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Abstract. Rat heart myocytes undergoing progressive
damage demonstrate morphological changes of shorten-
ing and swelling followed by the formation of intracellu-
lar vacuoles and plasma membrane blebbing. The
damaged myocytes displayed impaired N,N’-tetra-
methyl-p-phenyldiamine (TMPD) ascorbate-stimulated
respiratory activity which was restored by the addition of
reduced cytochrome c to the cell culture medium. To
clarify the role played by cytochrome ¢ in the impairment
of cell respiration, polarographic, spectrophotometric
and fluorescence as well as electron microscopy imaging
experiments were performed. TMPD/ascorbate-stimu-
lated respiratory activity returned to control levels, at
approximately 20 uM cytochrome c, establishing the
threshold below which the turnover rate by cytochrome

¢ oxidase in the cell depends on cytochrome concentra-
tion. Mildly damaged cardiac myocytes, as indicated by
cell shortening, retention of visible striations and free-
fluorescein exclusion, together with the absence of lactate
dehydrogenase leakage and exclusion of trypan blue,
were able to oxidize exogenous cytochrome ¢ and were
permeable to fluorescein-conjugated cytochrome c. The
results, while consistent with an early cytochrome c
release observed at the beginning of cell death, elucidate
the role played by cytochrome c in the kinetic control of
mitochondrial electron transfer under pathological con-
ditions, particularly those involving the terminal part of
the respiratory chain. These data are the first to demon-
strate that the sarcolemma of cardiac myocytes, damaged
but still viable, is permeable to cytochrome c.
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Introduction

Located in the mitochondrial intermembrane space, cy-
tochrome c is a hydrophilic protein which donates elec-
trons to cytochrome ¢ oxidase (EC 1.9.3.1, CCOX), the
terminal acceptor of the respiratory chain [1-3]. Cell
respiration is responsible for the formation and mainte-
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nance of the mitochondrial proton electrochemical gra-
dient, Apy, ., , used by the cell to drive ATP synthesis [4]
and to maintain cell viability. In vitro experiments have
shown that despite the high rates of CCOX oxidation
[k'=10% 10° s—!; ref. 5], the reduction of CCOX is a
slow process with apparent rate constant values ranging
from 10~ ! to maximally 10> s —! [6, 7]. The mechanism
of control of CCOX reduction is a matter of intensive
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study; as proposed, it appears to involve either an
intrinsically slow intramolecular electron transfer from
the electron entry to the O,-binding site of CCOX [6] or
a slow HT diffusion to the O,-binding site [7, 8].
Regardless of the mechanism, the reduction rate corre-
lates well with the CCOX turnover number under all
conditions explored, including purified and phospho-
lipid-reconstituted CCOX [6, 9, 10].

A number of studies based on the specific inhibition of
the different respiratory chain components have sug-
gested that the electron flux control coefficient of
CCOX can be relatively low [11-13]. In contrast, exper-
iments carried out using either intact cultured human
wild-type cells or mitochondrial-DNA-mutation-carry-
ing human cell lines have suggested a tighter in vivo
control of respiration by CCOX [14-16]. If this is the
case, then availability of cytochrome ¢ and O, may
become relevant to the mitochondrial respiratory con-
trol function over and above that exerted at the level of
CCOX. Kinetic spectroscopic experiments [17] with in-
tact myocytes have demonstrated that under normal
physiological conditions, the high concentration of re-
duced cytochrome c in the intermembrane space [18]
and the favorable electron transfer efficiency to cy-
tochrome oxidase are both incompatible with the dona-
tion of electrons from cytochrome c to oxidase as the
rate-limiting step of the oxygen reduction cycle [19].
Furthermore, the diffusion-limited rate of reaction with
O, excludes the possibility that O, supply is rate limiting
under normal cell oxygenation conditions, even if the
Ky of CCOX for O, is higher in vivo than in vitro [20].
Cytochrome ¢ loss from mitochondria and cells occurs
in pathologic situations, including activation of the cell
apoptotic program [21]. Moreover, early cytochrome ¢
release has been detected in the perfusate of ischemic
guinea pig hearts [22], and the cytochrome ¢ stimulation
of respiration by skinned muscle fibers isolated from
ischemic rat hearts suggests a loss of cytochrome ¢ from
mitochondria [23].

With this in mind, we have asked whether electron
transfer between cytochrome ¢ and oxidase might be-
come rate limiting early in the cascade of cardiac my-
ocyte damage. We have therefore investigated if isolated
rat cardiac myocytes, damaged but still viable, became
permeable to exogenous (externally added) cytochrome
¢ and whether their mitochondria were able to oxidize
cytochrome c. Primary cultures of rat heart myocytes
were employed to examine cell respiration, cell perme-
ability to cytochrome ¢, and cytochrome ¢ oxidation
using spectroscopic and imaging techniques.

Materials and methods
Myocyte isolation. Cardiac myocytes were isolated as
previously described [24] with minor modifications.

Myocyte damage and cytochrome ¢ permeability

Sprague Dawley rats were anesthetized intraperitoneally
with 3% pentobarbital, and heparinized with 0.5 ml
heparin (1000 units/ml). During anesthesia, the heart
was isolated and cannulated via the aorta and perfused
in a retrograde direction for 1 min with Ca?™* -free
Hepes-buffered minimal essential medium (MEM at
35 °C), gassed with 85% O, and 15% N, at a flow rate
of 8 ml/min. Hepes-MEM pH 7.3 contained 117 mM
NaCl, 5.7 mM KCI, 1.5 mM Na,PO,, 1.7 mM MgCl,;
20 mM Hepes, amino acids and vitamins; 5.4 mM
glucose, 4 mM L-glutamine, 10 mM taurine, and 4 mM
NaHCO; were also added to the medium. Perfusion
with Hepes-MEM, containing collagenase 0.05% (w/v)
at 35 °C was then carried out for 20-30 min, after
which the heart was removed and cut into pieces, in 10
ml Hepes-MEM containing 1 mM CaCl, and 0.5%
(w/v) bovine serum albumin (BSA) to which 0.1% (w/v)
collagenase (type 2 from Boehringer Mannheim) had
been added. The tissue was then incubated for 10 min in
a shaking water bath at 37 °C; the resulting superna-
tant contained dispersed myocytes and was centrifuged
at 35 g for 2 min, at room temperature. The pellet was
washed three times by centrifugation at 35 g. Myocytes
were used after fractionation on an isotonic Percoll
(Pharmacia, Uppsala, Sweden) gradient containing
0.25% (w/v) BSA at 52 g for 10 min, at room tempera-
ture. Rod-shaped myocytes were collected in the pellet
while damaged cells and subcellular particles layered at
the surface. The rod-shaped myocytes were further
washed twice using Hepes-MEM (see above), and were
diluted to a density ranging between 5 and 1 x 10° cells
ml~! (stock suspension).

Myocytes were suspended in Hepes-MEM supple-
mented with 0.5% BSA or in phosphate-buffered saline
(PBS) Dulbecco’s, thermostated at the temperature spe-
cified in the text. Unless otherwise stated, during the cell
degeneration experiments, myocytes were gently shaken
in air avoiding evaporation. A total of 17 different
myocyte preparations were used for oxygraphic and
cytochrome ¢ oxidation experiments. Simultaneous
measurements of respiration, cytochrome c¢ oxidation,
and morphology (light and fluorescence microscopy)
were performed on four preparations; one included cell
sampling for electron microscopy and lactate dehydro-
genase (LDH) determination.

Microscopic observation. Immediately after preparation
or at different stages of aging, myocyte samples were
fixed using 10% (w/v) formalin in Na-cacodylate buffer,
and processed for electron microscopy. Specimens were
observed using a Jeol 100 CX-II (Jeol, Tokyo, Japan)
electron microscope operated at 80 KeV. Grids were
stained with lead citrate. Light microscopic observa-
tions and cell counts were carried out using a Nikon-
TMS microscope equipped with a Neubauer
hemocytometer chamber (Sigma, St. Louis, MO, USA).
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The ability of myocytes to exclude trypan blue (TB) was
assessed as described elsewhere [25].

Preparation of fluorescein-conjugated cytochrome c. One
milliliter of fluorescein isothiocyanate (1.0 mg/ml in
10% dimethylsulfoxide in 0.1 M carbonate/HCI buffer
at pH 9.0) was added dropwise over 10 min to 10 mg/ml
of cytochrome c in the same carbonate/HCI buffer. The
reaction occurred over 5 h at room temperature. The
reacted product was passed through a G-25 column
equilibrated with Krebs’ solution at pH 7.4. Fluores-
cein-cytochrome ¢ was separated in the void volume. A
spectrum confirmed the presence of fluorescein-cy-
tochrome c at a concentration of 260 uM [26].
Incubation with myocytes. Cardiac myocytes were incu-
bated with 110 uM fluorescein-cytochrome ¢ for 10 min
at room temperature. Cells were centrifuged, the super-
natant discarded, and the cells resuspended in Krebs’
buffer and placed on a glass coverslip.

Fluorescence imaging. As previously described [27, 28],
the basic components of the imaging system consist of
an inverted epifluorescence microscope (Nikon Di-
aphot) equipped with a 75 W Xenon lamp, a Nikon CF
Fluor 40 x /1.3 oil immersion objective, a fluorescence
excitation filter wheel (Metal Tek) coupled to an addi-
tional filter wheel (Metal Tek) holding a variety of
neutral-density filters, a computer-controllable excita-
tion light shutter, and a cooled CCD camera (Princeton
Instruments) with a frame transfer chip (EEV-37) and
12-bit readout. The emitted fluorescence signal is re-
layed as real-time continuous output to an IBM PC/
AT-compatible clone and the image pairs were collected
on a Sierra Pinnacle Micro optical disc drive (1.3
GByte). The imaging work station is controlled using
the Metafluor/Metamorph software package (Universal
Imaging). For disodium fluorescein and fluorescein-con-
jugated cytochrome c experiments, images were ob-
tained at 490 nm excitation with emission at 520 nm
and an exposure time of 500 ms. To minimize photo-
bleaching and photodynamic damage to the cells, a
neutral-density filter was coupled to the excitation filter
to minimize the transmitted excitation light to 10%. The
fluorescence excitation was shuttered off, except during
the brief period required to record an image. To correct
for intrinsic autofluorescence and background, images
were obtained using the experimental acquisition
configuration on isolated myocytes not exposed to
fluorophore and these counts were subtracted from the
fluorescence images. Thirty minutes after isolation, my-
ocytes (~ 75% intact rod and the rest rounded, pre-
dominantly TB negative) were exposed to either
disodium fluorescein (11 uM) or fluorescein-conjugated
cytochrome ¢ (110 pM) for 10 min. An aliquot of these
myocytes was placed on a coverslip prepared with Cell
Tak and washed with Krebs’ buffer. The coverslip was
then placed in a plastic chamber which fit on the stage
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of the inverted epifluorescence microscope. An area
consisting of numerous myocytes was identified under
transmitted light and recorded on the imaging system
prior to obtaining a fluorescence image of the same
area.

Polarographic assay. O, consumption activity of my-
ocytes was measured using a Clark-type oxygen elec-
trode (Ysi Model 5300,Yellow Springs, Ohio) equipped
with a microvolume (600 pl) thermostated cell (Model
600 A, Instech. Lab., Horsham, Pa.). The assay was
carried out at 20 °C, to minimize temperature-depen-
dent high oxidation rates of reductants; the baseline was
recorded in the presence of air-equilibrated PBS Dul-
becco’s medium supplemented with 5.4 mM glucose,
containing 5 mM Na-ascorbate and 2 mM N,N'-te-
tramethyl-p-phenylenediamine (TMPD), and 2 x 10°
cells ml—!. Cytochrome ¢ at the given concentrations
(see text) was added when approximately 25% oxygen
was consumed. The ability to oxidize exogenous cy-
tochrome c (see below) as well as the respiratory activity
were fully inhibited by the addition of millimolar
cyanide.

Spectroscopic assay. Static and kinetic measurements
were carried out using a Cary 219 spectrophotometer
(Varian, USA). A 2 mM stock solution of reduced
cytochrome ¢ was prepared using excess Na,S,0,
(sodium dithionite). Excess reductant was removed
chromatographically by passage through a Sephadex
G25 column (15 x 2.0 cm). This solution was kept re-
frigerated under nitrogen, for a maximum of 2 weeks.
Unless otherwise stated, myocytes to a final density of
1 x 10* cells ml—' were rapidly added to a cuvette
containing reduced cytochrome ¢, 20 pM, in PBS Dul-
becco’s supplemented with 5.4 mM glucose. The time
course of cytochrome ¢ oxidation was followed at 550
nm, where the extinction coefficient of the reduced
minus oxidized cytochrome ¢ is 18.5 mM ~! cm —! [29].
Initial rates of cytochrome c¢ oxidation (V,) were
measured.

LDH activity of the cell suspension (2 x 10° ml—!) was
measured according to Shirhatti and Krishna [30], using
the diagnostic kit from Sigma (St. Louis, Mo.)
(DG1340-K) and results were expressed as mIU ml—!;
100% LDH activity was determined by treating cells
with 0.2% Triton X100 (15 min), and set at 100 mIU
ml~!. Horse heart cytochrome c (type VI, Sigma) was
used for all experimental purposes, including fluorescein
conjugation. All other chemicals were of the purest
analytical grade available.

Results

The respiratory activity of intact, freshly prepared my-
ocytes was 166 nmol of O, consumed per minute (fig.
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Figure 1. Oxygen consumption by intact (left trace) and damaged
(right trace) myocytes (representative data). Cells, 2 x 10° ml !,
were assayed immediately after preparation ( ~ 100% rod) or after
incubation for ~ 300 min at 20 °C in PBS Dulbecco’s. Assay
medium: Na-ascorbate 5 mM and TMPD 2 mM; cytochrome ¢ 20
UM was added as indicated; 100% air O, ~ 280 uM. Chamber
volume = 0.6 ml, T =20 °C.

1). The addition of cytochrome ¢ during the reaction
had no effect on the rate of O, consumption of intact,
freshly prepared myocytes (fig. 1). After 300 min of
incubation in PBS Dulbecco’s (see Materials and meth-
ods), the same myocytes consumed 94 nmol O, per
minute; this value increased to 168 nmol O, per minute
following the addition of 20 uM cytochrome c (note the
change in slope upon the addition of cytochrome c at
the arrow; fig. 1).

The dependence of myocyte respiratory activity on the
concentration of exogenous cytochrome c was deter-
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Figure 2. Dependence of the rate of oxygen consumption on the
concentration of externally added cytochrome c. Cells, 2 x 10°
ml~ ', incubated for 300 min at 20 °C in PBS Dulbecco’s were
supplemented directly in the O, electrode vessel with reduced
cytochrome c. All other assay conditions as in figure 1 (details in
Materials and methods).
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Figure 3. (4) Time-dependent development of cytochrome-c-oxi-
dizing ability (@) and leakage of LDH (A). Cells were gently
shaken at 20 °C in PBS Dulbecco’s and, at increasing aging time
after Percoll treatment, cytochrome c oxidation activity was mea-
sured at 550 nm (1 x 10* cells ml~!, in the assay). The point
indicated (arrow) with an open square refers to myocytes sub-
jected to a second Percoll fractionation (see text). (B) Cell viabil-
ity measured in parallel. The inset shows variation in the
TB + / — ratio as a function of time. (C) Morphologic (H) and
respiratory changes (O). Percoll-treated myocytes were incubated
at 20 °C; the microscopic observations and the oxygraphic mea-
surements were carried out in parallel at the given times, using a
Neubauer hemocytometer chamber and the polarographic proto-
col described in Materials and methods.

mined after 300 min incubation; as shown in figure 2,
saturation was achieved at approximately 20 pM cy-
tochrome c. At 300 min, the cell respiratory index
(CRID), i.e., the ratio of the rate observed in the presence
and absence of 20 UM cytochrome ¢, was ~ 1.7 ( CRI
of freshly prepared intact myocytes set at 1).

Exogenous cytochrome ¢ was not oxidized at cell incu-
bation time t =0, t/2 > 1000 s; however, following 300
min of incubation, cytochrome ¢ was oxidized at a rate
of V, =6 pM min—" (fig. 3A). The isolated intact cells
(time =0) had a rod-shaped morphology with well-
defined striations by light microscopy and clearly
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demonstrated sarcomere structure by electron mi-
croscopy (fig. 4A); the supernatant of this cell suspen-
sion (2 x 10° ml—!) displayed ~ 1.5 mIU ml—! LDH
activity and cells excluded TB (fig. 3B). At time t = 300
min, 80-90% of the cells were rounded and vacuolated
by light microscopy and demonstrated disrupted sar-
comere structure and intra- and extracellular aggregates
of swollen mitochondria indicative of necrosis (fig. 4C).
As shown in figure 3A, LDH activity in the cell super-

5

Figure 4. Electron micrographs of cardiomyocytes at different
stages of aging. (4) Longitudinal section of fully viable rod cells
obtained after Percoll treatment, time =0; x 15,000. (B) Trans-
verse section of rounded myocytes, time = 30 min; x 15,000. (C)
Highly damaged myocytes containing mitochondrial aggregates,
time = 300 min; x 7500.
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natant remained constant and low for about 180 min,
increasing thereafter by more than a factor of 20 at 320
min incubation; at this time, close to 100% of the cells
were TB positive.

The time dependence of the increase in stimulation of
O, consumption induced by exogenous cytochrome c
was essentially identical to that of the change in cell
shape from rod to rounded (fig. 3C) but apparently
unrelated either to the onset of positivity to TB (fig. 3B)
or to the detection of a significant LDH leakage (fig.
3A). At 30 min following cell isolation, the mitochon-
dria begin to appear swollen without the characteristic
cristae observed in intact mitochondria (fig. 4B). The
onset and progress of the susceptibility of exogenous
cytochrome c to oxidation by the cells (fig. 3A) followed
more closely the time sequence observed in CRI and cell
morphology (fig. 3C). The initial rate of cytochrome c
oxidation (V,) increased almost linearly with time, from
V,=0.5to 5.8 uyM min—"! at 10 and 300 min, respec-
tively. The increase in TB-positive (necrotic) cells as a
function of time, as well as the ratio of the TB-positive
to TB-negative-rounded (i.e., rod-excluded) cells, is
shown in figure 3B and inset. At early stages (up to 30
min), the microscopic observations showed a predomi-
nance of rounded cells, still TB negative. Within the
following 100 min, the number of TB-positive cells
remained constant, increasing abruptly thereafter (fig.
3B and inset). Over the same period of time, i.e., after
120—150 min incubation, LDH release was also con-
stant and low. In contrast, the ability of cells to oxidize
cytochrome c increased almost linearly with time; round
myocytes which were predominantly TB~ were found
to be permeable to fluoresceinated cytochrome c (see
below).

As mentioned above, with time the morphology of the
cells changed from rod to rounded. Aggregates of dam-
aged mitochondria, mostly within the cell, though later
(t>220 min) also outside the more severely damaged
cells, were observed. For this reason, a second Percoll
fractionation was carried out at the latest stage of
incubation, and aggregate-free cells re-assayed for cy-
tochrome ¢ oxidation (fig. 3A). The aggregate-free cells
actively oxidized cytochrome c proving that most of the
oxidative activity detected is inside the cells.

Figure 5 confirms the entry of cytochrome c into (round
TB~) myocytes ~ 30 min after their isolation. Cells
were exposed to either fluorescein-conjugated cy-
tochrome c (fig. 5A, B) or disodium fluorescein (fig. 5C,
D) viewed with a x 40 oil immersion fluor objective. A
correlation between the extent of cell damage, assessed
visually, and the fluorescence signal is apparent in the
myocytes exposed to fluorescein-conjugated cytochrome
c: the more structurally sound the myocyte, the lower
the fluorescence signal. This observation is consistent
with the hypothesis that damaged myocytes become



1066 P. Sarti et al

Myocyte damage and cytochrome ¢ permeability

Figure 5. Fluorescence (4, C) and transmitted-light (B, D) images of isolated myocytes viewed with a x 40 oil fluor objective. The gray
scales are the same in 4 and C. (4, B) Myocytes exposed to fluorescein-conjugated cytochrome ¢ for 10 min: the fluorescence pattern
emerging from this procedure is increased fluorescence with decreased cell viability. (C, D) The opposite pattern is seen with myocytes

exposed to free fluorescein.

permeable to cytochrome ¢ quite early (30 min after
isolation) as suggested by the onset of stimulation of O,
consumption which follows the addition of exogenous
cytochrome c (fig. 3). In contrast, exposing myocytes to
free disodium fluorescein yields the opposite result (fig.
5C vs 5D): the most damaged cell in the field (rounded
cell in upper left-hand corner) has the lowest fluores-
cence, while the intact myocytes have the most fluores-
cence. This observation is consistent with the
interaction of fluorescein compounds with the surface
of cells showing varying degrees of viability: the less
viable the cell, the less free fluorescein is attached and
the lower the fluorescence signal [31].

Discussion

The addition of reduced cytochrome ¢ to the medium of
respiring intact myocytes did not alter the observed rate
of O, consumption. A markedly different behavior was
observed in cells with morphological alterations sugges-

tive of cell damage, like round shrunken cells. In a
time-dependent manner, these myocytes became sensi-
tive to externally added (reduced) cytochrome c. The
progressively damaged cells, predominantly TB nega-
tive, and carefully separated from cell fragments, dis-
played (i) a depression in ascorbate/TMPD-stimulated
oxygen consumption, (ii) the ability to oxidize exoge-
nous cytochrome c, (iii) stimulation of respiration by
exogenous cytochrome c, and (iv) permeability to
fluorescein-conjugated cytochrome c. All these features
developed synchronously and correlated with the onset
and extent of early cell damage, independently assessed
by light/fluorescence and electron microscopy. Over a
longer time scale, as cell injury became more severe,
leakage of LDH and a response to vital staining
appeared.

To focus on the appearance of cell sensitivity to cy-
tochrome c and related kinetic behavior at the level of
CCOX, we have carried out polarographic experiments
using ascorbate and TMPD, cell-permeable electron
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Figure 6. Electron flux through terminal part of respiratory chain. Step 5 is included for completeness though catalytically irrelevant

(ks=2 s~ ! to be compared with k; =100 s~ !;
from TMPD to cytochrome oxidase.

donors [17]. These reductants, bypassing the bc, com-
plex, allow one to probe failures of electron flow
through the terminal part of the respiratory chain,
particularly if they are related to a critical loss of
cytochrome c, their primary redox target. In the pres-
ence of ascorbate and TMPD, the spontaneous rate of
respiration of intact myocytes is maximal and sustained
by close to 100% reduced cytochrome ¢ which efficiently
transfers electrons to cytochrome c¢ oxidase [17]. When
assaying intact myocytes in the presence of excess re-
ductants, because of the abundance of endogenous cy-
tochrome c [18] and in the presence of excess oxygen
(air medium), the bimolecular collision with reduced
cytochrome ¢ on one side (k,=1x 10" M~!' s~!) and
oxygen on the other (k, =1 x 108 M~! s~ 1), will never
limit the rate of oxygen reduction [2, 32]. Under these
conditions, in fact, the limiting step of O, reduction is
internal to cytochrome oxidase, proceeding at (maxi-
mally) a few tens per second, a rate which has been
assigned to either a slow proton diffusion to [7, 8], or an
intrinsically slow electron transfer to/within [6, 9] the
O,-reducing site.

Why should the addition of exogenous reduced cy-
tochrome c¢ increase the respiratory rate of damaged
myocytes? The description with five irreversible steps of
the overall electron flux from the donors to oxygen, via
cytochrome ¢ and cytochrome ¢ oxidase, can help to
rationalize this finding (fig. 6).

In this simplified kinetic scheme, cytochrome oxidase,
which contains four redox-competent sites [including
three coppers and two heme irons; ref. 33], is treated as
a redox unit through which electrons are transferred to
oxygen at k; (step 3). According to this minimal scheme
and the kinetic rate constant values (table 1), one can
predict that the reduction of cytochrome oxidase by
cytochrome ¢ may be limiting when the concentration
of reduced cytochrome c at the catalytic site of cy-
tochrome oxidase falls below 10 pM [19, 32]. The results
in figure 2 reporting a saturation value of 20 pM exoge-

see table 1, and references therein) and accounts for the direct slow electron transfer

nous cytochrome ¢ observed at the latest stage of dam-
age, i.e., when most of the endogenous cytochrome c is
displaced from the intermembrane space of mitochon-
dria, are consistent with this theoretical critical concen-
tration value. Thus, below 10-20 puM reduced
cytochrome c, the rate of electron transfer from cy-
tochrome ¢ to cytochrome oxidase (step 2 in the
scheme) will proceed even more slowly than the intracy-
tochrome oxidase electron transfer, making CCOX ac-
tivity rate limited by the electron supply. If the whole
respiratory process can also be rate limited by a com-
parable loss of cytochrome c in the absence of ascorbate
and TMPD bypassing electrons to CCOX, this cannot
be inferred from our data and needs to be assessed
independently. Thus, the appearance of sensitivity to
exogenous cytochrome c¢ in damaged (rounded) but
viable (minimal LDH leakage, TB-negative) myocytes

Table 1. Kinetic rate constants of the reaction depicted in the
scheme in figure 6.

Step Rate constants Reference(s)
bi molecular mono molecular
ky M7's™h k(57

12 >5.0x 10% >100

2 1.0x 107 2000° 32, 36

3 - 100 19, 32

4 1.0x 108 30,000 19, 32

5 1.3x103 2 37

The number of electron transfer events per time unit, i.e., the
monomolecular rate constants are calulated from the bimolecular
constants (k,, =k, x[]) assuming [O,] =280 pM, [cytochrome ¢
2+4]1=200 uM, and [TMPD] =2 mM.

# Inferred from the (fully reduced) redox level of cytochrome c
observed under similar experimental conditions [17].

b Notice that when the cytochrome ¢ concentration <10 uM, the
reduction of cytochrome oxidase by cytochrome c (step 2 in the
scheme) occurs at k,, <100 s~!, i.e., a rate comparable or slower
than the internal electron transfer rate within cytochrome c
oxidase (step 3 in the scheme).
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suggests that in these cells, the concentration of cy-
tochrome c available in situ to reduce cytochrome oxi-
dase has fallen below 10-20 pM. The early changes in
mitochondria structure such as swelling, leading to dilu-
tion and possibly variation in the inner membrane
affinity for cytochrome c, together with the permeabi-
lization of the sarcolemma and mitochondrial outer
membrane may explain the critical decrease in cy-
tochrome ¢ concentration at the catalytic site.

At which stage of damage does the sensitivity to cy-
tochrome ¢ appear, and how does it correlate with cell
viability? A clearcut answer to this question is not
provided by our results. However, the observation that
the sensitivity to exogenous cytochrome ¢ develops with
early changes in myocyte shape, while a significant
fraction of cells still do not release LDH significantly
and are TB negative, suggests that the cell sarcolemma
becomes permeable to cytochrome c quite early in the
cascade of cell degeneration events. This finding is con-
sistent with a differential permeation of different
molecules at different degrees of plasma membrane
damage [34], a condition that in this particular case can
be tentatively explained on the basis of the structural
properties of cytochrome ¢ which is an extrinsic mem-
brane protein (it sticks on membranes), positively
charged at the experimental (physiologic) pH of 7.3
(downhill, electrophoretic cell internalization) [35].

In conclusion, exogenous reduced (by external reduc-
tants) cytochrome c¢ can stimulate mitochondrial func-
tion in damaged cells and reach cytochrome oxidase in
the mitochondrion at an early stage of damage not
detectable by vital staining or LDH leakage, restoring
to some extent the impairment of cell oxygen consump-
tion. The data are consistent with a theoretical analysis
which predicts, at the level of the terminal part of the
respiratory chain, the shift of the rate-limiting step from
cytochrome oxidase to cytochrome ¢ under pathological
circumstances where the concentration of cytochrome c
falls below a critical threshold. The results do not
identify the stage of myocyte damage at which cy-
tochrome c¢ sensitivity appears, nor do they clarify
whether cytochrome ¢ permeability and loss marks an
irreversible event leading to cell death. In this respect, it
will be of particular interest to verify whether the onset
of sensitivity lags behind, antedates, or occurs within
the apoptotic cell pathway.
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