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Abstract: Volume regulation under osmotic loading is one of the most
fundamental functions in cells and organelles. However, the effective
method to detect volume changes of a single organelle has not been
developed. Here, we present a novel technique for detecting volume
changes of a single isolated mitochondrion in aqueous solution based on the
transmittance of the light through the mitochondrion. We found that 70%
and 21% of mitochondria swelled upon addition of a hypotonic solution and
Ca®", respectively. These results show the potential of the present technique
to detect the physiological volume changes of individual small organelles
such as mitochondria.
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1. Introduction

Volume regulation is one of the most important functions in cells and organelles. When
osmolality in the environment decreases, most cells extrude cytosolic solutes and water to
reduce the osmotic imbalance between the internal and external environments of the cell
[1,2]. Following an increase in environmental osmolality, C11-MDCK cells alter protein
phosphorylation and ion transport properties, while bacteria accumulate organic osmolytes
[3,4]. In mitochondria, osmotic imbalance across the inner membrane leads to outer
membrane rupture [5,6]. This can result in the release of proapoptotic proteins such as
cytochrome ¢ and Smac/DIABLO, which are present in the intermembrane space, and may
thus lead to cellular apoptosis [7].

To elucidate the mechanism underlying volume regulation, volume changes of active cells
and organelles should be detected in aqueous solutions. For small substances such as bacteria
and mitochondria, light scattering experiments of the suspensions have been performed to
detect volume changes [1,8]. However, since light scattering studies have been performed
using mitochondria or bacteria ensemble, the results represent average values for a large
number of mitochondria or bacteria. Therefore, when measuring the light scattering of
suspensions, information such as how the volume of a single substance changes in response to
osmotic challenges cannot be measured. To overcome this limitation, it is necessary to
simultaneously and time-dependently measure volume changes and other phenomena that
occur prior to or after the change in volume. Optical microscopy has significant advantages
over other optical or microscopic methods for resolving these issues.

Measurements of mitochondrial volume and morphology using optical microscopy have
primarily been performed for intracellular mitochondria. However, when examining
mitochondrial responses to osmotic loading, isolated mitochondria have several advantages
over intracellular mitochondria. Because mitochondrial morphology frequently changes in
living cells, it is difficult to determine whether the observed volume changes are due to
typical morphological changes or whether they are responses to osmotic loading.
Additionally, because the environment around intracellular mitochondria cannot be
controlled, it is difficult to identify factors affecting mitochondrial volume changes. Despite
these advantages, volume changes of single isolated mitochondria have not been detected
using optical microscopy, possibly because isolated mitochondria are so small with the
diameter of approximately 1 pm that diameter changes in response to osmotic loading cannot
be detected using this method.

In the present study, we developed a novel method for detecting volume changes of single
isolated mitochondria using optical microscopy and successfully detected the swelling of
single mitochondrion in response to hypotonic solution and Ca?*. Optical microscopy is an
excellent method for measuring objects in aqueous solutions; therefore, this method will be
useful for elucidating the mechanism underlying volume regulation of bacteria and small
membrane-surrounded organelles such as mitochondria.

2. Methods
2.1 Imaging of mitochondria

To detect swelling of a single mitochondrion, we obtained transmitted light images of
individual mitochondria adsorbed on a coverslip by using an inverted epifluorescence
microscope (1X-70; Olympus Corporation, Tokyo, Japan) equipped with a 40 x objective lens
(Uapo40 x /340; NA = 0.90; Olympus Corporation) and a cooled CCD camera (Sensicam
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QE, PCO AG; Kelheim, Germany). As the illumination optics, the conventional Koehler
illumination setup with a 100W halogen lamp was used. For the microscopic field, we
acquired 20xy planes by changing the focus at 0.2-um z-spacing as shown in Fig. 1. Each
image was obtained with binning pixel of 1 x 1 and exposure time of 1 s. One stack of images
consisting of 20xy planes were acquired within 1 min, and acquisition of the stack was
repeated at intervals of 2 min. The wavelength used for the measurements was selected using
a 10-nm bandpass filter centered at 546 nm [13], because the effects of redox changes of
mitochondrial proteins on the absorption of mitochondrial suspensions are small within this
range of the wavelength. Actually, the absorption change of a mitochondrion upon addition of
reducing reagent was not detected under the present conditions.
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Fig. 1. Image acquisition for analysis of transmitted light. Mitochondria on a coverslip were
illuminated using a light from a 100-W halogen lamp. Transmitted light images of individual
mitochondria were acquired by changing the positions of the objective lens along the optical
axis (z-axis). The details are described in the text.

Calcein fluorescence in mitochondria was monitored after swelling measurements with
exposure by a 75-W xenon lamp through a 20-nm bandpass filter centered at 480 nm.
Illumination intensity was reduced to 6% using a neutral density filter. Light emitted between
515 and 550 nm was collected using a cooled CCD camera described above. Binning and the
exposure time of the CCD camera were 1 x 1 and 1 s, respectively.

2.2 Effects of swelling on the light transmitted through a mitochondrion

Mitochondrial swelling is caused by the influx of water from the medium to mitochondria.
Since major components of mitochondria are protein, lipid and water, the influx of water into
mitochondria leads to the decrease in the refractive index of mitochondria. This is because the
refractive indices of protein solution and hydrogenated oil (a model of physiological lipid) are
larger than the refractive index of water [10,11].

The curvature and the refractive index of the mitochondrion decrease upon swelling;
hence, the angle between the incident light and transmitted light should decrease as shown in
Figs. 2(A), 2(B). In addition, the reflection of the incident light on the mitochondrial surface
should decrease. Taken together, the intensity of transmitted light at a small region within a
mitochondrion image should increase upon swelling.
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A) Incident light B)

+ 4
Transmitted light

Fig. 2. Trace of the light passing through a mitochondrion. A) Reflection and refraction of the
light. Circles drawn in a solid line and a broken line shows mitochondria before and after
swelling, respectively. Bold lines indicate the incident light. Solid lines indicate the reflection
by or transmitted light through mitochondria before swelling. Broken lines indicate the
reflection by or transmitted light through swelled mitochondria. B) The trace of the light near
the focus. Solid and broken lines indicate the light after passing through a mitochondrion
before and after swelling, respectively.

2.3 Analysis of the transmitted light images of a mitochondrion

To analyze the transmitted light images of a mitochondrion, we selected a mitochondrion near
the center of the field of view, and encompassed the mitochondrion with a square that was 30
pixels on each side as shown in Fig. 3(A). The average intensity within in a 3x3 pixel zone
was computed for every pixel across a 30x30 region centered on the mitochondrion. This
resulted in a total of 784 average intensities. Then, the minimum intensity among 784
intensities was divided by the average intensity of the blank area (15x15 region) near the
mitochondrion. The ratio at the mitochondrion in the plane was termed Rpjane. Since there
were 20 images per mitochondrion in the stack as shown in Fig. 3(B), we analyzed these 20
values of Ryqne for each mitochondrion as a function of the z-position.
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Fig. 3. Analysis of transmittance. A) An image of a single mitochondrion and a square region
(30 x 30 pixels) to be analyzed. This region encompassing a single mitochondrion was scanned
with a small region (3 x 3 pixels). Average intensities within the small regions were calculated.
Bar, 1 um. B) Obtained stack consisting of the 20xy planes. A square shown in a dotted line
demonstrates the region in which the average intensity was at the minimum

In the present study, we acquired one stack of images consisting of 20xy planes at
different z-positions of the objective lens. As shown in Fig. 4(A), when the objective lens was
close to the mitochondrion, the transmitted light image of the mitochondrion was small and
bright because the mitochondrion played the role of a condenser lens. When the objective lens
was away from mitochondria, image contrast strengthened and the image became bigger.
When the objective lens was even further away from the mitochondrion, image contrast
weakened. As shown in Fig. 4(B), most mitochondria showed a local minimum value of
Rpiane. The local minimum value of Ry Was termed the transmittance of light at the

#202616 - $15.00 USD Received 9 Dec 2013; revised 13 Jan 2014; accepted 14 Feb 2014; published 24 Feb 2014
(C) 2014 OSA1 March 2014 | Vol. 5, No. 3| DOI:10.1364/BOE.5.000848 | BIOMEDICAL OPTICS EXPRESS 851



mitochondrion (T). When the local minimum value did not exist within the examined regions
of z-positions, we omitted the mitochondrion from the analysis. These analyses enabled us to
obtain the transmittance that was not affected by the slight drift in the z-position of the
objective lens.
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Fig. 4. Effects of the z-position of the objective lens on a transmitted light image of a
mitochondrion. A) Transmitted light images of a mitochondrion at different z-positions of the
objective lens. We set z = 0 at an appropriate position. Bar, 1 pm. B) Dependence of Rpjane ON
the z-position. Rpianes 0f 3 different mitochondria (a, b, c) in the same microscopic field are
shown. Definition of Rpjane is written in “Methods” section

2.4 Preparation of mitochondria

Mitochondria were isolated from porcine hearts obtained from a local slaughterhouse by
differential centrifugation as previously described [12]. Each preparation was assayed for
ATP production [13] upon addition of 5 mM Na-malate, giving a rate of 370 £ 32 nmol
ATP/mg of protein/min (mean = SE, n = 5), which was comparable to the values reported
previously [14]. For microscopic measurements, mitochondria were adsorbed onto a glass-
bottom culture dish (35 mm in diameter) at approximately 10° mitochondria/dish.
Mitochondria were then incubated for 90 min in an isotonic solution (10 mM Tris-HCI, 250
mM sucrose, 1 mM EGTA, 1 mM KH,PO,4 pH 7.4) and were washed twice before
microscopic measurements [15]. Adsorption and washing were performed at 4°C. Protein
content was determined using a protein assay with BSA as a standard. To examine whether
the inner mitochondrial membrane was ruptured after induction of swelling, calcein, a
hydrophilic fluorescent dye, was entrapped in mitochondria prior to the induction of swelling.
For this purpose, mitochondria on a cover slip were incubated with 1 uM calcein-AM for 30
min at room temperature and washed twice with the isotonic solution.

2.5 Induction of swelling

To induce swelling of mitochondria, osmolality of the solution in which mitochondria were
bathed was decreased by addition of a hypotonic solution (10 mM Tris-HCI, 1 mM EGTA, 1
mM KH,PO,, pH 7.4). The final concentration of sucrose was 50 mM. To measure Ca?'-
induced swelling of mitochondria, Ca®* was added to the isotonic solution with 2mM
phosphate, 2nM TMRE, 3mM sodium malate, 3mM glutamate to obtain a final Ca®*
concentration of 200 uM in the isotonic solution. Cyclosporin A (CsA) was added at 1 pM.
All procedures described above were performed at 25°C.

2.6 Reagents

Calcein-AM was purchased from Dojindo Laboratories (Kumamoto, Japan). CSA was
obtained from Sigma-Aldrich Co. (St. Louis, MO). All other chemicals were of the highest
purity commercially available.
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2.7 Statistical analysis

The results are expressed as mean + SEM. Data was analyzed by analysis of variance
followed by the Student-Newman-Keuls test. Differences were considered statistically
significant when P values were less than 0.05.

3. Results
3.1 Hypotonic solution-induced changes in transmitted light images of a single mitochondrion

To examine whether swelling of a single mitochondrion can be detected as a change in
transmitted light images, we added a hypotonic solution to mitochondria adsorbed on a
coverslip and obtained transmitted light images. Figure 5(A) shows that addition of the
hypotonic solution to mitochondria weakened the contrast of the images. Figure 5(B)
demonstrates that addition of the hypotonic solution increased T within 2 min. Five minutes
after adding the hypotonic solution, T reached a plateau. The increase in the diameter of the
transmitted light image of the mitochondrion was not observed. On the other hand, addition of
the isotonic solution did not induce significant changes in T or the diameter. When we
inhibited the swelling of mitochondria by fixing mitochondrial proteins with formaldehyde,
we did not observe the increase in T upon addition of the hypotonic solution. These results
support the hypothesis that swelling of a single mitochondrion can be detected as an increase
inT.
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Fig. 5. Time-course of changes in transmittance (T) at a mitochondrion. Hypotonic solution
was added to mitochondria at t =5 min. A) Sequential images of a single mitochondrion before
and after addition of hypotonic solution. Time interval between each image was 2 min. Each
image was obtained in the plane where Rpyjane showed the local minimum value. Bar, 1 um. B)
Time-course of changes in T at the single mitochondrion. Definitions of Rpae and T are
written in “Methods” and “Results” section, respectively

3.2 Determination of the threshold for the significant increase in T

To decide whether a mitochondrion swelled in response to a stimulus, it is necessary to fix the
threshold of the significant increase in T. For this purpose, we examined the distribution of
changes in T (AT) as shown in Fig. 6(A). Following addition of the isotonic solution to
mitochondria, ATs were mainly distributed between —0.020 and 0.020, with a distribution
peak at AT = 0.000. In contrast, following addition of the hypotonic solution, the distribution
peak was shifted to AT = 0.005, and the percentage of mitochondria with AT > 0.020 was
increased. Next, we analyzed the percentage of mitochondria for which AT s were larger than
the threshold ATy,. Here, we term this percentage P,(ATy,). As shown in Fig. 6(B), between
ATy = 0.005 and 0.040, P,(ATg) upon addition of the hypotonic solution was larger than
P,(ATy,) upon addition of the isotonic solution. Although Fig. 6(C) demonstrates that the
difference between these 2 P,(ATy,)s showed a peak at ATy, = 0.010, we fixed ATy, at 0.020 as
the threshold of the significant increase in T to enable selection of mitochondria that showed
swelling in response to osmotic imbalance. This is because P,(0.010) following addition of
the isotonic solution was not low (15%) as shown in Fig. 6(B), although P,(0.020) following
addition of the isotonic solution was 4%.
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Fig. 6. Distributions of ATs. A) Distributions of ATs upon addition of the hypotonic or isotonic
solution. B) The percentage of mitochondria for which ATs are larger than ATy, that is
indicated on the horizontal axis (P4(ATw)). C) Difference between P,(ATw) upon addition of
the hypotonic solution and P,(ATy,) upon addition of isotonic solution (closed circles). Open
circles indicate P,4(ATy) upon addition of the isotonic solution. Definitions of AT, ATy, and
P,(ATy) are described in the “Results” section.

3.3 Determination of mitochondrial population to be analyzed

In order to precisely characterize mitochondria swelling using ATy, = 0.020, a mitochondria
population to be analyzed must be identified. Thus, we examined the dependence of AT on
the initial transmittance (Tj.;), which is the transmittance before a stimulus is applied. Figure
7(A) shows that, in the range of T;,; > 0.90, the number of mitochondria showing a AT <
0.020 following addition of the hypotonic solution was much higher than the number of
mitochondria showing a AT > 0.020. This result indicates that mitochondria for which Tj,is
were high had a tendency not to show AT > 0.020. Next, we examined the percentage of
mitochondria with AT > 0.020 following addition of the hypotonic solution when
mitochondria used for analysis were limited to mitochondria with T;.;s less than the indicated
Tinittn @S shown in Fig. 7(B). Here, we term this percentage Poox(Tinittn). When Tigicsn Was
between 0.74 and 0.90, Pgox(Tinitn) did not significantly depend on Tisics and remained at
approximately 65%. In contrast, when Ti,iin Was greater than 0.90, Poo(Tinitm) Significantly
decreased as Tini increased. The mitochondrial population analyzed should be sufficiently
large and the range of Tiyitm Where Pgox(Tiniten) does not significantly change may to some
extent depend on mitochondria preparation used; hence, we used 0.87 as Tiyiitn t0 determine
the population of mitochondria to be analyzed. With a Tiytsn = 0.87, we obtained high
reproducibility for the percentage of mitochondria with AT > 0.020 following addition of the
hypotonic solution.
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Fig. 7. Dependence of P,(0.02) upon addition of hypotonic solution on Tiy:.. All mitochondria
images recognized as single mitochondria were analyzed. A) The distributions of Tigs.
Mitochondria with AT > 0.02 and mitochondria with AT < 0.02 are indicated separately. B)
Po.02(Tiniten) @and the percentage of mitochondria with Tinis < Tiniten indicated in the horizontal
axis. Definitions of AT, P4(ATw), Tinit, Tinitth, and Poo2(Tinitsn) are described in the “Results”
section.

3.4 The absence of release of the mitochondrial solutes

In addition to swelling, the release of solutes from mitochondria might contribute to increased
transmittance. To examine whether mitochondrial solutes were released upon addition of the
hypotonic solution, we observed calcein fluorescence in mitochondria after addition of the
hypotonic or isotonic solution. Mitochondria images with T;,; < 0.87 were analyzed. As
shown in Fig. 8, the fluorescence intensity of mitochondrial calcein after adding the
hypotonic solution was similar to that after adding the isotonic solution. Additionally, there
was no significant correlation between AT and calcein fluorescence in mitochondria after
adding the hypotonic solution. Because calcein fluorescence should decrease when
mitochondrial solutes are released, our results indicate that mitochondrial solutes were not
significantly released upon addition of the hypotonic solution. Taken together, the observed
increase in transmittance for single mitochondria suggests swelling of mitochondria.

300 °
S 250 : :
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g 200 o Isotonic solution
=]
-
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£
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m
&
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Change in transmittance (AT)

Fig. 8. Scatter diagram of AT and calcein fluorescence. Closed circles, mitochondria to which
hypotonic buffer was added; open circles, mitochondria to which isotonic buffer was added.

3.5 Swelling of mitochondria upon addition of hypotonic solution or Ca®*

Ca®* is known to induce the swelling of mitochondria [16]. To compare Ca®*-induced and
hypotonic solution-induced swelling of mitochondria, we examined the percentage of
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mitochondria that underwent swelling upon addition of Ca®* or hypotonic solution. The
thresholds used were ATy, = 0.02 and Tiyiey = 0.87; the results are shown in Figs. 9(A), 9(B).
Upon addition of isotonic solution without Ca®* to mitochondria, 6% of mitochondria
underwent swelling (Poo, (0.87)). For hypotonic solution without Ca?*, this percentage
increased to 70%. Upon addition of the isotonic solution with Ca®* at 200 uM, 21% of
mitochondria showed swelling. CsA decreased the percentage to 13%. The observed CsA-
dependent swelling of mitochondria induced by Ca?" is consistent with the results of previous
studies [14].
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S
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8

Fig. 9. Swelling of mitochondria with Tt < 0.87. A) Distributions of ATs upon addition of the
hypotonic and isotonic solutions. B) Percentages of swollen mitochondria Po . (0.87). Values
represent the mean + SEM (n >4). *, P < 0.05.

4. Discussions

In the present study, we developed a novel method for detecting swelling of a single
mitochondrion in response to osmotic loading. In this method, swelling of a mitochondrion
was detected as an increase in light transmittance through a mitochondrion. Additionally, by
determining thresholds for AT and T;,;;, the percentages of mitochondria showing swelling in
response to stimuli were calculated.

This is the first method that has been developed to detect swelling of single isolated
mitochondrion in an aqueous solution. Since this procedure is performed using a conventional
optical microscope, in combination with fluorescence microscopy, mitochondrion swelling
can be measured time-dependently and simultaneously with other phenomena that occur
before or after volume changes in the same mitochondrion. Therefore, this method will be
useful for the study on the mechanism underlying the swelling of mitochondria. Thus far,
mitochondrial volume changes have been primarily examined using mitochondrial
suspensions by monitoring scattering or light transmittance [8,13,17]. Although these
experiments have promoted our understanding of mitochondrial behaviors, dynamic
behaviors not synchronized among mitochondria cannot be precisely detected using these
methods. This is because information obtained using these methods is based on behaviors
averaged over a number of mitochondria. Electron microscopy has been used to detect
volume changes of mitochondria. However, it is impossible to detect the response to osmotic
loading using electron microscopy because this method requires water to be removed from
the sample. Recently, atomic force microscopy has been used to compare sizes of
mitochondria isolated from cells [18]. Although atomic force microscopy is a promising
technique for simultaneously observing plural events, it must be used in combination with
another technique such as optical microscopy. Thus, the systems for measuring mitochondrial
responses to osmotic loading are complicated.

In the present study, we selected mitochondria with AT > 0.020 as those that underwent
swelling. However, slight swelling of mitochondria with AT < 0.020 can occur, as the peak of
distribution of ATs upon addition of the hypotonic solution was AT = 0.005 and higher than
the peak upon addition of the isotonic solution. Therefore, although we set the threshold at AT
= 0.020 to precisely select mitochondria that swelled in response to the hypotonic solution,
the percentage of swollen mitochondria was possibly underestimated. For Tj,i, We used Tt
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= 0.87 as a threshold of initial transmittance. Using this value, the percentage of mitochondria
analyzed is limited to approximately 30% of total mitochondria. However, mitochondria
already broken or swollen before addition of the hypotonic solution would show high T;.;; and
should be omitted from the analysis.

To determine light transmittance through a single mitochondrion, we acquired 20 images
of a mitochondrion by changing the position of the objective lens along the optical axis. This
procedure limits the time resolution of the swelling measurements. However, this is required
to eliminate the effects of possible bending of a coverslip upon addition of the hypotonic
solution and the effects of possible drift of the objective lens on the transmittance.

5. Conclusions

We found that swelling of a single mitochondrion could be detected as an increase in the light
transmittance through the mitochondrion. Although we cannot quantitatively analyze volume
changes, the percentage of mitochondria (Pg,(0.87)) and changes in transmittance (AT) can
be analyzed. Additionally, because swelling can be measured simultaneously with other
phenomena, the present method will be useful for elucidating the mechanism underlying
volume regulation of small membrane-surrounded cells or organelles such as mitochondria
and bacteria.

Acknowledgments

We thank Ms. S. Ishii for her technical assistance. This research was supported by the
Ministry of Education, Science, Sports and Culture, Grant-in-Aid for Scientific Research (B)
22310078 and (C) 22570158.

#202616 - $15.00 USD Received 9 Dec 2013; revised 13 Jan 2014; accepted 14 Feb 2014; published 24 Feb 2014
(C) 2014 OSA1 March 2014 | Vol. 5, No. 3 | DOI:10.1364/BOE.5.000848 | BIOMEDICAL OPTICS EXPRESS 857





