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Abstract We have described two mitochondrial (mt)
myopathy patients with reduced activities of various mt
enzymes associated with significantly decreased amounts
of heat shock protein 60 (hsp60). Experimental evidence
suggested that the lack of hsp60 was the primary defect.
Since hsp60 is essential for the proper folding of enzyme
subunits in the mt matrix a partial deficiency of this pro-
tein can explain the observed defects of the mitochon-
dria. Here we report on morphological studies aimed at
obtaining more insight into the relation between lack of
hsp60 and pathological changes of the mitochondria. Un-
der standard culture conditions mitochondria in the par-
tially hsp60 deficient fibroblasts showed profound mor-
phological aberrations. In contrast, the mitochondria in
fibroblasts from a MELAS patient and a cytochrome ¢
oxidase-deficient patient appeared normal. Under stress
conditions the integrity of the hsp60 deficient mitochon-
dria declined even further: heat shock induced a tempo-
rary collapse of the electrochemical potential across the
inner mt membrane, but did not affect the ultrastructure
of the mitochondria; prolonged growth in confluent cul-
tures resulted in decrease in mt number. The altered mt
morphology in the hsp60 deficient cells is probably indi-
cative of the severely impaired mt metabolism whereas
the decreased stress tolerance is likely to be a direct re-
sult of paucity of the heat shock protein. Both variables
are potentially useful in the diagnosis and molecular
characterization of mt disorders with systemic manifesta-
tion and multiple enzyme deficiency.
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Introduction

Mitochondrial (mt) encephalomyopathies are biochemi-
cally characterized by dysfunction of the mt metabolism,
particularly of oxidative phosphorylation (OXPHOS).
One or more of the OXPHOS enzymes may be affected,
and occasionally mt enzymes of other biochemical path-
ways like pyruvate metabolism and/or the citric acid cy-
cle are also deficient. The mt defects can be restricted to
certain organs or tissues, usually skeletal muscle, heart
muscle, and brain, or can be systemic. The presenting
symptoms are quite variable but usually comprise muscle
weakness and lactic acidaemia and frequently mental
anomaly [5, 13, 20].

Functional defects of the mitochondria are often ac-
companied by morphological alterations of the organ-
elles. This phenomenon has been intensively studied in
muscle biopsies derived from mt myopathy patients.
Electron micrographs show enlarged mitochondria with
crystalline or dark amorphous inclusions, lipid vacuoles
and disarranged cristae which appear unfolded, densely
packed or form concentric rings [for reviews see 12, 18].
Fibroblasts derived from patients with systemic manifes-
tation of a mt disorder may also exhibit morphologically
altered mitochondria [17]. As these cells can be grown in
culture and are easily accessible to both, biochemical
and morphological investigations, they are very suitable
to study the interrelation between functional and mor-
phological aberrations in more detail.

We have recently described partial deficiency of heat
shock protein 60 (hsp60) in skin fibroblasts from two mt
myopathy patients with systemic manifestation of the
disease [11]. Biochemical investigation of the fibroblasts
revealed reduced activities of various mt enzymes in
both cases [1, personal communication P. Briones]. One
of the cultures was investigated in detail. The low steady
state amount of hsp60 appeared to be caused by de-
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Fig. 1 Immunofluorescence staining of heat shock protein 60
(hsp60) in fibroblasts from a healthy control individual (A), the
cytochrome ¢ oxidase (COX) deficient patient P2 (B), and the
hsp60 deficient patients P1 (C) and P10 (D). Bar=10 pm

creased synthesis of the protein. Moreover, newly trans-
lated hsp60 was processed to its mature form at a much
slower rate than in control cells [11]. Hsp60 is an essen-
tial protein which is involved in the proper folding of en-
zyme subunits in the mt matrix [2, 15]. In yeast, com-
plete absence of the protein is lethal and partial deficien-
¢y leads to accumulation of many proteins as insoluble
aggregates [2, 8]. Considering both these data and our
own results, we suggested that the insufficient supply of
the mitochondria with mature hsp60 results in failure of
mt enzyme assembly and is thus the molecular basis of
the mt disorder in this patient.

In order to get more insight into the correlation be-
tween lack of hsp60 and pathological changes of the mi-
tochondria we studied the mt morphology in the two
hsp60 deficient fibroblast cultures in detail. Special em-
phasis was put on two questions. (1) Do the morphologi-
cal alterations of hsp60 deficient mitochondria ditfer
from those of defective mitochondria with hsp60-inde-
pendent pathogenesis? (2) Does shortage of the protect-
ing stress protein hsp60 render the mitochondria more
vulnerable to stress conditions? Here we demonstrate the
presence of very pronounced changes in the mt morphol-
ogy in both hsp6(Q deficient fibroblast cultures. More-

over, the mitochondria in the two cultures appeared to be
very sensitive to heat shock or prolonged growth under
suboptimal conditions. These results underline that pau-
city of hsp60 has severe effects on the functional as well
as on the structural integrity of mitochondria.

Materials and Methods

Dimethylaminostyryl-1-methyl-pyridinium-iodide (DASPMI) was
a generous gift from Prof. J. Bereiter-Hahn. Monoclonal and poly-
clonal antisera against hsp60 were kindly provided by Dr. R.S.
Gupta and have been described elsewhere [7]. Fluorescein isothio-
cyanate (FITC)-labelled rabbit-anti-mouse or goat-anti-rabbit anti-
sera were obtained from Dako (Glostrup, Denmark).

Fibroblasts were derived from skin biopsies and cultured in Ham’s
F10 supplemented with 10% fetal calf seram in a 5% carbon dioxide-
incubator. For DASPMI-staining or immunofluorescence studies the
cells were seeded on glass coverslips in 35 mm Petri dishes.

In vivo staining of mitochondria with DASPMI was performed
as described previously [17].

For immunofluorescence cells grown on coverslips were
washed once with PBS, fixed in —20° C methanol for 5 min, and
washed in PBS again. Incubation with 20 pl of a 1:100 dilution of
the primary antibody (monoclonal or polyclonal anti- hsp60) was
performed for 45 min at 37° C in a humid atmosphere. The cover-
slips were washed three times with PBS and incubated with 20 pul
of a 1:80 dilution of the appropriate FITC-labelled secondary anti-
body for another 45 min at 37° C. After extensive washing in PBS
coverslips were mounted with fluoromount (Southern Biotechnol-
ogy Association, Birmingham, USA) containing n-propyl gallate
to reduce photobleaching [6]. Specimens were investigated with a
Leitz Orthoplan microscope equipped with epifluorescence. Pic-
tures were taken on Ilford HPS film.



Fig. 2 Electron micrographs of a mitochondrion in the healthy
control fibroblasts (A), the COX deficient fibroblasts of patient P2
(B), and the hsp60 deficient fibroblasts of patient P1 (C) and P10
(D), respectively. Bar=0.5 um, insert 0.2 um

Fixation, contrast enhancement and embedding of the cells for
examination by electronmicroscopy were performed as described
previously [1].

To examine the effects of heat shock, fibroblasts were grown
on coverslips in 35 mm Petri dishes. For the shock the Petri dishes
were sealed with parafilm and placed for 15 min into a water bath
which had been prewarmed to 45° C. Covering with a glass plate
prevented floating of the dishes. After heat shock the dishes were
placed back into the incubator and DASPMI staining was started
either directly or at the time points indicated.

Results

In order to elucidate whether hsp60 deficient mitochondria
exhibit unique morphological features we investigated the
mt morphology in the two partially hsp60 deficient fibro-
blast cultures (P1 and P10 from [11]), in fibroblasts from
two other mt myopathy patients and in fibroblasts from a
healthy individual. The ‘control’ patient fibroblasts with
hsp60-independent pathogenesis were derived from a pa-
tient with cytochrome ¢ oxidase (COX) deficiency as the
only biochemical defect (P2 from [11]) and a patient with
the MELAS mutation (A to G transition at nt3243 in the
mt tRNALeu(UUR): PR from [11]), respectively.

Upon immunofluorescence staining of hsp60 the mito-
chondria in healthy control fibroblasts appear as small
beads which are arranged in strings spreading from the
perinuclear area to the cell periphery (Fig. 1A). A similar
pattern is observed in the COX deficient fibroblasts from
patient P2 (Fig. 1B) and in the cells from the MELAS pa-
tient P8 (not shown). In the hsp60 deficient fibroblasts
from the patients P1 and P10 the total number of mito-
chondria is decreased and many of the mitochondria have
an abnormal appearance. Some are much larger than in
the control cells and have a vesicle-like structure with the
fluorescence being restricted to the outer layer and the in-
ner matrix seeming empty (Fig. 1C). Others appear like
short strings or have formed larger aggregates (Fig. 1D).
In the culture derived from patient P1 the proportion of
aberrant mitochondria is very high and only few ‘normal’
mitochondria are left (Fig. 1C). The mitochondria of pa-
tient P2 are more heterogenous. In many cells normal and
aberrant organelles coexist (Fig. 1D). Other cells contain
exclusively aberrant or exclusively normal mitochondria.
Often the mitochondria are clustered in the vicinity of the
nucleus (Fig. 1D). This abnormal distribution is not due
to alterations of the cytoskeleton as the microtubules as
well as the microfilaments are perfectly normal in these
cells (unpublished observations).

On electron micrographs the mitochondria of the
healthy control cells appear as rod-like structures with
prominent cristac formed by the extensively folded inner



162

Fig. 3 Dimethylaminostyryl-1-
methyl-pyridinium iodide (DA-
SPMI) staining of the mito-
chondria in sparse cultures (A,
D, G), cultures which just
reached confluence (B, E, H),
and cultures which had been
confluent for two weeks (C, F,
I). Mitochondria in healthy
control cultures (A, B, C) do
not change their morphology.
Mitochondria in the hsp60 defi-
cient fibroblasts of the patients
P1 (D, E, F)and P10 (G, H, 1)
become more bead-like and de-
crease in number. Residual
thread-like mitochondria are
stained only faintly.

Bar=10 um

membrane (Fig. 2A). The mitochondria of the COX defi-
cient cells have the same overall appearance. However,
their matrix is more electron-dense so that the cristae are
less clearly visible. In contrast, in the hsp60 deficient fi-
broblast cultures of the patients P1 and P10 the cristae
are highly disarranged (Fig. 2C, D). Parts of the mito-
chondria are completely devoid of folded inner mem-
brane and other electron-dense material. These empty

Fig. 4 DASPMI staining of the mitochondria before a 15 min heat
shock at 45° C (A, D, G), right after the heat shock (B, E, H), and
1 h after heat shock (C, F, I). Mitochondria of healthy control cells
(A, B, C) as well as of the MELAS patient P8 (D, E, F) show no
alterations upon heat shock. Mitochondria of the hsp60 deficient
fibroblasts (G, H, I) do not incorporate the dye right after heat
shock (H) but have recovered partly 1 h later (I). Bar=10 gm
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parts are sometimes swollen to vesicle-like structures. In
some mitochondria the collapsed inner membrane forms
concentric rings (see insert Fig. 2D).

The consequences of hsp60 shortage in stress condi-
tions were tested by subjecting the cells to prolonged
confluence or heat shock, respectively. In these experi-
ments the mitochondria were stained in living cells using
the fluorescent dye DASPMI. Uptake of this dye by the
mitochondria is dependent on the presence of an electro-
chemical potential across the inner mt membrane which
is mainly generated as a proton gradient by the enzymes
of the respiratory chain [3]. Thus DASPMI is not only an
approach to study the morphology of the mitochondria
but is also a tool to analyse their functional integrity: on-
ly organelles with an intact inner membrane can take up
the dye and become stained.

In healthy fibroblasts DASPMI-stained mitochondria
appear as long thread-like structures (Fig. 3A). In the par-
tially hsp60 deficient cells some mitochondria are also
thread-like but usually shorter than in the control cells.
Many others show up as brightly stained vesicle-like struc-
tures as described earlier ([1] and Fig. 3D and G). Upon
prolonged growth and concomitant confluence of the cul-
tures, in the healthy control cells the number and morpho-
logy of the mitochondria were unaffected (Fig. 3A-C). In
contrast, in both hsp60 deficient cultures the number of mi-
tochondria per cell decreased and the proportion of cells
with mainly large vesicle-like mitochondria increased sig-
nificantly. The residual thread-like mitochondria were
stained only very faintly (Fig. 3D-F and G-1).

In a second set of stress experiments the cells were
subjected to a 15 min heat shock at 45° C. The integrity
of the mitochondria was studied either directly after the
heat shock or after recovery periods of 1 h and 24 h, re-
spectively. In healthy control fibroblasts (Fig. 4A-C), in
the fibroblasts of the MELAS patient P8 (Fig. 4D-F) and
in the COX deficient fibroblasts of patient P2 (not
shown) the mitochondria tolerated the heat shock very
well and appeared normal even when stained right after
the treatment. In contrast, in the hsp60 deficient cells the
mitochondria were unable to take up the dye right after
heat treatment (Fig. 4H). After 1h the mitochondria
could incorporate the dye again (Fig. 41), but only after
24 h was recovery complete (not shown). As was re-
vealed by electronmicroscopical analysis the ultrastruc-
ture of the mitochondria was not affected by heat shock
(results not shown). No major changes in morphology of
the mitochondria were observed when fibroblasts from
healthy controls, the COX deficient or the MELAS pa-
tient were subjected to heat shock. Neither did heat
shock induce additional distortion of the cristae array in
the hsp60 deficient fibroblasts.

Discussion

The first aim of our study was to find out whether partial
hsp60 deficiency is associated with unique morphologi-
cal alterations of the mitochondria. The two hsp60 defi-

cient fibroblast cultures (from patients P1 and P10, re-
spectively) were characterized by uneven distribution of
mitochondria and extremely aberrant mt morphology and
ultrastructure. The changes observed comprised swelling
of the mitochondria, disarrangement or complete ab-
sence of cristae and loss of electron-dense material from
the mt matrix. In contrast, in fibroblasts derived from a
patient with COX deficiency (P2) or a MELAS patient
(P8) we detected only minor aberrations of mt morpholo-
gy [this study and 17].

The morphological changes of the mitochondria in the
hsp60 deficient fibroblasts resemble those described for
mitochondria in muscle biopsies taken from mt myopa-
thy patients and in myoblasts depleted of mt DNA [10,
12, 18]. Unfortunately, we could not determine whether
similar mt aberrations were also present in muscle tissue
of the hsp60 deficient patients, since both patients had
died before our investigations were started and muscle
specimens were not available. Comparison of mt mor-
phology in fibroblasts and muscle tissue of the same pa-
tient would be very important as poor condition of mito-
chondria in fibroblasts might be indicative of highly ab-
errant mitochondria in muscle tissue.

As far as patient fibroblasts are concerned we are not
aware of any literature reports except those of our own
group about morphologically abnormal mitochondria.
Possibly, mt morphology is not studied routinely in pa-
tient fibroblasts although these cells are frequently used
for enzymatic analysis [16, 19, 21]. Alternatively, mor-
phological changes of the mitochondria may be less fre-
quent or less spectacular in cultured patient fibroblasts as
compared to muscle cells in situ. Indeed we found pro-
foundly altered mitochondria only in the hsp60 deficient
fibroblasts with multiple enzyme deficiencies but not in
the COX deficient or MELAS fibroblasts.We therefore
assume that the presence of morphologically aberrant
mitochondria is indicative of particularly severe impair-
ment of mt metabolism as caused by deficiency of
hsp60. This assumption is supported by results obtained
by Hayashi and co-workers who studied the morphology
of mitochondria carrying point mutations in mt tRNAs
[9]. They found that mt morphology was altered only in
cells with more than 90% mutated mtDNA and that the
morphological changes were always correlated with se-
vere metabolic defects of the organelles.

The second object of our study was to test whether
the lack of hsp60 renders the cells more vulnerable to
stress. In yeast it has been shown that hsp60 is not only
involved in protein folding but is also essential to prevent
protein denaturation in stress conditions [14]. Two ap-
proaches were used to address the problem of mt integri-
ty under stress: firstly, prolonged growth of the cells
when confluence of the cultures had been reached and
secondly, exposure of the cells to heat shock. In the
hsp60 deficient cells the suboptimal growth conditions as
encountered in confluent cultures were accompanied by
a decrease in the number of mitochondria which could
be stained with DASPMI. The proportion of cells with
mainly abnormally shaped mitochondria also increased



significantly. Residual ‘normal’ mitochondria showed
only weak fluorescence indicating a decline of the mem-
brane potential. Interestingly, heat exposure of the cells
revealed that hsp60 deficient mitochondria were not ca-
pable of accumulating DASPMI directly after heat
shock. Apparently, the membrane potential across the mt
membrane which is essential for uptake of the dye had
collapsed due to instability of the inner membrane. This
loss of inner membrane function was not accompanied
by further changes in ultrastructure as revealed by elec-
tronmicroscopic investigation. Moreover, the functional
deterioration of the inner membrane was transient since
after a recovery period of about 1 h a membrane poten-
tial was restored and the mitochondria could be stained
again. In both stress experiments control cells behaved
differently. Fibroblasts from healthy control individuals
showed under conditions of confluence neither loss of
mitochondria nor the formation of abnormally shaped or-
ganelles. Also, right after heat shock the mitochondria of
the control fibroblasts as well as those of fibroblasts
from the COX deficient patient and the MELAS patient
retained the ability to accumulate DASPMI. Moreover,
the mitochondria of these cells did not swell or fuse to
large round structures nor did they redistribute to the
perinuclear area as described for mitochondria of heat
shocked chicken embryo fibroblasts [4]. Also their ultra-
structure was unaffected by heat shock.

In summary, the mitochondria in the fibroblast cul-
tures with partial deficiency of hsp60 showed significant
morphological alterations which probably reflect the se-
verely altered mt metabolism of these cells. The stress
tolerance of the cells was markedly decreased which is
possibly a direct result of shortage of the protecting stress
protein hsp60. As morphology and stress tolerance of the
hsp60 deficient mitochondria differed significantly from
mitochondria with other defects these features may be
helpful in the diagnosis and characterization of mt disor-
ders of unknown aetiology. Moreover, the low stress tol-
erance of the fibroblasts in vitro may implicate increased
vulnerability of affected patients to stress in form of
strenuous exercise, infection or fever. Future studies will
concentrate on the effects of stress conditions on mt func-
tions like the activities of various mt enzymes.
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