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Summary. Sequential fine structural changes were assessed in the aortic media of rabbits 
shortly after the intravenous injection of a massive single dose of adrenaline. Slight changes 
first appeared at 1 hour and by 6 hours marked changes were present which included accu- 
mulation of Alcian-stainable material in the intercellular spaces and alterations in mito- 
ehondria of smooth muscle cells. The mitoehondria were swollen and showed decreased matrix 
density together with the presence of electron dense mieroerystalline inclusions. Electron 
diffraction studies showed that these inclusions were composed by apatite-like crystals. The 
mechanism(s) involved and the possible pathological role of the mitochondrial calcification 
are discussed. 

Introduction 

I n  h u m a n  pa tho logy ,  calcif icat ion in the  vessel wall  is a p rominen t  fea ture  
of several  a r te r ia l  diseases, including atherosclerosis,  MSnckeberg sclerosis and  
syphi l i t ic  aor t i t is .  Calcif ications of the  ao r t a  and  other  large elastic ar ter ies  m a y  
be induced  in  animals  b y  a number  of exper imen ta l  procedures  ; the  mos t  effective 
seems to be the  admin i s t r a t ion  of adrenal ine  to  rabbi t s .  Adrena l ine- induced  ar te r ia l  
lesions in the  r a b b i t  were f irst  descr ibed b y  Josu6 in 1903 and  usua l ly  are 
s i tua ted  in the  aor t ic  a rch  and  upper  por t ion  of the  thoracic  segment  of the  aor ta .  
I n  l ight  microscopy  the  lesions are t yp i ca l ly  loca ted  in the  inner  t h i rd  of the  
media  and  are ma in ly  represen ted  b y  dea th  and  necrosis of smooth  muscle cells, 
accumula t ion  of PAS-s t a inab l e  in terce l lu lar  ma te r i a l  and  calcif ication.  Depos i t ion  
of calcium is cu r ren t ly  considered as a la te  deve lopmenta l  s tage following necrosis 
of the  ar te r ia l  smooth  muscle cells. 

The presen t  inves t iga t ion  describes the  ear ly  changes induced  in the  aor t ic  
smooth  muscle  cells of the  r a b b i t  b y  adrenal ine.  The aor tae  of r abb i t s  t r e a t e d  
wi th  a single mass ive  dose of the  drug were examined  b y  l ight  and  electron micro- 
scopy shor t ly  a f te r  t r e a t m e n t  and  the  sequent ia l  changes before the  appearance  
of gross calcif icat ion are  described.  As shown below, ear ly  mi tochondr ia l  electron- 
dense inclusions were observed in smooth  muscle cells of the  med ia  before the  
appea rance  of over t  necrot ic  a l te ra t ions .  The  na ture ,  significance and  possible 
mechanism(s)  of the  mi toehondr ia l  change will be discussed.  

Mater ia l  and Methods 

Adult rabbits of either sex fed a standard, semisynthctic diet and weighing about 2000 g 
were used as experimental material. :Four rabbits without treatment were used as controls. 
Sixteen animals received a massive single dose of adrenaline hydrochloride (500 ~g/kg body 
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weight) during a period from 2 to 30 minutes and were killed at intervals in groups of four 
rabbits from 1 to 72 hours later, namely on the 1st hour and on the 6th, 24th and 72th hour 
after the end of treatment. An additional group of four animals was similarly treated with 
adrenaline at lower dosage level (50 ~g/kg body weight) and sacrificed as above. Adrenaline 
hydrochloride was administered intravenously as freshly dissolved l~ solution in physiological 
saline. From some animals blood samples were taken immediately before the injection and at 
the sacrifice; blood levels of calcium, inorganic phosphate, sodium and potassium were 
determined with an atomic flame absorption spectrophotometer. 

At necropsy the aortae of the control and adrenaline-treated rabbits were carefully dis- 
sected from the underlying fibrofatty tissue and opened ventrally. For each animal three 
samples were taken from the aortic arch and from the thoracic and abdominal aorta for 
light and electron microscopic studies. For light microscopy, specimens were fixed in 10% 
buffered formalin and embedded in paraffin; 5 ~-thick sections were stained with the con- 
ventional histological methods, including von Kossa stain for calcium, Alcian-method for 
mueopolysaecharides and Verhoeff stain ~ for elastin. For electron microscopy, small pieces 
were processed immediately on removal from the animal. Samples were fixed in 2.5 % glutar- 
aldehyde in 0.1 M eacodilate buffer (pH 7.4) for two hours at 4 ~ C, dehydrated in graded alcohols 
and embedded in Epon or Epon Araldite. Some blocks after glutaraldehyde were postfixed in 
Millonig's osmium tetroxide at 4 ~ C for two hours. Ultrathin sections were cut with a Porter- 
Blum ultramicrotome, stained partly by lead citrate and uranyl acetate and partly by lead 
hydroxide, and viewed through a Siemens Elmiskop 1A electron microscope. Ultrathin 
unstained sections were processed with H~Oe 2 vol. and formic acid 2% for histochemical 
studies as shown below. For electron diffraction studies unstained sections were employed. 
Selected area electron diffraction was performed at 80 kV; MgO crystals were employed to 
calibrate the diffraction camera. Further details of the technic will be found elsewhere (Steve 
Bocciarelli, 1973, 1973a). 

Results 

A. Light Microscopic Observations 

The examinat ions  of hematoxyl in  and  eosin stained sections of the aorta from 
rabbi ts  killed 1, 6 and  12 hours after the end of t r ea tmen t  revealed no abnorma-  
lities. I n  animals  killed on the 24th hour after adrenaline,  small  intercellular  
accumulat ions  of Aleian-positive mater ial  were occasionally found in the inner  
layers of the media beneath  an  apparen t ly  normal  i n t ima ;  smooth muscle cell 
necrosis and  calcium deposits were no t  observed. I n  the animals  killed later, 
besides a more intense intercellular and  interfibri l lar  accumula t ion  of Alcian- 
s tainable material ,  groups of smooth muscle cells in  the innermost  layers of the 
media were occasionally seen showing nuclear  picnosis and  cytoplasmic degenera- 
t ive changes. Besides, there was a separat ion or loosening of the medial  elastic 
components ;  the in terna l  elastic lamina  appeared distorted and  sometimes frayed 
and  interrupted.  Von Kossa s tained sections did never  reveal, even in  animals  
sacrificed 72 hours after t rea tment ,  calcium deposits in the aortic tissue. 

Lesions could be identif ied much earlier with 1 ~z Epon-embedded sections 
t han  with the s tandard  paraff in sections. Wi th in  12 hours after the end of 
adrenaline adminis t ra t ion  lesions of the in te rna l  elastic lamina  and  of isolated 
smooth muscle cells were found. Such cells showed a sequence of al terat ions 
which were only par t ia l ly  identif ied in  semithin  sections, bu t  electron microscopy 
showed these and  other changes in  greater detail. 

B. Electron Microscopic Observations 

With  the electron microscope al terat ions in the various components  of the 
aorta were observed and  will be considered separately. The changes reported below 
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Fig. 1. Portion of a smooth muscle cell from the aortic media of a rabbit killed 6 hours after 
the administration of adrenaline. Mitochondria appear swollen, with less dense matrix and 

some disorganization of the cristae. • 28000 

were well marked only in the animals receiving 500 ~g/kg body weight of adrena- 
line; actually, it was exceptional to find changes after 50 ~g/kg of the drug. 

Mitochondria. In the smooth muscle cells of the aortic media mitoehondrial 
alterations were the most prominent and earliest lesions seen and consisted of 
various kinds of changes of their fine internal structure. In ~he aorta of the 
normal, untreated rabbit the smooth muscle cell mitoehondria may be spherical 
but are usually cigar-shaped structures about 0.2 to 0.25 ~ in diameter and 0.5 to 
0.8 tx long. As in other tissues, they are bound by a double membrane and contain 
prominent eristae. These eristae sometimes, but not always, run perpendicularly 
to the long axis. Mitoehondria are most abundant near the ends of the nucleus 
where they often extend out in long chains. Only occasionally dense bodies are 
seen in the rather dense matrix of some of them. 

In the animals killed 1 hour and 6 hours after adrenaline, enlargement and 
decreased matrix density of mitoehondria were common findings. Swollen, rounded 
and partially vaeuolated mitochondria appeared to be mainly concentrated in a 
paranuelear position. The appearance of one or more electron lucent areas in the 
matrix resulted in a disgortion of the cristae. Swelling, disruption of cristae and 
loss of matrieal density were the earliest changes observed (Fig. 1). 
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Fig. 2. Needle-shaped microcrystalline inclusions in the swollen mitochondrial matrix of a 
smooth muscle cell. Aortic media of a rabbit  killed 12 hours after the administration of 

adrenaline. Arrow indicates a disrupted mitochondrion. • 55000 
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Fig. 3. Part of smooth muscle cell from the aortic media of a rabbit sacrified 12 hours after 
the administration of adrenaline. Clumps of microerystals are scattered in the mitochondrial 

matrix. • 66000 

In  the animals killed 12 hours and later after treatment more striking altera- 
tions were observed. Many mitoehondria in some smooth muscle cells contained 
various numbers of electron dense inclusions. These densities were of two forms 
and differed sharply from the dense bodies only exceptionally seen in the mito- 
chondria of the normal aorta. One form of inclusions consisted of one or more 
elongated, needle-shaped mieroerystMs in part in close proximity to the outer 
leaflet of the eristae and in part randomly scattered in the mitoehondrial matrix 
(Figs. 2 and 3). The other form of inclusions, less frequently seen, was represented 
by electron-dense material between the eristae concentrated in prickles and rods 
up to roundish granules exhibiting a central lucent core (Fig. 4). In high-power 
mierographs these granular inclusions did not appear as amorphous densities; 
instead, they appeared to be composed by clumps of mieroerystalline needles. 

The mieroerystalline and granular intramitoehondriM inclusions were denser 
than the mitoehondriM membranes and were present in both stained or unstained 
sections of tissue ~ which had been fixed in glutaraldehyde with or without post- 
osmication. In  postosmieated sections, treatment with tI202 2 vol. did not modify 
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Fig. 4. Intramitochondrial granules in a smooth muscle cell from an animal killed 72 hours 
after the administration of adrenaline. At higher magnification the granules appear as clusters 

or aggregates of needle-shaped crystals. • 65000 

their electron density. Conversely, a short-term treatment of sections with formic 
acid 1% was followed by a complete disappearance of the dense inclusions leaving 
at their place an electron lucent material {Fig. 5). 

Selected area electron diifractograms gave results which varied with the amount 
of microcrystals. Where small intramitochondrial clusters were present, there were 
no diffraction patterns. Instead, where large numbers of microcrystals were 
clumped together, an unmistakable pattern of cristallinity was obtained (Fig. 6). 
In  particular in such areas eleven diffraction rings were observed with a mean 
value for crystal spacings (dhk]) of 3.61, 3.44, 2.81, 2.30, 1.97, 1.88, 1.77, 1.49, 
1.27, 1.20 and 1.14. The diffraction ring showing the more striking contrast was 
that with the d value of 2.81. 

Many smooth muscle cells containing intramitochondrial inclusions showed 
moderate dilatation of the channels and vesicles of the endoplasmic reticulum and 
slight changes of the myofibrillar component. Glycogen A ~ranules were as 
normally present. I n  the same cell only some mitochondria appeared to be calcified; 
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Fig. 5. This section is from the same rabbit as in Fig. 3. After formic acid treatment the 
intramitoehondriM dense inclusions partly disappeared leaving at their place an electron 

lucent material. • 50000 

other mitoehondria contained either no crystals or very few. The electron-dense 
material eventually filled the entire mitochondrion, leading to a disruption of its 
membranous sac. Altered mitochondria matted together formed large osmiophilie 
masses of calcium. Neither release of dense mitochondria through rupture of 
muscle cells, nor phagoeytose by maerophages was ever observed. In no instance 
extrusion of mitochondrial inclusions in the surrounding intercellular ground 
substance was seen. 

[ntercellular Components. In  all adrenMine-treated animals the spaces between 
cells and fibers were constantly widened and filled with an electron lucent material. 
This material was particularly abundant in the subendotheliM space and in the 
innermost layers of the media. In the rarefied areas the regular arrangement of 
smooth muscle cells and elastica was lost, elastic fibers appeared fragmented and 
collagen fibers tended to be coarsely bundled. The material filling the interstitial 
spaces appeared to be partly structureless and of a very low electron density, and 
partly arranged in tubular patterns of a moderate electron opacity as shown by 
Fig. 7. 

Additional Findings. Besides the above reported mitoehondriM and inter- 
stitiM changes, the medial smooth muscle cells of the aorta showed various kinds 
of alterations, mainly regressive in nature, which appeared to be present only in 
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Fig. 6. Electron diffractogram obtained from the eMeified area illustrated. Crystalline masses 
produced by adrenaline give an electron diffraction pattern consistent with apatite patterns 
obtained by x-ray diffraction of bone. Arrows indicate the most significant ring (see the text). 

Selected area • 65000 

some animals. These include 1) a decrease of eytoplasmie matr ix  and of myo- 
filaments with their a t t achment  devices, 2) autophagic vacuoles eontaining cell 
organelles undergoing various degrees of degenerative breakdown (Fig. 8), 4) ghost  
bodies (Fig. 9), 5) modified amounts  of glycogen, 6) disorganization of endo- 
plasmic retieulum and disruption of sareolemma. I t  should be noted tha t  no 
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Fig. 7. Portion of the aortic media of a rabbit killed 24 hours after the injection of adrenaline. 
Increased amounts of intercellular ground substance associated with regressive changes of the 
smooth muscle cells. • 8000. In the inset it appears that  the increased intercellular substance 

shows in part a tubular pattern. • 50000 

c lea r - cu t  r e l a t i onsh ip  was a sce r t a ined  b e t w e e n  t h e  m i t o c h o n d r i M  ca lc i f ica t ions  

a n d  t h e  a l t e r a t i ons  r e p o r t e d  above .  I n  pa r t i cu l a r ,  ca lc i f ied m i t o e h o n d r i a  or  t he i r  

r e m n a n t s  were  n e v e r  o b s e r v e d  in  a u t o p h a g i c  vacuo les  or  in ghos t  bodies.  

Blood Electrolytes. T h e  resu l t s  of t h e  b lood  e l ec t ro ly te s  d e t e r m i n a t i o n s  are  

r e p o r t e d  in  t h e  T a b l e  1. 

Table 1 

Controls Adrenaline 

before after before after 
treatmeniG 24 hours treatment 72 hours 

Ca ++ mg % 14.2 12.7 14.0 14.2 14.6 
Po~-- rag% 5.9 6.9 5.6 5.8 6.2 
Na + mEq/I 170 73 130 127 135 
K + mEq/1 5.5 3.1 4.0 4.1 4.2 
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Fig. 8. Autophagic vacuoles in a degenerating smooth muscle cell. • 24000 

From the Table 1 it appears that adrenaline administration at 24 and 72 hours 
do not affect significantly the blood levels of potassium, sodium, calcium and 
inorganic phosphate. 

Discussion 

Light microscopy studies carried out by several investigators have shown 
that  a prominent feature of the adrenaline-induced arteriopathy of the rabbit is 
the appearance of calcium deposits in the tuniea media of the large elastic arteries 
(Josu6, 1903; Erb, 1905; Oester, 1959; Bertelsen, 1964; Caval leroe ta l . ,  1972). 
Currently one believes that calcification is a late outcome of cell necrosis and death. 
This concept describes a passive role to the preealeified tissue. Conversely, in the 
present study it was shown that after a massive single dose of adrenaline, before 
the appearance of overt degenerative and necrotic changes, early intramito- 
ehondrial electron dense bodies occur in the smooth muscle cells of the aortic 
media; in selected area electron diffraetograms it was ascertained that the electron 
opaque material shows crystalline apatite-like features. 

From the results reported above, the sequence of acute events which occur 
in the aortic wall of rabbits after intravenous administration of a massive dose of 
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Fig. 9. " G h o s t  bodies" ;  some of them contain degenerating organelles. • 18000 

adrenaline can be summarized as follows. In electron mierographs the earhest 
change seems to be an intercellular and interfibrillar accumulation of fluid in the 
subendothelial space and in the innermost layers of the media, shortly followed 
by important changes of the mitoehondria of the medial smooth muscle cells. The 
fluid accumulating in the subendothelial space is represented in part by an 

3 Virchows Arch. A Path. Anat. and His$ol., Vol. 362 
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electron-lucent amorphous, edematous material and in part by a material of moder- 
ate electron density arranged in tubular structures, probably mueopolysaceharide 
in nature. However, the main changes .involve the mitochondria; these consist 
of a loosening of the matrix, disruption of the cristae, widening of the intercristal 
spaces and deposition of electron-dense bodies, partly granular in structure and 
partly mierocrystalline. Later, degenerative changes of the smooth muscle cells 
and electron dense opacities even in the interstitial spaces may be observed. 

Several studies indicate that mitochondria of various organs have the ability 
to accumulate in vitro divalent cations under a variety of circumstances. Studies 
of metal distribution in isolated cell fractions have generally implicated mito- 
chondria as one site of divalent ion accumulation. Isolated mitochondria arc 
known to contain relatively large amounts of calcium and magnesium and to be 
able to accumulate these ions, strontium, barium and manganese (Brierly et al., 
1962; Yarington and Murphy, 1962; Peachey, 1964; Greenawalte tal . ,  1964; 
Lehninger, 1970). Fine structural studies on dog myoeardium during autolysis 
have shown early mitochondrial changes consisting of enlargement and decreased 
matrix density together with the presence of large dense granules, considered to 
be calcium or divalent cations (Herdson et al., 1969) and similar findings have 
been previously reported for the liver subjected to autolysis (Trump et al., 1965). 
Strontium accumulation by sareoplasmic reticulum and mitoehondria in vascular 
smooth muscle incubated in vitro prior to fixation was observed by Somlyo and 
Somlyo (1971). 

Intramitochondrial electron dense inclusions of various kinds, believed to be 
calcium deposits, have been reported to occur in vivo in several experimental 
conditions including intoxications, dietary deficiencies, ischemic injury and hyper- 
calcemic states. In the liver mitochondria of rats poisoned with CC14, Reynolds 
(1963) observed electron-dense masses resembling deposits of mycroerystals and 
suggests they were a form of apatite, the phosphate being derived from the 
degradation of mitochondrial organophosphates. Accordingly, the unusually high 
calcium content of the livers of rats poisoned with CC14 has been shown to be 
due to an increase of mitochondrial calcium. Intramitochondrial electron-dense 
inclusions, probably calcium salts, were noted in the myocardium of rats poisoned 
with Plasmocid (D'Agostino, 1963) and after combined administration of 9~-fluoro- 
cortisol and monobasic sodium phosphate (D'Agostino, 1964). Similar changes 
were found after administration of low doses of isoproterenol (Bloom and Cancilla, 
1969). In this connection, it is of interest that isoproterenol-induced myocardial 
necrosis is not mediated exclusively by flooding of heart muscle with plasma- 
derived calcium; actually propranolol, at doses which completely suppress the 
increase in myocardial calcium after isoproterenol, does not completely prevent 
necrosis. Thus: at least partly, the intramitoehondrial calcium appears to be due 
to release of calcium sequestered in intramyoeardial compartments (Bloom and 
Davis, 1972). Intramitochondrial dense bodies, considered to be calcium, were 
observed in the myoeardium of magnesium-deficient (Heggtveit et al., 1964), as 
well as in potassium-deficient rats (Molnar et al., 1962 ; Maurat et al., 1965). 

In dog myoeardium irreversibly damaged by ischemia lasting 30 minutes or 
longer, it was found that the myocardial cells store intramitoehondrial granules 
which became increasingly prominent with more prolonged ischemia (Jennings 
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et al., 1965; Herdson et al., 1969). Studies on electrolytes of the damaged myo- 
cardial mitoehondria revealed that  magnesium, potassium and nitrogen were 
decreased, while the calcium and phosphate content was increased (Jennings et al., 
1970). Further microineineration analysis of thin section studied by electron micro- 
scopy has shown that  the calcium ions are localized within granular intramito- 
ehondrial dense bodies (Shen and Jennings, 1972). Ghidoni et al. (1969) in bovine 
hearts that  fibrillated for prolonged intervals, besides a massive subendoeardial 
damage, have observed in the myoeardiM cells mitoehondrial filled with electron- 
dense mierocrystals which resembled ealcinm-apatite crystals. 

In two patients showing intraeellular myocardial mineralization after vascular 
surgery it was found that  the principal ultrastructural site for the deposition of 
calcium salts was within mitochondria; the crystalline appearance of the intra- 
mitoehondrial deposits suggested the presence of hydroxyapatite (D'Agostino and 
Chiga, 1970). Ultrastruetural studies of the myoeardium of a hypoxie infant 
indicated that  there was extensive calcification of mitochondria as characterized 
by intramitochondrial deposits of needle-shaped dense crystals resembling those 
of hydroxyapati te  (Lin, 1972). 

Mitoehondrial calcifications of kidney tubular cells have been induced experi- 
mentally in the rat by parathormone or vitamin D overdosage (Canlfield and 
Sehrag, 1964; Searpelli, 1965). The parathormone-indueed masses of needle-shaped 
crystals in the mitoehondria of the kidney tubular cells showed the diffraction 
pattern of apatite. Vitamin D overdosage induces intramitochondrial calcifications 
of the myocardial cells in form of needle-shaped crystals and roundish aggregates 
of finely granular inorganic substance; electron diffraetograms showed that  the 
former were apatite-like crystals while the latter gave no indication of crystallinity 
(Bonueci and Sadnn, 1973). After vitamin D, small bowel epithelia show mito- 
chondria containing calcium deposits which, in contrast, appear as amorphous, 
structureless electron-dense granules (Sampson et al., 1970). Finally, it is of interest 
that  intramitochondrial electron dense granules were observed in neoplastic cells 
of a malignant melanoma of the human uveal tract (Egeberg and Jensen, 1970) 
and that  intramitochondrial needle-shaped mieroerystals, associated with calcium 
deposits in shadow cells and in the interstitial spaces, were observed by us in the 
basophil tumoral cells in one case of Malherbe's calcifying epithelioma (unpublished 
data). 

As regards the mitochondrial calcifications in the arterial smooth muscle 
observed by us, questions naturally arise as to 1) the mechanism(s) involved in 
mitoehondrial calcification after adrenaline, 2) the form in which the metal is 
retained and 3) the pathological significance of such a change. As to the point 
1 it has been suggested that  the isoproterenol-indueed mitoehondrial calcifications 
of heart muscle might be related to the uncoupling effect of this compound on mite- 
ehondrial oxidative phosphorilation. I t  is very likely that  this mechanism is also 
operating in the adrenaline-induced calcifications. Owing to a lack of transformat- 
ion of ADP to ATP, phosphate groupings might be available to the mitochondrion 
for binding intramitoehondrial calcium ion in inorganic precipitable compounds. 
In keeping with this suggestion it has been proposed that  myocardial necroses 
occurring shortly after isoproterenol administration might be caused by excessive 
levels of calcium within the heart muscle cells. 

3* 
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This could occur through a reduction in cellular ATP levels brought about 
both by calcium activation of actomyosin ATP-ase (Katz, 1970) and by un- 
coupling of oxidative phosphorilation (Carofoli and Lehninger, 1971). The un- 
coupling of oxidative phosphorylation occurs as calcium is taken up by mito- 
chondria and deposited within them in form of dense granules (Greenawalt et al., 
1964). Cardiac necrosis and calcification in dietary magnesium deficiency has been 
also related to an uncoupling of oxidative phosphory]ation (tteggtveit et al., 1964). 

Another possible explanation of our findings might be related to changes of 
blood potassium induced by adrenaline. Actually in in  vitro experiments it was 
found that  potassium ion may influence calcium movements in rabbit aortic 
smooth muscle (Goodman et al., 1972). However, from the data reported above 
it appears that  short-term adrenaline treatment does not cause consistent changes 
of blood potassium as well as of the blood levels of calcium, inorganic phosphate 
and sodium. 

To date we cannot say whether catecholamincs are capable to interfere with the 
activity of the blood level of the specific biological inhibitors which, according 
to Howard et al. (1967), may be implicated in calcium deposits. 

In isoproterenol experiments it was shown that  mitochondria of the heart 
muscle cells are flooded by calcium within  minutes  after the administration of a 
necrogenic dose of the drug and consequently it was postulated that  this compound 
exerts an effect on the proportional distribution of calcium among the subcellular 
organelles (Bloom and Davis, 1972). Instead in our experiments, as shown before, 
intramitochondrial calcium deposits become evident later, within  hours after intra~ 
venous adrenaline. This discrepancy may be explained on the basis of a lower 
metabolic activity of the mitochondria of smooth muscle cells inducing lower 
movements of intraeel]ular calcium ions or on the basis of a slower uncoupling 
effect of adrenaline on the oxidative phosphorylation of the smooth muscle cells. 
Whether the  calcium deposits represent accumulations of substances already 
present in the arterial tissue or whether they develop from substances brought 
to the medial smooth muscle by the circulating blood, is not established by this 
experiment. However, it is of interest that  intramitochondrial electron-dense 
granules, considered to be calcium, were observed in mouse liver and in dog myo- 
eardium subjected to autolysis (Trump et al., 1965 ; Herdson et al., 1969) ; obviously 
these findings clearly indicate that,  with autolysing tissues, the former hypothesis 
is true. Accordingly no evident increases of plasma calcium and inorganic phos- 
phate were found in our electrolyte determinations. 

I t  is of interest that  in our experiment only individual smooth muscle cells 
showed calcified mitochondria and that  not all the mitochondria in these cells did 
load with calcium. Similar findings have been reported by others working on 
mitochondrial calcifications in different kinds of experiments. 

These findings raise the important  question whether, as suggested by Matthews 
(1973) there arc enzymic differences between the mitochondria that  load calcium 
and those that  do not. 

As regards point 2, our electron diffraction studies clearly indicate that  
calcium is retained within the mitochondria as apatite-like crystals. Similar 
results have been reported by others in their observations on other experimental 
models (Caulfield and Sehrag, 1964; Bonueci and Sadun, 1973). We cannot say 



Mitochondrial Calcifications after Adrenaline 37 

why  usua l ly  mi tochondr ia l  inclusions occur as sca t t e red  microcrys ta ls ,  while in 
less numerous  cases the  microcrys ta l s  appea r  aggrega ted  in granules.  We  can only 
suggest  t h a t  this  migh t  be due to  a di f ferent  composi t ion  of the  b inding sites for 
calcium. Ac tua l ly  i t  seems l ikely  t h a t  calc ium is depos i ted  upon  an organic 
component ,  bu t  to da te  i t  is no t  es tabl i shed  whether  i t  is prote in ,  phosphol ip id  
or an  acid  polysacchar ide .  

The precise pa tho log ica l  significance of the  mi tochondr ia l  calcif icat ion of 
a r te r ia l  smooth  muscle m u s t  awa i t  fur ther  s tudy ,  for which, i t  is hoped,  the  work 
presented  here can provide  a baseline.  I n  this  connect ion i t  is of in te res t  t h a t  
normal  ao r t a  is capable  to accumula te  calc ium and  phospha te  when incuba ted  in 
serum of the  same species (Schif fmann and  Mart in,  1962 ; Mar t in  et al., 1963) and  
t h a t  h y d r o x y a p a t i t e  has been shown to be a componen t  of aor t ic  a therosclerot ic  
p laques  (Carlstr6m et al., 1953). As to the  adrenal ine  a r t e r iopa thy ,  smooth  muscle 
necrosis and  calcif icat ion of the  ar te r ia l  wall  are the  ma in  d is t inc t ive  features  and  
are genera l ly  bel ieved to be closely correlated.  However ,  f rom our results,  i t  is 
no t  clear whe ther  such a d i rec t  re la t ionship  exists  be tween smooth  muscle calcium 
up t ake  and  necrosis ; ins tead,  i t  seems t h a t  there  are imperfect ions  in this  re la t ion-  
ship. Thus, i t  seems ve ry  l ikely t h a t  factors  o ther  t han  mi tochondr ia l  calcif icat ion 
could be et iological ly  re la ted  to  smooth  muscle necrosis ; e lectron microscopic d a t a  
r epo r t ed  above  ind ica te  t h a t  calcium migh t  p l ay  only an ind i rec t  role in this  
process.  Similar ly ,  no defini te  conclusions can be d rawn from this  r epor t  as to  
whe ther  i n t r ami tochondr i a l  calcif icat ions are the  precursors  of the  la te r  appear ing ,  
more  extens ive  calcif icat ions of the  elastic lamel lae;  for e lucidat ing  this  po in t  
fur ther  work is needed.  

We are grateful to Drs. N. Pericoli and L. Filosto for their aid in performing the experi- 
ments and to Mrs. L. Venturi, Mr. M. Macchiolo and Mr. A. Mancuso for their excellent technical 
assistance. 
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