitochondrial exhibiting condensation of the matrix. x 23,000

Fig.2 Mitochondria after 5 minutes incubation in massive calcium loading reaction mixture
supported by externally added ATP. Note the ill-defined structure close to cristae
(arrows) . x 41,000

Fig.3 Same as in Fig.2. Incubation time is 10 minutes. Annular bodies (arrows) begin to
appear closely ralated to the mitochondrial cristae. x 42,000

Fig.4 Fifteen minutes of calcium loading at 30 °C. Note that the number of annular bodies
is increased and they are more prominent. Often they are seen with a pale central
core and sometimes are located within pockets of mitochondrial cristae. x 39,000

Fig.5 Rat kidney mitochondria after 20 minutes incubation in calcium loading experiment.
Long needle crystals are seen precipitated within the material compartment. x 15,600
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Figs. 6-12 are a series of electron micrographs showing progressive formation of

mitochondrial calcitification in a dose variable calcium loading experiment. In this experiment,
the loading time is constant at 20 minutes. Different concentrations of calcium are present
from 0.25 mM to 4.0 mM. The temperature for loading is 30°C. In this series, the uptake
of calcium is supported by extremely added ATP. There is no significant difference between
the two mechanisms, namely respiration or extremely added ATP,

Fig.6

Fig.7
Fig.8
Fig.9
Fig.10

Fig.11

Fig.12

CaCly, 0.5 mM. Note ill-defined structure in matrical compartment similar to 5
minutes loading in time variable experiment (Fig.2) x 43,000

CaCly, 1.0 mM. Annular patterns begin to appear. x 45,000

CaCl,, 1.5 mM. These bodies become more prominent. x 59,800

CaCly, 2.0 mM. Similar to Fig. 8. Note the closely embraced cristae. x 60,000
CaCl,, 3.0 mM. Thé number of these bodies is increased x 38,000

CaCly, 4.0 mM. Finally at the maximally loaded condition, needle-like crystals
are seen. Note the spherical structure underneath. x 30,200

High magnification of isolated rat kidney mitochondria incubated for 20 minutes
with 3.5 mM, CaCl,. The crystals begin to appear (arrows). Annular bodies are
better seen in close relation with mitochondrial criatae x 40,600
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Discussion

Calcium uptake by mitochondria occurs commonly in injured cells. For a long time
pathologists have noted that necrotic cells undergo calcification, which has often been
referred to as dystrophic calcification. Such dystrophic calcification consists, at least in part,
of calcium uptake by mitochondria. It is quite evident that when tissues -die in vivo or in
vitro the mitochondria accumulate calcium at a very rapid rate 3-3 in fact much earlier
than if the cells are histologically seen to be necrotic.

By electron microscopy, intramitochondrial densities associated with an increase
in tissue calcium uptake have rather unique and particular patterns. These are known
by several names such as annular particulate bodies, ringlet bodies, circular bodies, punctate
bodies and paramicrocrystalline deposits. These densities are often found near or adjacent
to the inner membrane of mitochondria or, at times, located in a pocket formed by mito-
chondrial cristze. They are spherical in shape and often have a light central core. Several patholo-
gical conditions which show similar mitochondrial granules are reported. 5-16

The mitochondrial uptake of Ca2+ has been extensively studied since it was first
described by Vasington and Murphy. 1718 1t has been shown that the massive accumulation
of Ca2* and phosphate by respiring rat liver mitochondria or retrograde flowing of exter-
nally added ATP is accompanied by the formation of electron opacities within the mitochon-
dria. 1920 Greenawalt, Rossi and Lehninger?! suggested that the composition of these densities
was calcium phosphate hydroxide [hydroxyapatite, Calo(PO4)6(OH2)].Further evidence
‘of the nature of these densities came from the studies of Thomas and Greenawalt??,
who subjected calcium preloaded mitochondria to low temperature microincineration (600 °C)
and performed electron diffraction studies. They reported that the diffraction pattern
obtained was compatible with the pattern of hydroxyapatite. It is interesting to note that
they were unable to obtatin the electron diffraction pattern from mitochondria containing
dense granules prior to ashing. They hypothesized that the incineration of the granules at
600°C induced crystallization and subsequently yielded electron diffraction patterns. But
it is also conceivable that this may be due to a relatively high level of background noise
prior to incineration which was greatly reduced by incineration. Since a variety of densities
in the mitochondrial appear under different cellular conditions calcium related densities
have to be identified. Failure of precision in describing these densities might lead to confusing
interpretation. 23

The influx of calcium into mitochondria is mediated by a carrier that resides in
the inner membrane of the organelle. This carrier is stimulated by inorganic phosphate
and adenine nucleotide?*. Low concentrations of lanthanum?’ and ruthenium red 26:27'
inhibit this calcium transport process. This present study indicated that differences in morphology
of calcium taken up. When large amounts are taken up, needle-like crystals are formed,
and when lesser amounts are taken up, the annular patterns occur.
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Does the model of massive calcium loading correspond to actual intracellular phenomena
in cell injury? Several investigators 14:28.30 " ysing different models of cell injury, describe
such situations where a defective plasma membrane does receive an excessive amount of
calcium which floods the cytosol and is accumulated by still completely functioning or par-
tially functioning mitochondria. The accumulations are commonly in the form of various
types of calcium phosphate precipitates. In the earliest stage, where small amount of cal-
cium is accumulated, aggregates form in close proximity to the crystal membranes and, 4t
this stage, may represent amorphous aggregates which commonly have an annular profile
with a clear center®. In later siages, however, when larger amount of calcium accumulates
these precipitates become crystalline and finally replace the entire mitochondrion3!. Such
inclusions have been shown to contain calcium and phosphorus by the technique of X-ray
microanalysis and are believed to be the result of active calcium and phosphate transport
by the mitochondria 32:33:34
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