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Cytotoxicity associated with pathophysiological Ca®>* over-
load (e.g. in stroke) appears mediated by an event termed the
mitochondrial permeability transition (mPT). We built and
solved a kinetic model of the mPT in populations of isolated rat
liver mitochondria that quantitatively describes Ca®*-induced
mPT as a two-step sequence of pre-swelling induction followed
by Ca*-driven, positive feedback, autocatalytic propagation. The
model was formulated as two differential equations, each directly
related to experimental parameters (Ca?* flux/mitochondrial
swelling). These parameters were simultaneously assessed using a
spectroscopic approach to monitor multiple mitochondrial prop-
erties. The derived kinetic model correctly identifies a correlation
between initial Ca>* concentration and delay interval prior to mPT
induction. Within the model’s framework, Ru-360 (a ruthenium
complex) and Mg>* were shown to compete with the Ca®*-stimu-
lated initiation phase of mPT induction, consistent with known
inhibition at the phenomenological level of the Ca>* uniporter.
The model further reveals that Mg2+, but not Ru-360, inhibits
Ca**-induced effects on a downstream stage of mPT induction at a
site distinct from the uniporter. The analytical approach was then
applied to promethazine, an FDA-approved drug previously shown
to inhibit both mPT and ischemia-reperfusion injury. Kinetic anal-
ysis revealed that promethazine delayed mPT induction in a man-
ner qualitatively distinct from that of lower concentrations of
Mg?*. In summary, we have developed a kinetic model to aid in the
quantitative characterization of mPT induction. This model is con-
sistent with/informative about the biochemistry of several mPT
inhibitors, and its success suggests that this kinetic approach can
aid in the classification of agents or targets that modulate mPT
induction.

Cytotoxicity resulting from pathological insults, such as car-
diac ischemia-reperfusion injury, stroke (1), and excitotoxicity
(2, 3),is known to involve both pathophysiological rises in intra-
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cellular Ca®>* concentration and a mitochondria-associated
process. These events have been hypothesized to be linked bio-
chemically, because mitochondria are a major site for Ca®"
sequestration, normally absorbing excess cytosolic Ca®"
through the Ca®" uniporter (which is driven by the membrane
potential Ag,)? and releasing it via the Na®/Ca®>" and
Ca®"/H™ exchangers, resulting in a slow, continuous cycling of
Ca®" across the inner mitochondrial membrane. Experiments
in multiple laboratories have provided evidence that a specific
mitochondrial event triggered by Ca®"-overload, the mito-
chondrial permeability transition (mPT), might play causative
roles in cell death in the presence of the above and other path-
ological insults (4—7). These and related studies have further
suggested that inhibition of the mPT might have potential ther-
apeutic utility.

The mPT has been classically defined in isolated liver mito-
chondria as the cyclosporin A-sensitive, Ca®*-mediated forma-
tion/opening of an mPT pore (mPTP) in the inner mitochon-
drial membrane, allowing free diffusion of water and solutes
under 1500 daltons and subsequent large amplitude swelling of
mitochondria and release of their sequestered Ca*>* (8-11).
From a kinetic point of view, at least three conceptually distinct
phases must be resolved during the mPT induction: (i) the ini-
tiation phase, which includes the initial intake of excess Ca*"
via the Ca®>™" uniporter; (ii) the “lag” phase, during which Ca**
cycling induces or accompanies a series of reactions in
mitochondria (e.g. the pore constituents are recruited and pos-
sibly assembled); and (iii) the propagation or termination
phase. This final phase is associated with a decrease in mem-
brane potential observable at the population level, release of
mitochondrially sequestered Ca®>" (and a resultant increase in
the steady-state Ca®>* concentration in the medium, which
consequently fuels subsequent Ca®>* uptake by the remaining
intact mitochondria, creating a positive feedback loop for dam-
age propagation), final pore assembly, and pore opening. These
events result in the loss of integrity of the inner mitochondrial

2 The abbreviations used are: Ag,,, mitochondrial membrane potential; mPT,
mitochondrial permeability transition; mPTP, nPT pore; TMIRM, tetrameth-
ylrhodamine methyl ester; A[Ca®"], change(s) in Ca?* concentration;
[MH],, a population of active, unswollen mitochondria; [MH], an interme-
diate state; [MH],, a population of inactive (swollen) mitochondria; [Ca®*1;,
Ca?* added to the assay medium; [Ca®*],,, extramitochondrial Ca®*;
[Ca®*],, Ca®" absorbed by mitochondria.
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membrane, uncoupling of oxidative phosphorylation, and
mitochondrial swelling. Notably, at least under conditions in
which the concentration of added Ca®" is relatively low, the
termination phase appears to be very short relative to the lag
phase when considered at the population level (i.e. at the level
typically observed experimentally). Thus, we do not further
consider the termination phase in our kinetic model.

Thus, the mPT induction may be kinetically described
(under low Ca** conditions only) as having only two phases,
the initiation phase and the lag phase, where the latter is
described as the period after the initiation phase and before
mitochondrial swelling. In this model, the actual swelling event
(step iii above) is all-or-none and takes place nearly instanta-
neously for each individual mitochondrial particle. Both the
initiation and lag phases are complex reactions that involve a
multitude of parallel and interrelated processes (e.g. calcium
cycling, pyridine nucleotide oxidation, oxidation of other com-
pounds, membrane changes, etc.). Systematic kinetic studies
should allow valuable insight into details of these processes and,
in particular, how they are altered by compounds or conditions
that modulate mPT induction.

Interpretation of kinetic data requires an appropriate kinetic
model. There are two conceptually distinct (and complemen-
tary) approaches to building useful kinetic models of mPT
induction. One approach leans heavily on theory and a priori
knowledge of the molecular processes during the mPT induc-
tion and attempts to describe it in the greatest possible detail by
accounting for all physico-chemical and biochemical processes,
including, but not limited to, Ca>* homeostasis, mitochondrial
respiration, substrate transfer, energy utilization, substrate
concentrations, and cofactor concentrations. To our knowl-
edge, the most comprehensive attempt in this direction was
made by Pokhilko et al. (12). The utility of any model of this
class, however, is intrinsically limited by our current lack of
sufficiently detailed information and knowledge about the sys-
tem and all of its components and their interactions. An alter-
native approach, which is utilized in the present work, is to
build an empirical kinetic model that involves a minimal num-
ber of parameters and yet is capable of describing the experi-
mental kinetic data (i.e. a “minimal kinetic model”). Massari
(13) used a simple, first order kinetic model to describe the
swelling of mitochondria subsequent to exposure to phenylars-
ine oxide, a strong thiol oxidant, or to high levels of calcium.
Krasnikov et al. (14) expanded this analysis to describe param-
eters other than swelling but otherwise retained the first order
kinetic model developed by Massari (13) and did not utilize
information from multiple data acquisition channels. However,
the first order kinetic models developed by Massari (13) and
used by Krasnikov et al. (14) are only applicable at saturating
concentrations of Ca>" and fail to account for the lag phase
often observed at lower, more (patho)physiologically relevant
Ca®" concentrations.

The present study formulates a “minimal kinetic model” of
the mPT that involves a minimal number of parameters (i.e. the
number of parameters in the model cannot be reduced without
loss of information) so as to reduce complexity and reduce the
possibility of “overfitting” the data. The model is based on the
data obtained from experimental studies of isolated rat liver
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mitochondria and defines the intrinsic rates of change that
describe the coordinated changes in Ca®>* concentration in the
assay medium ([Ca®*],,) and swelling. Specifically, we simul-
taneously measured the kinetic evolution of these two parame-
ters during the mPT and then used these data as the basis for
our model. Ca®>" fluxes and swelling were chosen because
they are established indicators of mPT induction in liver
mitochondria. The model was formulated as a set of simul-
taneous differential equations that can be solved numerically
to fit the experimental kinetics. The model is shown to
describe the Ca®"-induced mPT quantitatively as a two-step
reaction in energized mitochondria and makes accurate pre-
dictions about linear relationships between levels of modula-
tors of the mPT and parameters of mPT induction. In this
report, we begin by modeling a specific case, a pure Ca*>* over-
load model of the mPT. We will then show that the model can
be easily generalized to more complex situations, such as when
additional mPT modulators (e.g. inhibitors and inducers) are
present. The results from different modifiers (e.g. prometha-
zine, Mg>™, ruthenium red) suggest that these modifiers inter-
act with different targets and provide insights into potential
mechanisms or sites of action.

EXPERIMENTAL PROCEDURES

Chemicals—Fluorescent probes were purchased from
Invitrogen and stored according to the manufacturer’s instruc-
tions. All other chemicals were obtained from Sigma and were
of the highest purity available.

Mitochondrial Isolation—Liver mitochondria were isolated
from 4—6-month-old male Fischer 344 X Brown Norway F,
rats by differential centrifugation using sucrose-based buffers
(14-16).

Assays of Mitochondrial Function—Mitochondrial experi-
ments were carried out using a buffer containing 250 mm
sucrose, 10 mm HEPES, 5 mMm succinate (added as succinic
acid), 1 mm KH,PO,, and 2.5 um EDTA adjusted to pH 7.4 with
KOH. In all cases, isolated mitochondria were added to a con-
centration of 0.25 mg of protein/ml. We note that the sensitivity
of the fluorimeter described below allowed reliable measure-
ment of the basic mitochondria parameters even at protein
concentrations as low as 0.05 mg/ml.

Fluorescent dyes, including TMRM (0.06 um) and
Ca-Green-5N (0.3 uMm), were used to simultaneously measure
Ae,, and A[Ca®*] . respectively. Based on known spectro-
scopic properties of TMRM (17), we measured changes in dye
fluorescence yield using an excitation wavelength of 546 nm
and emission at 590 nm. Quenching of the fluorescence has
been attributed to binding of TMRM to the mitochondrial
membranes. Therefore, loss of fluorescence indicates increased
potential-dependent binding of TMRM. Conversely, reduced
Ag,, results in release of bound TMRM and increased fluores-
cent signal. For the purpose of the experiments reported here,
TMRM was used only as a qualitative indicator and was not
directly considered in our kinetic model. The increase of
Ca-Green-5N fluorescence caused by complex formation with
extramitochondrial Ca®>* (18) was monitored using an excita-
tion/emission pair (A,,..,n) of 488/535 nm, respectively. Mito-
chondrial swelling and NAD(P)H oxidation were also simulta-
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neously measured as changes of light scattering at A
nm and changes in fluorescence at A
respectively.

Simultaneous measurement of Ca”>" fluxes, mitochondrial
Ag,,, mitochondrial swelling, and changes in NAD(P)H oxida-
tion were done using a multichannel wheel-based fluorimeter.
The set-up was equipped with a temperature-controlled quartz
cuvette (optical pathway = 1 cm) and stirrer. Paired excitation/
emission filters provide precision comparable with that of
monochromator-based fluorescence spectrometers. A full
description of the experimental set-up is available on the Web
site of the manufacturer, C&L instruments.

Mitochondria Swelling and NAD(P)H Calibration—As dis-
cussed below, our minimal kinetic model of Ca®?"-induced
mPT assumes that mitochondria can exist in one of two states:
either with mPTP closed (so that mitochondria are not swollen)
or mPTP opened (so that mitochondria are swollen). To quan-
titatively determine what fraction of mitochondria were swol-
len in kinetic experiments required accurate calibration of the
fluorescence system. To obtain a fully swollen fraction, mito-
chondria were incubated for at least 15 min at 30 °C in the
presence of high concentrations of CaCl, (50 wm). Then an
excess of EGTA was added to remove free Ca®>". Another sam-
ple of mitochondria was incubated in parallel in the same
medium without Ca®>* and with added EGTA to suppress mPT.
The intact and swollen mitochondrial samples were mixed in
different proportions, and their light scattering properties as
well as the autofluorescence of mitochondrial NAD(P)H were
measured. After each measurement, the nonspecific pore-
forming agent alamethicin was added to the sample in order to
ensure full-scale swelling of each sample (Fig. 14, inset). The
signal obtained after the addition of alamethicin was then sub-
tracted from the initial fluorescence readings. Thus, the differ-
ence in fluorescence obtained from the control sample (i.e. the
sample incubated in Ca®" -free medium) before and after the addi-
tion of alamethicin represents the maximal fluorescence yield
associated with mitochondrial swelling. The intermediate val-
ues of fluorescence yield were then plotted versus the percent-
age of swollen mitochondrial present in the sample to provide a
calibrated curve. As shown in Fig. 14, the values obtained for
swollen mitochondria as well as for NAD(P)H were linearly
proportional to the fractional content of intact mitochondria in
the sample across the full range of optical properties examined
in our experiments. We note that the mitochondria in the sam-
ple that initially contained 100% swollen mitochondria under-
went further changes in scattering (about 5%) after the addition
of alamethicin. This additional swelling, however, did not affect
our kinetic analysis, although the absolute values of the per-
centage of mitochondria that have undergone an mPT may be
slightly inaccurate because of this phenomenon if it reflects
mitochondria that did not undergo mPT as opposed to swelling
related specifically to alamethicin-induced pore formation.

Calibration of the Ca®" Signal Channel—To calibrate the
Ca®" channel, known amounts of CaCl, were sequentially
added to the assay medium, and the Ca>" signal was measured
as the change in Ca-Green-5N fluorescence. The assay medium
contained all of the compounds that were used during the
actual kinetic experimental series as well as mitochondria swol-
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FIGURE 1. A, dependence of optical properties of mitochondria on the frac-
tion of swollen mitochondria. Solid circles, swelling of mitochondria meas-
ured as light scattering at 587 nm. Open circles, level of NAD(P)H oxidation
measured as autofluorescence of mitochondrial pyridine nucleotides at
Aexsem = 340/377 nm. The inset represents typical changes in optical proper-
ties of a suspension of unswollen mitochondria mixed with swollen (at ratios
of 100, 50, and 0%) upon the addition of alamethicin (Alm). For a detailed
description, see”Experimental Procedures.” RLM, rat liver mitochondria.
B, plot of Ca-Green-5N fluorescence yield versus calcium concentration in the
assay medium measured at Ao,/ = 480/535 nm. Measurements were done
in the assay medium, which contained 250 mm sucrose, 10 mm HEPES, 5 mm
potassium succinate, T mm KH,PO,, 2.5 um EDTA, and 0.3 um Ca-Green-5N
adjusted to pH 7.4 with KOH. The measurements were done in the presence
of mitochondria (0.25 mg of protein/ml) swollen with alamethicin. The graphs
represent results from at least three independent measurements for each
point; the S.D. value is plotted as error bars.

len by the addition of alamethicin. The inclusion of mitochon-
dria during calibration helped account for changes in optical
properties (light scattering) of the assay medium that we could
not otherwise account for, given our use of nonratiometric
dyes. The calibration curve, shown in Fig. 1B, was used to scale
changes in fluorescence of Ca-Green-5N during the experi-
mental series. Ca-Green is commonly used as a Ca>" probe, but
it also possesses affinity to other divalent cations, such as Mg>™.
To account for this secondary affinity, we also calibrated the
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FIGURE 2. Simultaneous measurements of four mitochondrial parame-
ters in typical experiments. TMRM, Ca, NADH, and Swelling represent
changes in Ag,,, extramitochondrial Ca®>* concentration, NAD(P)H fluores-
cence, and light scattering, respectively. Time of the addition of mitochondria
(0.25 mg/ml) and calcium (10 um) are shown by arrows. The assay medium
contained 250 mm sucrose, 10 mm HEPES, 5 mm potassium succinate, 1 mm
KH,PO,, and 2.5 um EDTA, adjusted to pH 7.4 with KOH. 0.3 um Ca-Green-5N
and 60 nm TMRM were used to assign extramitochondrial [Ca®*] and Ag,,
respectively. RLM, rat liver mitochondria.

Ca®" signal channel with solutions containing each of the
Mg>" concentrations used in our experiments.

RESULTS

Kinetic Model of Ca’"-induced mPT—Four parameters
(Ca** concentration, membrane potential Ag,,, concentration
of reduced pyridine nucleotides (NAD(P)H), and 90° light scat-
tering (which reflects mitochondria swelling) were simulta-
neously measured in our experiments. Induction of mPT by the
addition of Ca>" was observed in the experiments as Ca>"
release and swelling of the mitochondria. Typical raw kinetic
curves for all four parameters obtained upon the addition of 10
puM Ca®* are shown in Fig. 2. The data on Ca®>* concentration,
reduced pyridine nucleotides (NAD(P)H), and mitochondrial
swelling were then rescaled using the calibration curves from
Fig. 1 (see Fig. 3). In all experiments presented in this report, the
kinetics for the swelling and NAD(P)H channels were equiva-
lent. We therefore discuss only swelling data from this point on.
We note, however, that other agents may uncouple these sig-
nals and that one or the other or both signals may later be
shown to be preferential in some or all situations. We also do
not discuss further the changes in Ag,, as a stand-alone variable
in the context of our current model, because the experimental
set-up used was not optimized for quantitative estimation of
A¢g,,. Thus, in the analysis that follows, only the kinetic data for
Ca®" concentration and mitochondria swelling were used to
formulate the kinetic model of the mPT process.

The kinetic curve for mitochondria swelling (Fig. 3, bottom
right) reveals a monotonic decay, and the rate of decay acceler-
ates noticeably with time. The Ca®>* concentration in the buffer
(Fig. 3, top right) is clearly correlated with the mitochondrial
swelling curve; however, this correlation is nontrivial and kinet-
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FIGURE 3. Scaled measurements of mitochondrial parameters shown in
Fig. 2. Ca, NAD(P)H, and Swelling channels were rescaled in accordance with
the calibration measurements shown in Fig. 1. RLM, rat liver mitochondria.

ically complex. Within the first 10—20 s after the addition of
Ca®" to the medium (10 pum Ca®" were added in Fig. 3), the
Ca®" concentration dropped quickly to a submicromolar level,
indicating that most of the added Ca®" was immediately
absorbed by mitochondria. This absorbed Ca®" initiated the
mPT reaction. During the next 600 s, the fraction of “active”
mitochondria (i.e. the fraction of mitochondria capable of elec-
trogenic Ca>" uptake) progressively decreased (albeit very
slowly during this phase), and the fraction of swollen mitochon-
dria slowly increased. The swollen mitochondria released their
absorbed Ca* back to the medium through the opened mPTP,
but the concentration of free Ca®>* in the medium increased
more slowly than the population of swollen mitochondria,
because the released Ca®" was immediately reabsorbed by
other active mitochondria. This secondary reabsorption of
Ca®* resulted in an elevated concentration of absorbed Ca®* in
the still active mitochondria that in turn resulted in their accel-
erated swelling rate, as shown in Fig. 3. The full concentration
of Ca®>* was recovered back into the medium only at the end of
the mPT reaction when all mitochondria were swollen.

To account for this Ca®>* reabsorption phenomenon and its
accelerating effect on the rate of the mPT process, we propose
the kinetic model shown in Scheme 1, where [MH-(Ca*®"),] ,
represents a population of active, unswollen mitochondria
([MH],,), and i represents the number of Ca®* already adsorbed
by a given mitochondria. Ca®* absorption occurs during the k,
step shown in the scheme as formation of [MH-(Ca>"), . 1.,
and it initiates the mPT process that we describe here as a
sequence of two steps. The k, step is a rate-limiting step of the
mPT induction that results in the formation of the intermediate
state [MH],. The next step (k,) leads to the formation of a pop-
ulation of inactive (swollen) mitochondria, represented as
[MH],, with all Ca®>* released back to the medium. [Ca>"]__, is
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SCHEME 1. Kinetic model of the mPT.

the concentration of free Ca®>" in the medium, available for
absorption by mitochondria. Now we can define Ca®* absorbed
by mitochondria ([Ca®>"],,) as the product of a number (i) of
absorbed Ca®?" and concentration of “active” mitochondria,
[MH], (i.e. [Ca®"],, = i X [MH],,. It is assumed that total con-
centration of Ca’" (eg [Ca**], = [Ca®"],, + [Ca®**],,) is
constant during the reaction (i.e. there is a single addition, after
which no further Ca?" is added). This model involves a number
of assumptions that are introduced to reflect specific character-
istics of the mPT process. These assumptions are as follows. (i)
Ca?" uptake is a bimolecular reaction with rate constant k,. In
other words, the rate of Ca®>" uptake is a product k, X [MH] , X
[Ca®"],,. and thus can change during the course of the reaction
in proportion with [MH], and [Ca®"*],,. The apparent rate
constant (k;) is a complex function that subsumes many pro-
cesses that are associated with Ca®>* sequestering in mitochon-
dria and that include Ca®" influx and Ca®" release mecha-
nisms. In this model, we assume that all active mitochondria are
equally capable of absorbing the Ca*>", and, under the condi-
tions used, their absorption rate (k;) is essentially (mathemati-
cally) independent of the amount of Ca®>* already absorbed by
the given mitochondria. This latter assumption appears valid
under the Ca®>" conditions used in this study. (ii) The rate of
formation of the intermediate state [MH], is a complex func-
tion of the number of Ca®>* ions absorbed by the mitochondria.

ky = kb X ([Ca*"1,/IMHI1,)" (Eq. 1)

Here [Ca®"],, is the concentration of Ca®>" that has been
absorbed by mitochondria; thus, the ratio [Ca**],,/[MH], is
essentially an average number of Ca®" ions absorbed per active
mitochondrion. # is an apparent order of the k, step with
respect to Ca®>", and &}, is a reaction constant of this step. mPT
induction is a complex chain of interconnected reactions trig-
gered by Ca®*; therefore, describing this complex step with one
rate constant (e.g. k,) may be an oversimplification. Our ration-
ale for this oversimplification is that in any complex chain of
reactions, there always must be one reaction that is the slowest
and thus determines the overall rate (ignoring, for the purpose
of this modeling exercise, the situation in which multiple steps
have control coefficients >0 and <1 (i.e. reactions in which
there are multiple partially limiting reactions or when the time
frame of the k, step becomes comparable with or less than that
of the k, step). The apparent order # is closely related to the
Ca?" order of this slowest reaction, and k} is a rate constant of
this slowest step. In principal, # can be a noninteger number,
because it can be affected by other reactions in the chain,
including, but not limited to, mitochondrial heterogeneity,
Ca®* buffering capacity of energized mitochondria, Ae,,,, redox
status, respiratory chain functioning, etc. (iii) Pore opening fol-
lowed by mitochondrial swelling (the &, step) is an “all-or-noth-
ing” event that occurs without any other rate-limiting interme-
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diate state(s) that are relevant on the time scale of the overall
experiment. In other words, the rate constant &, is much faster
than the rate-limiting k, or the Ca>* uptake step k. (iv) When
mitochondria undergo Ca**-induced mPT, Ca®" is released
back to the medium and thus becomes available for uptake by
other mitochondria. (v) The rate of formation of [MH], is a truly
rate-limiting step in the reaction sequence (e.g. its rate is slower
than the Ca®" absorption step (k, < k).

Our proposed model offers several improvements as com-
pared with the earlier models by Massari and others (13, 14, 19).
First, the rate of Ca®>" consumption by mitochondria (the k,
step) is assumed to be a second order reaction; therefore, the
rate changes in proportion with [Ca®>*] . As seen in Fig. 3 (top
right), [Ca®"],, can change significantly during the time course
of the experiment; therefore, the rate of Ca®>* uptake can also
change significantly. Our second improvement concerns the
rate of transient state formation (the k, step) triggered in mito-
chondria by absorbed Ca®". As stated in assumption ii, our
model postulates k, to be a function of the number of Ca>" ions
absorbed by mitochondria and thus enables &, to change (accel-
erate) as more Ca’>" is absorbed by the mitochondria (the
model also allows k, to be independent of the absorbed Ca*"
concentration, which occurs when # = 0).

Our final and perhaps most significant improvement is that
our model describes the autocatalytic role of Ca*>* in mPT
induction. Specifically, the model incorporates the release of
Ca?" back to the medium from swollen inactive mitochondria,
where it becomes available for reuptake by other functionally
active mitochondria ((MH] ,). Thus, although the total amount
of Ca®* ([Ca®*],) remains constant, the ratio [Ca®"],/[MH] ,
as well as the biochemically/physiologically more important
ratio [Ca®"],,/[MH] , ratio can greatly increase at the end of the
mPT process when the population of inactive mitochondria
(IMH],) increases and the population of active mitochondria
(IMH],) decreases. This release of Ca>" from impaired mito-
chondria and its secondary reabsorption is unique and central
to our model and is sufficient to explain the accelerating rate of
the mPT reaction (as seen in Fig. 3, bottom right). By incorpo-
rating Ca®" reuptake into the model, the model reveals the
autocatalytic role of Ca®>" in mPT induction that has been
observed in empirical studies, a feature that has not been cap-
tured by previous models. An additional feature of the model is
that the form of Equation 1 describing k, allows a higher order
dependence on Ca>*. If n is >1, it will tend to make the activa-
tion process more cooperative and sharpen the descending por-
tion of the sigmoidal shape of the transition curve.

The earlier kinetic models by Massari and others were devel-
oped to describe the mPT process strictly under conditions of a
large excess of Ca®" in the medium. In this case, free Ca®>"
([Ca®>*],,0) in the medium can be assumed to be constant
(because only a small fraction of added Ca>* is absorbed by
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FIGURE 4. Set of rescaled experimental data on mPT in liver mitochondria induced by different concentrations of calcium (open circles). mPT was
assigned by simultaneous measurements of four parameters; two (Ca and Swelling) were used in the analysis. Results of numerical simulations are shown as
lines. A, kinetic of swelling of mitochondria. B, changes in free (not absorbed by mitochondria) [Ca®*],,,.. Concentrations of added Ca** (in um) are shown as
numbers. C, Dependence of kinetic parameters of mPT on [Ca®"] .. The parameters k, kb, and n were determined by fitting of experimental traces with
Equations 2 and 3. Because of the complex nature of k,, defined in Equation 1, and because n was found to be constant (n = 2.27 + 0.03), the parameter k5 is
shown instead. Note that kinetic parameters in the case of 5 um [Ca%*],,,, were calculated assuming the presence of 5.8 um Ca®*. For an explanation, see
“Experimental Procedures.” The S.D. values of the fits are given as error bars. Measurement conditions are the same as in Fig. 2. Time 0 represents the time at

which the inducer was added.

mitochondria at any time), and thus effects of the secondary
Ca®" reuptake can be neglected. mPT induction can then be
described by a simpler model that involves only first order reac-
tions. This simpler model, however, predicts (and reflects) no
delay in the mPT kinetics (because the delay is kinetically irrel-
evant under these conditions) and thus is not intended to char-
acterize processes underlying pore formation that precede pore
opening. Such processes appear to include membrane modifi-
cations, such as changes in fluidity (20), as well as modulation of
the activity of a number of enzyme cascades participating in
mPTP opening. As demonstrated below, our new kinetic model
is capable of correctly describing the lag phase of the mPT reac-
tion; therefore, it has the potential of providing useful insight
into this critical step of the mPT process.

The kinetic model in Scheme 1 can be formulated as a set of
two simultaneous differential equations as follows.

d
E[MH]A = — ky*[MH], (Eq.2)

o = — ks - MM, - [Ca T + ke lMH] - e
dt a out — 1 A a out 2 A [MH]A

(Eq.3)

As defined in Equation 1, k, is the rate of the intermediate
state formation, [MH],, and is assumed to be a function of the
number of Ca®>" ions absorbed per mitochondrion. The ratio
[Ca*"],,/[MH], in the last term of Equation 3 is included to
account for the hypothesized release of this number of
absorbed Ca”>" ions by each inactivated mitochondrion. An
additional constraint is also applied; the total concentration of
calcium, [Ca®"], = [Ca®"],, + [Ca®'],, remains constant
during the experiment. This set of nonlinear equations can only
be solved numerically. The temporal development of [Ca*™]

out
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and [MH] , can be thus obtained from the equations and then
compared with the kinetics observed in the experiment.

The pair of equations (Equations 2 and 3) was solved by using
a fixed step Runge-Kutta method implemented in Matlab (The
Mathworks®) and applying the initial conditions as specified in
the experiment (e.g [MH], = 0.25 (mg of protein/ml) and
[Ca®"], varying in each experiment. The computational work
was done using a personal computer operated under Windows
XP (Microsoft®). A range of [Ca®>*],-between 5 and 20 um was
examined. For concentrations of added Ca®>* below 5 um, no
visible mPT reaction was observed on the time scale of our
experiments (e.g. after 30 min of incubation). Apparently, the
functioning of the mitochondrial respiratory chain was suffi-
cient to compensate for the presence of these low concentra-
tions of Ca®™ for this period of time. For Ca>" concentrations
above 20 uM, the mPT occurred without visible lag period;
therefore, the resulting kinetics could be analyzed using a sim-
ple first order kinetic model described previously (13). Thus,
the Ca®" concentrations examined in this work span the range
between those that fail to cause induction and those that cause
induction without a lag phase, and the capability(ies) of the new
kinetic model was tested in this range. The kinetics for each
Ca®" concentration were simulated by searching for values of
ky, k5, and n that produced the closest fit to the experimental
kinetics of both [Ca®"], . and [MH],. Fig. 4 demonstrates the
quality of the fits between experimental and simulated kinetics
for several Ca®>" concentrations. The derived values for k,, kJ,
and # are summarized in Fig. 4C.

In these simulations, we neglected an additional source of
Ca®", the isolated mitochondria themselves. For most of the
concentrations of added Ca®>" examined, the contribution of
the mitochondrially derived Ca®>" did not affect the quality of
the fit. The addition of the lowest tested concentration of 5 um
Ca®*, however, was associated with an amount of Ca>"
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FIGURE 5. Ru-360 blocks Ca?* uptake and delays the mPT in liver mitochondria induced by 15 um of added calcium. mPT was assigned by simultaneous
measurements of four parameters; two (Ca and Swelling) were used in the analysis. Results of numerical simulations are shown as lines. A, kinetic of swelling of
mitochondria. B, changes in Ca?* fluxes. Concentrations of added Ru-360 for curves 1-5 were 0, 1, 1.5, 3, and 5 nm, respectively. C, kinetic parameters k; and k,
obtained upon fitting of the experimental data A shown in A and B. Parameter n was found to be 2.27 in all simulations (not shown). In all experiments, Ru-360
was added prior to the Ca?*. Time 0 represents the time at which the inducer was added. Other measurement conditions are the same as in Fig. 2.

released to the medium at the end of the reaction that was
noticeably higher than the added amount (see Fig. 4B). A better
fit to the kinetics was obtained when total [Ca®"],, was
assumed to be 5.5—-6 um rather than the actual added concen-
tration (5 um). This correction derives from an assumption that
0.5-1 um additional Ca®>" was supplied by mitochondria. In a
separate experiment, we confirmed that upon the addition of
alamethicin, the swollen mitochondria released about 1 um of
Ca®" into the medium as determined using the calibration
curve in Fig. 1B.

Interpretation of the Model—The quality of the fits in Fig. 4, A
and B (R? > 0.95) demonstrates that the new kinetic model in
Scheme 1 is capable of correctly describing the mPT in the
range of Ca®" concentrations used. The extracted dependences
of k,, k}, and 7 on [Ca®"], provide valuable insight into two
steps of the mPT reaction. The rate constant k; describes the
first step, the Ca>* uptake by mitochondria. The apparent rate
constant k; increases proportionally with Ca®>" at low concen-
trations of Ca®>" (below 10 um) and becomes concentration-
independent at higher Ca®>" concentrations. The increase of k,
with increasing Ca®>* at low concentrations of Ca>" is in agree-
ment with previously published data (21) showing that the rate
of Ca®>* uptake increases supralinearly upon an increase of
[Ca®"],, whereas the activity of Ca®>" efflux pathways remains
constant.

The second step in our model, the formation of the transient
state [MH],, is described by the two parameters k5 and n. The
rate of this step, k, = k, X ([Ca®>"],,/[MH],)", depends on the
number of Ca®>" ions absorbed by the mitochondria. As dis-
cussed above, the rate k, can be ascribed to the slowest (rate-
limiting) step in the complex chain of reactions induced by an
excess of Ca®" and leading to the formation of [MH],.

The constants 7 and k;, were found to be unchanged across
the [Ca®>"], range addressed (i.e. the range from noninduction
to no lag; Fig. 4C). This finding suggests that, across the range
studied, (i) there is likely to be a single reaction or single set of
reactions that serves as a rate-limiting step of the mPT; (ii) these
constants can be defined, under present conditions, with >90%
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precision (k; = 1.53 = 0.12; k, = 2.76 X 1077 £ 0.18 X 10”7/
n = 12, with constants as mean values * S.E. and # is the num-
ber of experimental runs); and (iii) these constants may be spe-
cific, indeed diagnostic, for the conditions studied. The order
of the Ca®>" dependence of k, was found to be n = 2.27 = 0.03
(for all numerical simulations). In the framework of the
kinetic model, this indicates that two or more Ca*" ions are
required during this slowest step. The meaning of the frac-
tional value of n observed under these conditions is currently
unknown, but it is most readily explained by postulating pre-
existing mitochondrial heterogeneity (e.g. preoccupancy of a
fraction of key sites by Ca®>") or branching pathways under-
lying mPT induction. Assigning the biochemical processes
accounted for by these parameters remains for future work
(but see below).

These data suggest that these parameters can be readily used
as a descriptor of the mPT, providing a qualitative and quanti-
tative characterization of induction. Below, we use this kinetics
approach to probe the effect of different inhibitors of the mPT
and begin to address the issues raised above.

Model Validation; Low Concentrations of Ru-360 Delays
Ca”" -induced mPT—Ru-360, a derivative of ruthenium red, a
commonly used inhibitor of the Ca®>* uniporter, was employed
to validate our present analysis. Typical doses of ruthenium red
and Ru-360 used to prevent MPT are on the order of 1-10 uMm
(22, 23). In our experiments, substantially lower doses of
Ru-360 were used in order to reveal the effect of partial inhibi-
tion of Ca®" transport through the uniporter. As shown in Fig.
5A, 1-5 nM concentrations of Ru-360 delayed mPT-associated
swelling but also dramatically slowed the rate of Ca*>* uptake by
the uniporter (Fig. 5B). (Higher does of Ru-360 completely
abolished Ca®" transport and mitochondrial swelling).

Simulation of the experimental data (Fig. 5, A and B) in the
framework of our model showed that Ru-360 at low-to-moder-
ate concentrations (=1.5 nm) inhibits the rate of Ca*>" uptake
(i.e. the k, step), whereas k, is unaffected (Fig. 5C), as
expected from previous reports. At the highest concentra-
tion that does not affect kj, Ru-360 further decreased k;
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FIGURE 6. Mg?™* delays Ca?*-induced mPT. Calcium (15 um) was added in
the presence of different [Mg?*] noted as numbers (in um). A, swelling of
mitochondria; B, changesin Ca®* fluxes. B, inset shows expanded initial kinet-
ics after the addition of Ca®". Results of numerical simulations are shown as
lines. Other experimental conditions are the same as in Fig. 2.

45-fold (from 1.8 to 0.04). We estimated IC, to be about 0.3
nM for Ru-360 inhibition of the k; step, which is close to the
previously reported IC,, = 0.184 nm (24).

Unexpectedly, 3—5 nM concentrations of Ru-360 that are well
below the normally used concentrations of Ru360 reveal a dra-
matic increase in k,, (Fig. 5C). The result of this increase in k3 is
to counteract the protective effect of inhibiting the uniporter by
uncoupling calcium transport from swelling behavior (curves 4
and 5).

The Ru-360 data provide striking validation of our kinetic
model. The ability of the model to describe the parabolic curves
in Fig. 5B highlights both the accuracy of our approach and the
unique advantages gained through simultaneous simulations
across multiple variables (here Ca®>* and swelling). Indeed, the
simultaneous fit of the parabolic curves and the dissociation
between Ca>" and swelling could not be accommodated by any
single component model. In contrast, our two-component
model, which was designed to capture the autocatalytic role of
Ca®" in the mPT, is readily able to accommodate partial inhi-
bition of the uniporter. Furthermore, the model here reveals an
additional site for Ru-360 interaction other than the uniporter.
Specifically, at concentrations of Ru-360 that are above the IC,,
but below the normally used concentrations of Ru-360, & also
appears to be affected and increases more than 10-fold com-
pared with its value at lower concentrations (Fig. 5C).

Mg*" Inhibits Ca** -induced mPT—Mg** has a well known
protective effect against Ca®" -induced mPT (6, 9). We repli-
cated this effect in the experiments shown in Fig. 6. Kinetic
analysis using our new model reveals that Mg®" addition is
associated with a decrease in the kinetic parameters k; and &5,
whereas n increases (Fig. 7). (The decrease in k; with increasing
Mg?>" is apparent in the inset to Fig. 6B). Thus, Mg>" interferes
with Ca®>" in both processes that lead to MPT. Mg>" first slows
the uptake of Ca®>" by mitochondria (Fig. 7A) and then Ca*"-
induced reactions inside mitochondria (Fig. 7B). (by changing
both the rate and concentration order of the activation proc-
ess). Approximate values of IC5,(Mg>") = 150 um for the k,
step and IC;,(Mg>") = 90 um for the k, step can be extracted
from the observed dependences (here we define IC,, as the
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FIGURE 7. Effect of Mg>* on the kinetic parameters of Ca**-induced mPT.
The parameters were determined by fitting of experimental traces (as in Fig.
6, A and B) with Equations 2 and 3. A, decrease of Ca®* uptake rate (k,) in the
presence of [Mg?"1. B, decrease of k, parameter and changes in n upon
increase of [Mg?*]in the assay medium. Note that k, values were plotted only
intherange of n = 2.27 (asin the control sample). The S.D. values of the fits are
given as error bars.

Mg>" concentration at which the rate parameter is reduced by
half from its basal value in the absence of Mg>™).

A drastic and sudden change in the order parameter # occurs
at Mg?"* concentrations higher than 200 um (Fig. 7B). At low
Mg>" concentrations, the reaction shows the same order, n =
2.27 + 0.02, as in the absence of Mg® ", which suggests that the
central rate-limiting reaction is qualitatively conserved,
involves Ca®", and is delayed by Mg?". At higher concentra-
tions (>200 um) of Mg>", however, the order parameter
increases to n = 3.3, suggesting that the rate-limiting activation
step now involves an additional Ca®" ion. Direct comparison of
extracted k), is only meaningful within the Mg>" ranges in
which 7 stays the same. Notably, however, within both the low
and high concentration ranges, an increase in Mg>" concentra-
tion results in a decrease in k5.

The current analysis indicates that the protective effect of
Mg>* against mPT also derives from multiple origins. The
addition of Mg®" delays mPT onset (k) and, at higher concen-
trations, changes the Ca®" stoichiometry (1) for mPTP forma-
tion. In addition, Mg>" also delays Ca®>" uptake (k,; Figs. 6B
(inset) and 7A). Nonetheless, k, remains the rate-limiting step
when <200 uMm Mg2+ is added; thus, our model is a valid
description to the mPT inhibition by Mg>*.

Promethazine Protects Mitochondria against Ca®* -induced
mPT—Our next application of the new kinetic model was to
describe mPT kinetics in the presence of another known mPT
inhibitor, the phenothiazine-related antihistamine promethazine,
an FDA-approved drug. We recently reported that promethazine
blocks mPT in vitro and protects primary cerebrocortical neurons
from oxygen glucose deprivation in cell culture and mice from
middle cerebral artery occlusion-reperfusion-associated infarcts
and neurological dysfunction (16). However, little is known about
the mechanism of promethazine protection.

Analysis of the experimental kinetics (Fig. 8, A and B) dem-
onstrates that k, (i.e. the rate of Ca>* uptake) is essentially unaf-
fected by the presence of promethazine (not shown). Prometh-
azine decreases the rate of the second step k, by increasing the
order of the mPT induction with respect to [Ca®"] to n = 3 (Fig.
8C). The simplest interpretation (in terms of our model) is that
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C Our kinetic model describes the
dependence of the rate constant k,
i - on [Ca®"'],,. Efficiency of [Ca®*"],,
to induce mPT, however, may be
dependent on many factors, such as
the mitochondrial redox state, Ag,,,

Ca®=15 .M and the presence of mPT modula-
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FIGURE 8. Promethazine delays Ca*>*-induced mPT. Calcium (15 um) was added in the presence of different
[promethazine] noted as numbers (in um). A, swelling of mitochondria; B, changes in Ca*™" fluxes. Concentra-
tions of added promethazine™ (in um) are shown as numbers. Results of numerical simulations are shown as
lines. C, dependence of kinetic parameter n on promethazine concentration upon Ca?*-induced mPT. The
parameter was determined by fitting of experimental data with Equations 2 and 3. The complex rate constant
k, is presented through n (see “Discussion”). The S.D. values of the fits are given as error bars. Mitochondria
samples were preincubated with different concentrations of promethazine for 1 min and then challenged with

15 um CaCl,. Other experimental conditions are the same as in Fig. 2.
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FIGURE 9. Promethazine inhibits Ru-360-stimulated Ca>* release from
energized mitochondria. CaCl, (7.5 um) was added and taken up by mito-
chondria (curves 1-3). The addition of 20 nm Ru-360 (curves 1 and 2) induced
Ca®" release from mitochondria and delayed mPT. The presence of 6 um
promethazine (curve 2) decreased the rate of Ca* release. Ca and RU refer to
the additions of 7.5 um CaCl, and 20 nm Ru-360, respectively. Other experi-
mental conditions are the same as in Fig. 2.
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300

the rate-limiting step in the mPT process now requires three
(rather than two) Ca®>" ions to produce [MH],. The change in
indicates a change in the mPT process such that the intermedi-
ate state [MH], contains three instead of two Ca®" ions.

The observed change in 7 can be used to determine a formal
value of IC,, (~3 um) for promethazine as an mPT inhibitor
(here IC,, is defined as the concentration that induces the
median change in the parameter # from its basal value in the
absence of inhibitor). This IC,, value agrees with the approxi-
mate biochemically estimated 1Cs,,.*

3. G. Stavrovskaya, S. V. Baranov, and B. S. Kristal, manuscript in preparation.
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tors, among others. Furthermore,
[Ca®"],, itself is regulated in part
through Ca®* cycling. Since this
process is energy-dependent, Ca®"
cycling contributes to the drop of
Ag,, or at least to a need to increase
flux through the respiratory chain
so as to maintain cycling. Notably, a
drop in Ag,, is thought to be among
the critical factors contributing to
mPT induction. Thus, decreasing
Ca®* cycling might delay mPT induction. We therefore tested
whether promethazine affects Ca®>* cycling.

Asreported above, promethazine does not have any effect on
the Ca®" uptake rate, k,. However, the use of Ru-360 to block
Ca?" reuptake revealed that promethazine decreased the grad-
ual release of absorbed Ca®" into the assay medium (Fig. 9). The
lack of detectable swelling suggests that mPT was not involved
in this release, implicating other efflux pathways. This experi-
mental observation suggests that promethazine diminished the
rate of the Ca®" cycling by retarding efflux. Fitting the experi-
mental data in Fig. 9 with one exponent yielded a good fit (R* >
0.99). These data suggest a possible assignment of 7 to the activ-
ity of the Ca®" efflux pathway(s). Further testing of this mech-
anism in the context of other inhibitors is in progress.

Thus, the kinetic model was able to describe, both qualita-
tively and quantitatively, a fundamental difference in the nature
of the mechanisms by which Ru-360, Mg>", and promethazine
provide protection against the mPT.

LU L L B LI LN A BN
2 4 6 8 101214 16

[Promethazine], uM

DISCUSSION

Cell death in the presence of pathophysiological Ca®>" over-
load (e.g. in stroke) appears associated with mPT induction. We
have developed and validated a minimal kinetic model of the
mPT in populations of isolated rat liver mitochondria that
quantitatively describes Ca®>*-induced mPT as a sequence of
two steps: initiation (which includes initial Ca®>" uptake) and
lag phase (which presumably includes Ca®>" cycling and pore
development). The model was formulated as a pair of simulta-
neous differential equations, which each relate directly to meas-
urable experimental parameters, specifically fluorescence
measurements of Ca®>" fluxes and mitochondrial swelling,
which were in turn assessed using a newly improved optical
approach to determine multiple mitochondrial properties
simultaneously.

Our model incorporates the autocatalytic nature of Ca>" in
mPT induction. To our knowledge, this is the first model that
simultaneously accounts for the role of the well known Ca*"
reuptake and swelling in mPT induction. Application of the
model is possible because of the high resolution synchronized
data provided by the high speed filter wheel-based fluorimeter.
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The results reported above address three issues related to
understanding the mPT: (i) improvements in measurement
methodology; (ii) validation of a kinetic model of the mPT; and
(iii) kinetic evidence that Ru-360, Mg>", and promethazine
inhibit functionally different phases of the mPT process. We
will address each of these subjects in detail below.

Methodology—Induction of mPT is associated with tempo-
rally linked changes in a broad series of mitochondrial param-
eters, and these parameters have been observed to change in
subtly or overtly different ways after modification of mPT by
different inducers or inhibitors. As such, the simultaneous
measurement of as many of these parameters as possible could
reasonably be expected to enable a more complete understand-
ing of the processes involved. Swelling, for example, is a useful
measure of this process in mitochondria isolated from liver but
may not be from brain (25-27). Loss of A¢,, may or may not be
related to mPT induction. Our recent work has demonstrated
the possibility of simultaneously measuring Ca>" fluxes and
changes in the A¢,, of isolated mitochondria using an ion-se-
lective electrode system. Coupling these electrodes with a
Clark-type O,-electrode and a light-emitting diode/photo-
diode pair enabled the set-up to simultaneously measure four
essential mitochondrial parameters (14). Electrode-based
measurement systems, however, are limited by sensor response
times as well as chemical properties of the measurement cham-
ber. One example is the practical limitation on the use of certain
organic compounds that interfere with the electrode response
or permanently contaminate electrodes.

The filter wheel-based fluorimeter employed here enables
optical monitoring of four parameters of mitochondrial func-
tion that are altered before and during mPT induction: (i) mito-
chondrial swelling; (ii) NAD(P)H oxidation; (iii) Ca** flux; and
(iv) Ag,,. One major advantage of the current system as com-
pared with the previously used potentiometric method is that
this system enables measurement of parameters of interest at
up to 62.5 Hz (versus 0.5 Hz in the previous method (14)). This
ability facilitates the measurement of parameters with relatively
fast kinetics, such as net Ca®>" uptake by populations of isolated
mitochondria. Filter-based construction enables measure-
ments to be taken from up to eight optical channels and allows
independent adjustment of the excitation/emission light inten-
sities for each channel. This enables simultaneous use of dyes
with quite different fluorescence intensities.

Our calibration measurements showed a linear dependence
of relevant signals on the fraction of intact mitochondria and
the level of NAD(P)H oxidation (Fig. 1). A decrease in light
scattering has been shown to correlate with the percentage of
mitochondria undergoing swelling as a result of mPT (28). Our
results are in agreement with earlier publications showing the
correlation measured using a conventional fluorescence spec-
trometer (29).

The Ru-360 experiments provide a direct exemplar of the
power of simultaneously monitoring multiple readouts of mito-
chondrial function. In contrast to many examples where Ca>"
transport and swelling proceed in apparent lockstep, the data in
Fig. 5 show a clear disconnect between these two parameters, a
disconnect that we were then able to model using the novel
approach described.
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Validating a Kinetic Model of the mPT—The kinetic model
introduced in this work is strictly based on direct measurement
data, and retrospective analysis supports the initial assump-
tions made. Specifically, (i) the kinetic model reflects changes of
two parameters that are generally considered to be tightly asso-
ciated with mPT (swelling and Ca®* fluxes). (ii) Each of the
kinetic parameters in Scheme 1 is representative of biochemical
and/or biophysical processes occurring during mPT induction.
(iii) The experimental data were compared with the model to
obtain kinetic parameters.

One of the most important features of the model is that it
implies a tight mechanistic coupling between swelling and
Ca®" fluxes. This clearly formulated dependence (Equations 2
and 3) demonstrates that an increase in the rate of swelling
increases the rate at which mitochondria release Ca>™" into the
medium, which in turn is taken up by other mitochondria and
increases the rate of swelling (autocatalysis). Using this auto-
catalytic model, it was possible to find kinetic parameters that
correctly describe the kinetics of swelling, Ca®>" uptake, and
Ca®"-induced Ca®* release. In other words, the pure Ca*"
overload model of mPT used was characterized by assuming
strong (mathematical) coupling between Ca®" fluxes and swell-
ing. Furthermore, the higher order concentration dependence
on Ca*>™ further contributes to continuous acceleration of mPT
once an initial “seeding” mass of mitochondria have undergone
mPT. Thus, itis possible to use our model to predict the kinetics
of any of those processes (i.e. swelling, Ca®>" uptake, or Ca**-
induced Ca®" release) This feature of our model can also be
applied to characterize potential modulators of mPT.

Invitro, the most commonly used biochemical model of mPT
induction is Ca®>" overloading. Using the kinetic analysis devel-
oped here, we showed that the lag phase of the induction proc-
ess was correlated with [Ca®"], in the assay medium (Fig. 4,
parameter k). Pokhilko et al. (12) reached a similar conclusion
using a far more sophisticated, bottom-up, primarily theoreti-
cal approach that considered the most important processes
affecting Ca?" homeostasis in mitochondria, such as the func-
tioning of the Ca>" uniporter, Ca®>" antiporters, and K*-de-
pendent processes. Our model, despite lacking many of these
specific details of the mPT process, was nonetheless able to
correctly capture the Ca*>* dependence of mPT and predict the
detailed Ca>* fluxes in a variety of circumstances caused by
mPT modifiers. These results suggest that the assumptions we
made to solve the kinetic model were correct and demonstrate
the utility and power of our simpler model.

In the absence of modifiers, the kinetic parameters that are
the major contributors to the delay phase (k, and 7) remain
constant over the range of [Ca®" ] present in the assay medium,
which in our experiments ranged from concentrations that do
not appear to ever induce mPT to those that appear to induce
mPT without an observable delay. These data suggest that the
rate-limiting step of mPT in the pure Ca>* overload model is
unchanged across this concentration range. In other words,
increasing concentrations of Ca®>"* reduce lag by accelerating
the same pathways associated with the mPT process rather
than by enlisting different processes leading to pore opening.
Given the data on mitochondrial calcium interactions gathered
over decades, we can speculate with some confidence that the
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major factor determining the rate-limiting step of mPT induc-
tion is related to Ca®>" cycling and the ability to maintain the
proton gradient in the face of this challenge. The rate of Ca>"
cycling would, in the early phases of the experimental mPT
induction, in turn be related to and limited by both the rate of
the Ca®>*/H™ exchanger and the rate of Ca>* appearance in the
buffer due to mPT-related release. In the late phases of experi-
mental mPT induction, in contrast, the rate of Ca*>* cycling
would be related to and limited by the rate of Ca>" appearance
in the buffer due to mPT-related release, the number of remain-
ing mitochondria, and the ability of the respiratory chain of
remaining mitochondria to regenerate the proton gradient
(which in turn limits uniporter activity at the level of the indi-
vidual mitochondrion).

Comparison with Other Models—Previous models (13),
which considered Ca®"-induced mPT as a first order kinetic
(or, strictly speaking, a pseudo-first order) reaction, focused on
only a single response variable. In fact, during the time course of
an experiment, the [Ca®>*] available for uptake undergoes a
notable change, from almost zero (when all Ca*>" is seques-
tered) to 100% (when the fraction of Ca®>* taken up by mito-
chondria is negligible compared with [Ca®"],). At the same
time, the fraction of active mitochondria decreases from 100 to
0%. These phenomena create a situation that, at the population
level, appears as a type of positive feedback, which is reflected in
the increasing rate of mitochondrial swelling. Thus, temporal
changes in each of the components of the mPT process (mito-
chondria and calcium) cannot be ignored during modeling of
the mPT. Therefore, we considered net Ca®>" uptake to be a
process dependent on both [Ca®"] and mitochondria.

This feedback-like Ca®>* reuptake cycle makes it impossible
to find an analytical solution for the Ca®>" -induced mPT kinetic
model. In practice, previous workers have attempted to avoid
this complication, using approaches such as focusing on de-en-
ergized mitochondria that do not take up Ca*>" (19) or adding
high concentrations of Ca’*, such that the process of
reuptake of Ca”>”" is negligible relative to the initial uptake
(13, 14). We extended the modeling efforts of these groups to
address these conditions by applying a numerical approach,
which enables use of these systems under more (patho)phys-
iological conditions.

The model we developed can be readily shown to yield
kinetic information similar to that generated by Massari’s (13)
when we examine our model under his conditions and assump-
tions. Specifically, when high concentrations of Ca** were
applied (>20 uM in our case), the model predicts incomplete
initial Ca®" uptake and a nearly instantaneous swelling
response (not shown). In this situation, the mPT process can be
described as a first order reaction and kinetic analysis could be
applied, as was done earlier (13).

Our model focuses on accounting for the aspects of the delay
of mPT induction that become limiting when mitochondria are
challenged with relatively low concentrations of Ca®". This sit-
uation has great physiological and pathophysiological rele-
vance, because extending this delay holds promise in develop-
ing therapeutics against a wide series of insults, such as
ischemia-reperfusion (6, 7, 30, 31). As shown in several exam-
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ples, the model presented here facilitates functional investiga-
tion of agents that modulate mPT.

The kinetic parameter k, is closely related to the ability of the
sequestered Ca>" to induce mPT. In our analysis, the value of k,
itself depends on Ca®*. This dependence appears in our analy-
sis as the rate constant k., of step k, and parameter 7. By direct
analogy with chemical kinetics, in which parameter # is inter-
preted as the order of the reaction, we speculate that an increase
in n reflects an increase in the number of mitochondrial com-
ponents that must interact to lead to mPT induction. There-
fore, any increase in 7z would be expected to reflect an increase
in the ability of mitochondria to resist mPT induction by Ca®",
as is seen in the experimental data on Mg>* and promethazine
shown in Figs. 6 —8. The complexity of the events involved in
mPT induction makes it difficult to assign # to any particular
mitochondrial process; however, the possibility of calculating #
and then comparing this value across different mPT modula-
tors may enable one to garner information about the relative
order/complexity of the events required to induce mPT. The
data on Mg>" and promethazine provide a practical example.

Promethazine, Magnesium, and Ru-360 Are Distinguished by
Their Effects on mPT Kinetics—Our kinetic model not only
accurately simulates time-dependent changes in mitochondrial
physiology during mPT induction but also offers the potential
to probe the nature of different inducers and inhibitors of the
process of mPT induction in both a qualitative and quantitative
manner. The model enables direct testing of whether com-
pounds of interest interfere with Ca®>* uptake (step k) or affect
the lag phase (step k,, parameters k;, and #). For example, the
classical Ca®>" uniporter inhibitor Ru-360 primarily inhibited
mPT by slowing down &, (Ca*" uptake). In contrast, Mg>"
inhibited the mPT by slowing down both k; and &}, and at higher
concentrations increasing .

Mg>" and Ru-360 were thus both found by the model to
interfere with the Ca®>* uptake; this prediction is consistent
with known inhibition at the phenomenological level of the
Ca®* uniporter. The uniporter is inhibited by Mg>™" (8, 32, 33),
perhaps because of competition for binding at the Ca®" trans-
port site. Ru-360, among the strongest known inhibitors of the
uniporter, is not thought to bind to the transport site (24). The
kinetic model further reveals that Mg>" but not Ru-360 also
inhibits Ca®"-induced effects at a downstream stage of mPT
induction (i.e. at a site other than the uniporter). Thus, Mg>™"
works at all three functional sites, k;, k,, and 7. The protective
effect of Mg>" on the k, step is concentration-dependent; rel-
atively low concentrations of Mg>* decrease k), and do not
affect n. Presumably, this effect relates to competition between
the two divalent cations, Ca>* and Mg®". On the other hand,
high concentrations of Mg>" affect n, which in terms of our
analysis reflects an increase in the resistance of mitochondria to
Ca®"-induced mPT.

Kinetic analysis reveals that promethazine significantly
delays the lag phase of mPT by affecting kinetic step k, by
increasing the parameter # (k, is functionally irrelevant when #
changes). Studies related to determining the physiological
process underlying the protective mechanism of promethazine
found that promethazine significantly delays Ca’>* efflux,
which would be predicted to decrease the rate of Ca>" cycling.
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These observations lead us to tentatively associate reduced
Ca®" cycling effect with the observed increase of parameter 7.
This conceptual linkage is consistent with observations that
high concentrations of Mg?* also increase # and affect Ca®"
efflux. From the viewpoint of inhibitor mechanism studies, our
results lead to a working hypothesis that the mechanism of
promethazine and high concentrations of Mg is largely due
to decreased Ca®>* cycling, which preserves mitochondrial
energy (Ag,, etc.). In contrast, low Mg®" acts both through its
effects on the uniporter (based on effects on k;) and through a
component of the mPT pathway that is independent of
Ca®"/H™" exchange.

Utility of the Kinetic Modeling Approach—The modeling
approach taken augments and facilitates research on mPT in at
least four ways. (i) It provides orthogonal validation/verifica-
tion of work done using different experimental approaches.
The nature of inhibition of Ru-360 as a relatively pure inhibitor
of Ca’>" entry and of Mg>" as a more complex inhibitor of
multiple Ca®" -dependent steps, including entry, had been sug-
gested by investigators using other techniques (6, 9, 24). Our
work provides direct experimental support for these models
using an orthogonal approach. (ii) It tests hypotheses. The use
of our kinetic model of the Ru-360 experiments revealed that
decreasing the rate of Ca®>" uptake in the presence of Ru-360
did not correlate with the rate of mPT induction; this provides
a direct experimental argument against the hypotheses that
rates of Ca®" entry or Ca®" concentration are the primary rate-
limiting stage in mPT induction (more formally, our model
would not have predicted Ru-360 behavior if this hypothesis is
valid; see assumption v above). (iii) It provides a new means of
generating testable hypotheses. These results of our modeling
work further generate the hypothesis that Ca>* cycling rather
may be the primary rate-limiting stage in mPT induction. This
hypothesis remains to be directly addressed but is supported by
the promethazine studies. More specifically, the effect of
promethazine on Ca>" efflux, another hypothesis generated by
the model, appears to implicate Ca®>* efflux (which would
reduce cycling), as a potential rate-limiting stage in mPT. (iv) It
provides a ready means of quantifying the efficacy of inhibitors
of mPT. The application of the model allowed the determina-
tion of IC,,, for promethazine protective action and the thresh-
old effect for the target of Mg®*. Thus, the experiments with
promethazine and Mg®> " demonstrated the utility of the model
to characterize inhibitory action of pharmacologically relevant
compounds at both the mechanistic and quantitative realms.

Conclusion—We have created and validated a kinetic model
of mPT that is expected to aid in the quantitative characteriza-
tion of mPT induction and the qualitative and quantitative
analysis of mPT inhibitors, as empirically demonstrated for
Mg>* and promethazine. The model may also facilitate deter-
mination of the qualitative and quantitative similarity(ies) or
difference(s) among potential validated therapeutic targets for
inhibition of mPT induction.
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