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Background: Calcium is an important cellular mediator in numerous physiological processes. Under pathological
conditions, large influxes of Ca’* into mitochondria may occur, leading to activation of “cell-death” pathways.
Although there are several methods by which to monitor mitochondrial Ca®>* [Ca*'],, in vitro, current methods for
quantifying [Ca®*],, in the living animal are limited. Purpose: Herein, we describe a rapid and simple method by
which to quantify the levels of total [Ca*],, in situ. Methods: The method relies on the presence of inhibitors of
Ca”" influx and efflux to prevent movement of Ca’* during mitochondrial isolation followed by the lysing of the
organelles to liberate the cation. Total [Ca’'], is quantified using the fluorescent probe Calcium Green 5-N.
Results: A standard linear relationship between calcium green 5-N fluorescence signal intensity as a result of
increasing concentrations of Cacl2 indicates that the amount of mitochondria in the assay mixture does not
interfere with the fluorescent signal. A significant increase in Ca** was observed, presumably due to the release of
both bound and free Ca’* from the mitochondria in response to Triton X-100 exposure. The pH of samples
from both DNP- and DMSO- treated animals remained unaltered after solubilization with Triton X-100.
Conclusion: The method is sensitive to in vivo perturbations, as demonstrated by decreases in [Ca**],, following
administration of the uncoupling agent 2, 4-dinitrophenol.
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Introduction

Calcium (Ca**) has been recently recognized as a critical factor in
the mitochondrial control of cell death'. It is now well
documented that when cytoplasmic Ca’" is increased,
mitochondria act as sinks for Ca** . Indeed, mitochondrial Ca**
concentrations ([Ca**],) can increase from a physiological
concentration of approximately 100 nM or less to greater than
5uM under pathological conditions. Although physiological
increases in cytoplasmic Ca** are readily buffered by the
mitochondria and then rapidly redistributed, abnormally high
levels of [Ca®*],, can be deleterious and may initiate a cascade of
events leading to either necrotic or apoptotic cell death'. Ca**-
mediated cell death may represent a final common pathway in a
number of chronic and acute neurodegenerative conditions
including Huntington's disease and stroke’.

In order to completely understand the molecular events leading
to cell death in animal models of neurodegeneration, it is
necessary to quantify [Ca’"] , in vivo. Currently, there are several
means with which to accomplish this. One such method relies on
the infusion of [Ca’*] into the live animal followed by
autoradiographic visualization of silver grains using electron
microscopy®. Yet another method utilizes the oxalatepyroanti-
manate technique to visualize intra-mitochondrial calcium
precipitates using electron microscopy’. Although both of these
methods provide high resolution, limitations of the former
method includes the use of radioactivity and both methods are
limited by the difficulties associated with quantification and
tissue processing forimaging. More current methods rely on the
use of fluorescent probes and visualization using either single® or
two-photon’ confocal microscopy. These semi quantitative
methods, too, are sensitive and have proven useful in tissue
culture studies; however they lack sufficient resolution to afford

information of subcellular calcium levels in the whole animal.
Recently, a method was devised that involves the isolation of
mitochondria in a buffer that contains the cation chelator EDTA
to minimize free Ca’*, ruthenium red to inhibit the mitochondrial
uniporter and voltage-dependent anion channel (VDAC) and
lacks Na® to prevent extrusion of Ca** via the Na*/ Ca’**
antiporter®. The mitochondria are then ruptured using Triton X-
100 and liberated calcium quantified using the fluorescent
probe fura-2K*. A potential limitation of this method is the
presence of EDTA in the isolation buffer which might shift the
equilibrium of Ca** from inside the mitochondrial matrix to the
buffer via efflux through the H*/Ca** antiporter and/or the
permeability transition pore (PTP). In addition, because fura-2K*
is a ratiometric dye, calcium concentrations must be derived
using a standard curve that requires the determination of the
minimum fluorescence using a buffer containing EGTA and
maximum fluorescence following the addition of saturating
concentrations of Ca’*. In the method described herein, we have
circumvented these issues by isolating mitochondria in a
“locking buffer” that contains no chelators and includes
inhibitors of currently described mitochondrial Ca’*
channels/pores to prevent either the influx or efflux of Ca’
during tissue processing. In addition, the use of the non-
ratiometric fluorescent probe Calcium Green 5-N, allows the
liberated calcium concentration to be extrapolated from an
easily generated standard curve.

Methods

Six to eight week-old (approx 30-35 grams) male C57 mice were
used for all animal studies. All animal use procedures were in
accordance with the NIH Guide for the Care and Use of
Laboratory Animals and were approved by the Albany Medical
College Institutional Animal Care and Use Committee. CGP
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37157 was purchased from Tocris Inc. (Ellisville, MO). Ruthenium
red, cyclosporin A, Triton X-100, 2,4-dinitrophenol (DNP), DMSO
and 2,4,6-trinitrophenol (TNP) were purchased from Sigma (St.
Louis, MO.). Calcium Green 5-N and BECEF acid (2',7"-bis-
(2-carboxyethyl)-5-(and-6-)-carboxyfluorescein) were purchased
from Molecular Probes (Eugene, OR.). All other chemicals were
reagent grade.

In our initial studies, mitochondria were prepared from whole
forebrain using a modification of the method of Sims’. In this
assay, the whole brain was placed in 2 ml of isolation buffer (20
mM HEPES, 1% BSA, 75 mM sucrose, 215 mM mannitol, pH 7.2)
that contained 1) 16 uM ruthenium red to block the
mitochondrial inward transport of Ca** via the uniporter and
extrusion via the sodium-independent antiporter and voltage-
dependent anion channel (VDAC) 2) 10 uM cyclosporin A to
prevent loss of Ca’* via induction of the permeability transition
and 3) 15 uM CGP-37157 to block outward flux of Ca’* via the
sodium-dependent antiporter. The concentrations of the
inhibitors used to make this “locking buffer” approximate the
concentrations that were successfully used in other in vitro
preparations''""?. Neither Na*, which is required for activation
of the sodium-independent antiporter, nor EGTA/EDTA was
included in the locking buffer. The final pellet was taken up in
the same buffer and 25, 50 or 100 g mitochondrial protein were
placed in the wells of 96 well plates to which was added 5 uM
Calcium Green 5-N in a final volume of 100 ul locking buffer.
Total [Ca*'], was determined by subtracting the background
fluorescence of the intact mitochondrial preparation from the
fluorescence intensity following solubilization of the organelles
with 100 uM Triton X-100 15 min. Calcium Green 5-N has the
advantage over esterified mitochondrial permeable probes in
that it is not dependent on the mitochondrial membrane
potential, does not require enzymatic cleavage by esterases and,
once the mitochondria have been solubilized, will measure total
[Ca’*], (i.e. bound + free). Samples were read in 96 well plates
using a BIO-teck Synergy HT fluorometer using an excitation
wavelength of 485nm and emission wavelength of 532 nm.
Tissue concentrations were extrapolated from a standard curve
that was generated using known concentrations of CaCl,.
Protein concentrations were determined using the Bradford
protein assay (Pearce, Rockford, IL). All experiments were
replicated a minimum of three times and [Ca’'],, is expressed as
nmol/mg mitochondrial protein.

Due to the ability of Calcium Green 5-N to fluoresce with
changes in pH, we conducted a series of experiments to
determine whether solubilization of mitochondria and the
release of protons altered the buffer pH. Following preparation
of mitochondria in locking buffer, tissue samples were incubated
for 15 minutes with 10 uM of the fluorescent pH indicator BECEF
before and after addition of 100 uM Triton X-100. Samples were
read in 96 well plates with an excitation wavelength of 485 nm
and emission wavelength of 532 nm. The pH of the samples was
calculated by extrapolating the fluorescence from a standard
curve that was generated using buffers of known pH and linear
ina pHrange from 4 to pH 10 (not shown).

To determine whether this method could detect changes in
[Ca’*], in vivo, we treated a group of animals systemically with
2,4-dinitrophenol (DNP) (5 mg/kg in 60% DMSO i.p.). DNPis a

mitochondrial uncoupler that can be used to decrease the
mitochondrial membrane potential (y,). Since the influx of
cytoplasmic Ca’" into the mitochondria is dependent on v, "7,
we hypothesized that treatment with DNP would result in a
reduction of [Ca’*],. One hour following administration of 5
mg/kg DNP (in 60% DMSO), animals were sacrificed and
mitochondria were prepared from forebrain as described above.
In order to control for any non-specific effects of DNP, a control
group of animals was administered the molar equivalent (6.2
mg/kg in 60% DMSO, i.p.) of the DNP analogue 2,4,6-
trinitrophenol (TNP). Although TNP can uncouple submito-
chondrial particles in which the inner mitochondrial membrane
is inside-out, it is impermeable to intact mitochondrial
membranes'™ and thus would not be expected to alter y,, and,
consequently, [Ca®*],. Data were analyzed using Student's t-test
and are expressed as + SEM.

Results

A standard curve was generated using locking buffer that
contained 50 pg mitochondrial protein to which known
concentrations of [Ca’’] was added. The corresponding
fluorescence values were linear in the range from 100nM to 200
UM and the equation (y=mx + C) was used to describe the curve
(Fig. 1, top curve). To make certain that the fluorescent signal
resulted from the Ca’* itself, another standard curve was
generated in the presence of 100 uM EGTA and resulted, as
expected, in the reduction of the fluorescent signal to levels
nearing zero (Fig 1, bottom curve). A parallel set of standard
curves generated in the presence of either lower (25 ug) or
higher mitochondrial protein levels resulted in a slope that was
essentially identical to that seen with 50 g protein and indicates
that the amount of mitochondria in the assay mixture does not
interfere with the fluorescent signal.
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Figure 1. Standard curve (top curve) showing linear relationship
between Calcium Green 5-N fluorescence signal intensity as a result
of increasing concentrations of CaCl, (top curve). The assay was
carried out in the presence of 50 ug mitochondria in “locking” buffer
containing 16 uM ruthenium red, 10 uM cyclosporin A and 15 uM
CGP-37157. The bottom standard curve demonstrates the effects of
100 uM EGTA and indicates that the fluorescence intensity signal
was the result of Ca’*ions.
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We next determined the background [Ca**] using various protein
concentrations of intact brain mitochondria from normal,
untreated animals. Although the absolute amount of Ca*
predictably increased with greater amounts of mitochondria,
the values were essentially the same when these were
normalized to total protein. Specifically, background Ca** was
0.37 + 0.003 nmol/mg protein in 25 ug samples, 0.36 + 0.012
nmol/mg proteins in 50 ug samples and 0.38 + 0.009 nmol/mg
proteins in 100 ug samples (Fig. 2). Following solubilization of
mitochondria with Triton X-100, there was again a marked
increase in [Ca*'] that, when normalized to protein levels were
independent of the amount of mitochondria. In this experiment,
(Ca®],, was 7.63 + 0.047 nmol/mg mitochondrial protein using
25 ug samples, 8.06 + 0.097 nmol/mg mitochondrial protein in
50 ug samples, and 7.77 + 0.155 nmol/mg mitochondrial
protein in 100 ug tissue samples (Fig. 2). Due of the similar
results obtained with different concentrations of protein, we
elected to use 50 ug of mitochondrial protein for the remaining
experiments. Additionally, in view of the lack of variability of
individual standard curves over time, a single standard curve in
which 50 ug mitochondria protein was included in the buffer,
was generated by averaging 6 curves prepared on sequential
days and used in all subsequent experiments.
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Figure 2. Effects of increasing protein concentration on Ca’" levels
in intact and Triton X-100 solubilized mitochondria. In the intact
mitochondria, there is no decrease in background concentrations of
Ca’* as protein concentrations increase. Following exposure to Triton
X-100, there is a marked increase in [Ca’*], presumably due to the
release of both bound and free Ca** from the mitochondrial matrix.
As expected, the concentration of [Ca’], was constant and
independent of the amount of mitochondria assayed.

To determine whether this method was sensitive to changes in
Ca’** mobilization in vivo, we treated a group of animals with
DNP and another with DMSO and compared the two [Ca’*],.
Prior to solubilization there was no difference in [Ca’*], in
“locked” mitochondria between treatment groups (Fig. 3).
Importantly, background Ca** levels from both groups were
similar to that seen in intact mitochondria from normal,
untreated animals (Fig. 3). Following lysis with Triton X-100,
mitochondria prepared from animals administered DMSO
revealed a [Ca**], of 6.99 + 0.136 nmol/mg protein, consistent
with what we observed in normal, untreated animals. In

ANS

RES ARTICLE

contrast, animals treated with DNP, showed an almost 60%
reduction in [Ca®'],, compared to mitochondria from control
animals (2.81 + 0.148 nmol/mg vs. 6.99 + 0.136 nmol/mg
protein; p<0.001). To control for any non-specific effects of DNP,
a third group of animals was systemically administered the
molar equivalent of the structural analogue TNP. One hour
following administration of TNP, [Ca*'], was 7.06 + 0.142
nmol/mg protein, which was not significantly different from
DMSO-treated animals (Fig. 3).
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Figure 3. Effect of the mitochondrial uncoupler DNP on in vivo
[Ca**],. The background Ca®* in buffer containing intact
mitochondria did not differ between treatment groups. Following
solubilization with Triton X-100, Ca’* concentrations in both DMSO-
and TNP-treated groups increased markedly and [Ca*’], was not
different from that seen mitochondria prepared from normal,
untreated animals (see Figure 1). In contrast, there is a significant
decrease in [Ca’'],, in mitochondria prepared from an animal treated
with 5 mg/kg DNP (p < 0.001), consistent with a decrease in the
mitochondrial membrane potential.
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Figure 4. Effects of in vivo administration of DNP or DMSO on assay
buffer pH. Animals were administered systemically either 5 mg.kg
DNP or the molar equivalent of DMSO. One hour later, forebrain
mitochondria were prepared. In intact mitochondria, there was no
difference in BECEF fluorescence between treatment groups.
Following solubilization with Triton X-100, the pH of samples from
both DNP- and DMSO-treated animals remained unaltered. These
observations suggest that the difference in [Ca’"],, between DNP-
and DMS-treated animals was not due to changes in buffer pH
following lysis of mitochondria.

Acidic environments can cause probes such as Calcium Green 5-
N to fluoresce. To determine whether the coincidental release of
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protons from the lysed mitochondria affected buffer pH and,
hence, florescence intensity, experiments were conducted in the
presence of the pH indicator BECEF. In wells containing
mitochondria from DMSO- and DNP-treated animals, the pH of
the assay was 6.54 4+ 0.01528 and 6.5567 + 0.1497 respectively.
Following solubilization with Triton X-100, there was no change
in the pH of either treatment group, indicating that the change
in Calcium Green 5-N fluorescence is not due to the liberation of
protons from mitochondria (Fig. 4).

Discussion

Mitochondrial calcium homeostasis is critically involved in
mechanisms affecting both cell survival and cell death. While
limited increases in [Ca’*],, can activate enzymes in response to
increased cellular energy demands required for cell survival®,
large rises in this same ion can stimulate pathways that result in
either necrotic or apoptotic cell death'. In the central nervous
system, elevations in [Ca’*], have been implicated in both acute
neuronal injury, such as stroke and traumatic spinal cord/brain
injury, as well as in neurodegenerative disorders such as
Huntington's disease’. The ability to easily and reproducibly
quantify in vivo [Ca’*], in animal models for these disorders is
thus of great utility.

Similar to a previously reported method®, we have relied on the
use of “blockers” to prevent both the influx and efflux of [Ca*‘],,
during the isolation of the mitochondria, a detergent to rupture
the mitochondria and liberate calcium and a fluorescent probe
(Calcium Green 5-N) to quantify the liberated Ca’*. In the
method of Zaiden and Sims, they used ruthenium red to block
the mitochondrial inward transport of Ca** via the uniporter and
extrusion via the sodium-independent antiporter and VDAC"'. In
addition to ruthenium red, our “locking” buffer included
cyclosporin A to block the mitochondrial PTP™. The ability to
block PTP is particularly important for measurements under
pathological conditions as it is likely to be activated and may
allow the flux Ca’* during mitochondrial preparation. To prevent
efflux of Ca’* through the sodium dependent antiporter, Zaiden
and Sims omitted Na* from their “isolation” buffer of. We, too,
omitted Na* however we also added CGP-37157 to prevent
activation of the sodium-dependent antiporter" by stores of Na*
located within the mitochondrial matrix. Another difference
between the previous method and the one reported here is the
use of chelating agents during tissue preparation. In our
method, there was no EDTA/EGTA present in the “locking”
buffer, thus precluding a possible shift in the equilibrium of Ca**
from the mitochondrial matrix into the buffer. Lastly, by using
Calcium Green 5-N rather than the ratiometric dye fura-2K", we
were able to generate standard curves directly using known
quantities of Ca’*. Despite the differences in the two methods,
the concentrations of [Ca’*], in “normal” mitochondria
determined using this modified assay were only slightly higher
than that reported previously.

DNP is an uncoupling agent that disconnects the flow of
electrons down the electron chain from ATP synthesis by causing
protons to “leak” back into the matrix form the inner
mitochondrial space™. This short circuit results a reduction in the
mitochondrial membrane potential and, thus, the driving force

that is propels Ca** into the mitochondria. In animals
administered DNP, there was an almost 60% reduction in the
concentration of [Ca’’],, compared to DMSO-treated control
animals, consistent with a reduction in mitochondrial
membrane potential. It should be pointed out that DNP may
have some non-specific membrane effects, such as those leading
to the release of catecholamines”. To control for these effects,
we evaluated the effects of the DNP analogue TNP on [Ca®'],..
Like DNP, TNP interacts with the plasma membrane' but unlike
DNP lacks uncoupling activity in intact mitochondria™. In
animals treated with the molar equivalent of this compound,
there was no reduction in [Ca*'], indicating the effect of if DNP
on [Ca’*], was due to its uncoupling properties and that this
assay is sensitive to changes in [Ca’*],, in vivo. A limitation to this
assay is that it does not differentiate between free and bound
calcium in the matrix.

Although the effect is small, pH can affect the intensity of
fluorescence following excitation. To be certain that the release
of matrix protons did not change buffer pH, we used BECEF to
measure buffer pH. The lack of change in fluorescence in buffer
pH following lysis of the mitochondria indicates that the
changes that we have measured are not a consequence of
proton accumulation. In light of the observation that the
addition of EGTA to solubilized mitochondrial causes a drop in
Calcium Green 5-N fluorescence to near baseline levels, we
conclude that the signal that we are measuring is, indeed, the
result of liberated Ca** from the mitochondria.

Conclusion

This represents a modified method that allows for the
quantification of in vivo mitochondrial calcium levels. The
method provides sufficient sensitivity to measure experimentally
induced changes in [Ca’*],in vivoand should be useful in studies
aimed at determining concentrations of this ion in a number of
models of neurodegenerative conditions in which altered
[Ca’*],, hasbeenimplicated.
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