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Colocalization of mitochondria is the first step of
intermitochondrial interaction or fusion in a cell.
Here, we showed colocalization between exogenous
mitochondria and endogenous ones or between exog-
enous proteoliposomes and endogenous mitochondria
in mouse fertilized eggs by confocal laser microscopy.
Isolated mitochondria from mouse liver and proteoli-
posomes containing mitochondrial membrane were
directly labeled with red fluorescent aliphatic marker,
PKH26, which is incorporated into lipid membrane,
and then were microinjected into fertilized mouse
eggs. Exogenous mitochondria appeared to be almost
colocalized with endogenous mitochondria at the 4-
and 8-cell stages, when mitochondria were stained
with Rhodamine 123 (green fluorescent marker). On
the contrary, when liposomes consisted of soy bean
phospholipid were microinjected into the eggs as a
control, their localization was different from that of
endogenous mitochondria. Next, the submitochon-
drial particles and proteoliposomes were microin-
jected. Both the proteoliposomes and the submito-
chondrial particles appeared to colocalize with
endogenous mitochondria at the 4-cell stage. These
results suggest the existence of a factor that makes
liposomes colocalize with mitochondria. Such a pro-
teoliposome would be useful for the development
of mitochondrial gene transfer techniques. o 2000
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A mammalian cell contains hundreds of independent
mitochondria, each containing several copies of their
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own circular mitochondrial DNA (1-5). Intermitochon-
drial interaction within the cell was initially suggested
by morphological (6, 7) and genetic (8, 9) findings in
yeast. In mammalian cells, giant mitochondria in
hepatocytes have been reported to appear as cylindri-
cal mitochondria linked together (10). Genetically,
translational complementation of mitochondrial rRNA
was observed in heteroplasmic cells with chloram-
phenicol-sensitive and -resistant mtDNA (11, 12), and
translational complementation of mitochondrial tRNA
was observed in heteroplasmic cells with mitochon-
drial DNA disease. In addition, using a cybrid tech-
nique, intermitochondrial interaction has been reported
between wild-type and DNA-lacking mitochondria, and
between wild-type mitochondria and deletion-mutant
MtDNA in a HelLa cell (13, 14).

Recently, microinjection technique of intact mito-
chondria into mouse fertilized egg have been estab-
lished, and showed that sperm mitochondria were
eliminated in fertilized eggs, but somatic mitochondria
were not eliminated (15). In addition, transmitochon-
drial transgenic mice have been established (16). How-
ever, any visual evidence of intermitochondrial inter-
action between exogenous and endogenous mitochondria
in a cell have not been reported.

In the present report, we directly labeled mitochon-
dria and proteoliposomes using red fluorescent marker
(PKH26) with enhanced stability, and then microin-
jected them into fertilized eggs. We indicated the
visual evidence of intermitochondrial interaction be-
tween PKH26-labeled mitochondria and endogenous
mitochondria stained with Rh123 by confocal laser
microscopy. In addition, we constructed proteolipo-
somes including mitochondrial membrane, which colo-
calized with endogenous mitochondria in preimplanta-
tion embryo.
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FIG. 1. The dynamics of endogenous mitochondria in 1- to 8-cell stage mouse embryos. Mitochondria in fertilized mouse eggs accumu-
lated Rhodamine 123 (Rh123; green fluorescence) and observed using confocal laser microscopy. Left vertical line shows the transmission
image. Middle and right lines show slice and projection images of Rh123-stained mitochondria, respectively, using confocal laser microscopy.
All figures are to the same magnification. The scale bar represents 20 um.

MATERIALS AND METHODS

Preparation of mitochondria and labeling with PKH26. Mito-
chondria were isolated from C57BL/6J mouse liver as described
previously (17), suspended in 0.25 M sucrose with 0.2 mM EDTA (pH
7.4), and stored on ice for up to 8 h. Final concentration of mitochon-
drial protein was adjusted to approximately 20 mg/ml. The protein
concentration was determined according to Lowry’'s method.

Direct labeling of mitochondrial membrane was performed using a
PKH26 (excitation wavelength 551 nm, emission wavelength 567
nm) red fluorescent cell linker mini kit (Sigma Chemical Co., USA)
(18). A 100 pl aliquot of isolated mitochondria solution was centri-
fuged at 5900g for 10 min, resuspended in 200 ul of Diluent C
solution, and then mixed with 200 pl of Diluent C containing 2 ul of
1 mM PKH26 solution by gentle pipetting. After incubation at room
temperature for 2 min, the labeled mitochondria mixture was sup-
plemented with 500 ul of 75 mM KCI and 10 mM phosphate buffer
(pH 7.0), and centrifuged at 5,900g for 10 min. The mitochondrial
pellet was suspended in 200 ul of 75 mM KCI with 10 mM phosphate
buffer (pH 7.0), and subjected to microinjection.

Preparation of PKH26-labeled submitochondrial particles. After
labeling mitochondria with PKH26, 2 mg of labeled mitochondria
suspended in 75 mM KCI with 10 mM phosphate buffer (pH 7.0) were
frozen and thawed 3 times, and then sonicated to form submitochon-
drial particles.

Preparation of PKH26-labeled liposomes and proteoliposomes.
For preparation of liposomes, 10 mg of soybean phospholipid (Asolectin)
was dissolved in 1 ml of chloroform and then mixed with 5 ul of 1 mM
PKH26. A 50 ul aliquot of this solution was evaporated with N, flow.
Asolection was purchased from Associate Concentrates (Woodside, NY)
and partially purified as described previously (19). The pellet was hy-
drated with 100 pl of 75 mM KCI and 10 mM phosphate buffer (pH 7.0),
and then frozen and thawed 3 times following filtration with 0.2 um
pore filter to form PKH26-labeled liposomes. The labeled liposomes
were centrifuged at 100,000g for 20 min to remove free PKH26.

Equal volumes of PKH26-labeled liposomes and non-labeled mito-
chondria were mixed and then frozen, thawed, and sonicated for
preparation of proteoliposomes containing mitochondrial membrane
fraction.
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Measurement of mitochondrial membrane potential. The mem-
brane potential of isolated mitochondria was monitored by accumu-
lation of Rh123, which was incorporated into mitochondria depen-
dent on membrane potential. Accumulation of Rh123 was measured
by a fluorescent spectrophotometer (F-2000, Hitachi, Tokyo, Japan)
with an excitation wavelength 470 nm and emission monitored at
530 nm. PKH26-labeled mitochondria (50 pg protein) or PKH26-
labeled submitochondrial particles (50 ug protein) were added to 450
wl of Buffer 1 (0.25 M sucrose, 10 mM KCI, 1.2 mM MgCl,, 0.2 mM
EDTA, 1 mM succinate, 1 mM potassium phosphate, 10 mM Hepes-
NaOH, pH 7.4) supplemented with Rhodamine 123 (10 ng/ml).

Electron microscopy. Isolated mitochondria and submitochon-
drial particles were fixed with 2% glutaraldehyde and embedded into
epoxy’s resin. Thin sections were examined on a Hitachi H-7000
transmission electron microscope.

Preparation of fertilized eggs. C3H/HeJ female mice were treated
at 5-6 weeks with i.p. injection of 5 IU of PMSG (Serotropin)
(Teikoku Hormone Co., Tokyo, Japan) followed 48 h later with 5 U
of hCG (Gonatropin) (Teikoku Hormone Co., Tokyo, Japan). Females
were mated to C3H/HeJ male mice immediately after injection of
hCG. Eggs were collected by rupturing the oviducts approximately
18 h after injection of hCG, treated with 0.03% bovine testicular
hyaluronidase (Sigma Chemical Co., USA) in M2 medium (20) to
remove cumuli, and then rinsed and stored in M16 medium (20) for
3 h at 37°C under 5% CO, in air. After incubation, fertilized eggs
with two pronuclei were selected for microinjection.

Microinjection into fertilized mouse eggs. A micromanipulator
(Leitz) equipped with a Piezomicropipette driving unit (Model PMM-
01, Prima Meat Packers, Ibaraki, Japan) was used. The micropip-
petes (~7 um tip diameter) were pulled from borosilicate glass cap-
illary tubing (1.0 mm outside diameter, 0.75 mm inside diameter)
(Sutter Instruments, Novate, CA), and contained mercury columns
to maximize penetration efficiency.

Confocal laser microscopy. Active mitochondria of fertilized em-
bryos at various preimplantation stages were stained with HECM-3
containing Rh123 (final concentration 0.2 ug/ml) for 20 min, washed
with HECM-3, and then transferred onto a glass-bottom dish. Active
mitochondria accumulating Rh123 was observed using confocal mi-
croscopy (MicroRadiance, Bio-Rad Laboratories Inc., CA) under 488
nm excitation light with a 515/30 filter for emission. Exogenous
mitochondria, submitochondrial particles, liposomes, and proteolipo-
somes labeled with PKH26 was also observed under 514 nm excita-
tion light with a 570 long pass filter for emission. A computer
equipped with Bio-Rad software (LaserSharp ver. 3.4) was used for
operating the system and for processing of images.

RESULTS

Distribution of mitochondria in fertilized mouse eggs.
First, we studied the dynamics of endogenous mito-
chondria in fertilized mouse eggs from the 1- to 8-cell
embryonic developmental stages under confocal laser
microscopy after staining with Rhodamine 123 (Rh123)
(Fig. 1). Mitochondria were observed in a perinuclear
pattern at the 1-cell stage, and then distributed
throughout the cytoplasm at the 2-cell stage. After
distribution, mitochondria were partially localized in
interfaces between cells. The diffuse pattern of mito-
chondria distribution was observed from the 2- through
8-cell stages. Thus, the mechanism of mitochondrial
movement from the perinuclear to diffuse pattern is
active between the 1- and 2-cell stages. These results
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FIG. 2. Electron microscopy and measurement of membrane po-

tential of isolated mitochondria. (A) Electron microscopy image of
isolated mitochondria. Mouse liver mitochondria were purified ac-
cording to the sucrose-gradient method described under Materials
and Methods, and then subjected to electron microscopy, *X26,700.
(B) Measurement of the membrane potential of PKH26-labeled mi-
tochondria was performed using Rh123 in a fluorescent spectropho-
tometer. Y-axis is the intensity of fluorescence monitored at 530 nm,
and the point of addition of PKH26-labeled mitochondria is indicated
with an arrow.

are consistent with those reported previously in ham-
ster embryos (21).

Inspection of isolated mitochondria. To test the
qguality of the sample for microinjection, a mitochon-
dria fraction isolated from mouse liver by the sucrose
gradient method was observed under electron micros-
copy (Fig. 2A). Most structures in the fraction were
shown to be intact mitochondria with cristae, and the
fraction was contaminated with a small amount of
degraded mitochondria, microsomes, and cell debris. In
addition, the membrane potential of the mitochondria
after labeling with PKH26, a membrane-labeling fluo-
rescent marker, was measured by the accumulation of
Rh123 in mitochondria using fluorescent spectropho-
tometer. Figure 2B shows that PKH26-labeled mito-
chondria possessed membrane potential, and there-
fore that the labeling process with the fluorescent
marker did not damage the membrane potential of
mitochondria.
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FIG. 3. The dynamics of exogenous mitochondria labeled with PKH26 in fertilized mouse eggs from the 1- to 8-cell embryonic
development stages. At the 4- and 8-cell stages, mitochondria are stained with Rh123 (fourth and fifth vertical lines). First vertical line shows
transmission images. Second and third lines show slice and projection images of PKH26-labeled mitochondria, respectively, using confocal

laser microscopy. Fourth and fifth lines show slice and projection images of double staining with PKH26 and Rh123, respectively,

using

confocal laser microscopy. All figures are to the same magnification. The scale bar represents 20 um.

Mitochondria from mouse liver colocalized with
endogenous mitochondria. Microinjection of PKH26-
labeled mitochondria into mouse fertilized egg was
performed to study the dynamics of exogenous
mitochondria in preimplantation embryos. Exogenous
mitochondria were observed from the 1- to 8-cell em-
bryonic development stages under a confocal laser mi-
croscope. As shown in Fig. 3, exogenous mitochondria
(red fluorescence) remained at the injected site nearby
nuclei at the 1-cell stage, and then distributed over the
cytoplasm at the 2-cell stage. This behavior was basi-
cally consistent with that of endogenous mitochondria
(Fig. 1). At the 4- and 8-cell stages, when mitochondria
were stained with Rh123 to visualize the interaction
between exogenous and endogenous mitochondria, ex-
ogenous (red) and total active (green) mitochondria
appeared to be overlaid. Thus, exogenous mitochondria

isolated from mouse liver colocalized with endogenous
mitochondria in the eggs.

Liposomes did not colocalize with mitochondria. As
a negative control, liposomes, which consisted of soy-
bean phospholipid, was used. Figure 4 shows that
PKH26-labeled liposomes (red) were distributed imme-
diately after microinjection, in contrast with both en-
dogenous and exogenous mitochondria (Figs. 1 and 3).
In addition, when endogenous mitochondria were
stained with Rh123, liposomes (red) appeared in a
speckle pattern, the localization of which was totally
different from the locus of endogenous mitochondria.
These findings indicate that the mitochondrial colocal-
ization shown in Fig. 3 was specific to mitochondria,
and that a mitochondrial component was necessary for
colocalization with endogenous mitochondria.
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FIG. 4. The dynamics of liposomes labeled with PKH26 in fertilized mouse eggs from the 1- to 8-cell embryonic development stages. At
the 4- and 8-cell stages, mitochondria are stained with Rh123 (fourth and fifth vertical lines). First vertical line shows transmission images.
Second and third lines show slice and projection images of PKH26-labeled liposomes, respectively, using confocal laser microscopy. Fourth
and fifth lines show slice and projection images of double staining with PKH26 and Rh123, respectively, using confocal laser microscopy. All
figures are to the same magnification. The scale bar represents 20 um.

Submitochondrial particles colocalized with mito-
chondria. To investigate whether submitochondrial
particles are sufficient for the colocalization of mito-
chondria in a cell, submitochondrial particles were mi-
croinjected into fertilized eggs. To test the quality of
the injection sample, the submitochondrial particles
were analyzed under electron microscopy. Figure 5A
shows that most of the mitochondria appeared to frag-
ment into submitochondrial particles as a single mem-
brane structure. In addition, the measurement of the
membrane potential showed that samples of submito-
chondrial particles contained very few intact mitochon-
dria (Fig. 5B).

PKH26-labeled submitochondrial particles were mi-
croinjected into fertilized eggs, and the dynamics of the
particles were monitored by confocal laser microscopy

from the 1- to 4-cell stage of embryonic development
(Fig. 6). PKH26-labeled submitochondrial particles
(red) showed distribution at the 1-cell stage, although
the extent of this distribution was clearly different
from the speckle pattern of liposomes shown in Fig. 4.
When a 4-cell embryo was stained with Rh123, PKH26-
labeled submitochondrial particles (red) appeared to be
colocalized with endogenous mitochondria (green).
Note that submitochondrial particles does not accumu-
late Rh123, the appearance of the submitochondrial
particles at the 4-cell stage was consistent with that of
intact exogenous mitochondria (Fig. 3). According to
these results, colocalization of mitochondria in a cell
was not dependent upon any components of the mito-
chondria matrix, nor did it depend upon the membrane
potential of mitochondria.
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FIG. 5. Electron microscopy and measurement of membrane po-
tential of submitochondrial particles. (A) Electron microscopy image
of submitochondrial particles. Magnification is the same as that in
the legend to Fig. 2A, X32,000. (B) Measurement of membrane
potential of submitochondrial particle fraction using Rh123 in a
fluorescent spectrophotometer. Y-axis is the intensity of fluorescence
of incorporated Rh123 monitored at 530 nm. The point of addition of
submitochondrial particle fraction is indicated with an arrow.

Proteoliposomes containing mitochondrial mem-
brane colocalized with mitochondria. Based on the
above results, the existence of a factor for mitochon-
drial colocalization on the mitochondrial membrane
was strongly suggested. We attempted to prove the
existence of such a factor by construction of proteolipo-
somes containing mitochondrial membrane. PKH26-
labeled liposomes and non-labeled mitochondria were
mixed and then frozen, thawed, and sonicated for prep-
aration of proteoliposomes containing mitochondrial
membrane fraction. Proteoliposomes microinjected
into fertilized mouse eggs were monitored using confo-
cal laser microscopy from the 1- to 4-cell stages of
embryonic development (Fig. 7). At the 1-cell stage,
proteoliposomes containing mitochondrial membrane
(red) were more widely distributed than submitochon-
drial particles, but less than liposomes containing only
soybean phospholipid (Figs. 4 and 6). When a 4-cell
embryo was stained with Rh123, patterns of colocaliza-
tion between proteoliposomes (red) and endogenous
mitochondria (green) were obtained. These results in-
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dicate that a factor for mitochondrial colocalization
exists on the mitochondrial membrane, and that the
factor derived from mature mouse liver was active even
in fertilized eggs, where cytoplasm conditions are dif-
ferent from those of liver cells.

DISCUSSION

In the present report, we traced the exogenous mi-
tochondria, submitochondrial particles, and proteolipo-
somes that were labeled with aliphatic fluorescent
marker, PKH26. They were prepared from mouse liver,
microinjected into fertilized mouse eggs, and observed
by confocal laser microscopy to examine intermitochon-
drial interaction between them and active mitochon-
dria in a cell. We showed that exogenous mitochondria
colocalized with endogenous mitochondria in the pre-
implantation embryo, although the liposomes did not
colocalize with endogenous mitochondria. In addition,
we also showed that submitochondrial particles or pro-
teoliposomes containing mitochondrial membrane pro-
teins colocalized with endogenous mitochondria, indi-
cating that a factor for colocalization of mitochondria
existed in mitochondrial membrane.

Technique of microinjection of mitochondria into
eggs has been established using a Piezomicropipette
driving unit, and enabled to be reported that sperm
mitochondria were eliminated in fertilized eggs by the
detection of Rh123-stained sperm mitochondria using
a confocal microscopy (22). Recently, it is suggested
that proteolytic embryonic factors detect nuclear-
encoded proteins of the sperm mitochondrial sheath or
associated elements (23). In contrast, recent reports
have reported that exogenous mitochondrial DNA from
somatic cells are not eliminated from the fertilized egg
after microinjection using PCR method (15). Mitochon-
dria isolated from somatic cells likely lack the signal
that would induce their destruction in the fertilized
egg. We indicated that somatic mitochondria retained
in fertilized eggs until 8-cell stage using long-term
detection marker. This result supported that mitochon-
dria from liver cells are protected from the selective
destruction of sperm mitochondria in the fertilized egg.

Mitochondrial DNA (mtDNA) shows higher sensitiv-
ity to mutation because of an inaccurate DNA repair
system and the absence of protective histone. Muta-
tions on mtDNA cause various mitochondrial disorders
such as diabetes, neuropathy, and myopathy (24). Mu-
tant mtDNA is usually mixed with wild-type mtDNA
in a heteroplasmic cell. According to the segregation
theory (24), when a heteroplasmic cell is divided, the
mutant and wild-type mtDNAs are randomly distrib-
uted into the daughter cells, and ultimately a cell with
predominantly mutant mtDNA is produced. This pro-
cess, known as replicative segregation, is associated
with mitochondrial diseases. If mitochondrial fusion in
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FIG. 6. The dynamics of submitochondrial particles labeled with PKH26 in fertilized mouse eggs from the 1- to 4-cell embryonic
development stages. At the 4-cell stage, endogenous mitochondria are stained with Rh123 (fourth row). First vertical line shows transmission
images. Second and third lines show slice and projection images of PKH26-labeled submitochondrial particles, respectively, using confocal
laser microscopy. Fourth row shows slice and projection images of double staining with PKH26 and Rh123 using confocal laser microscopy.
All figures are to the same magnification. The scale bar represents 20 um.

a cell occurs to the point of genotypical homogeniety, it
would be difficult to explain the pathogenesis of mito-
chondrial diseases using the segregation theory. Fig-
ure 3 shows that exogenous mitochondria were not
distributed homogeneously into daughter cells be-
tween the 1- and 2-cell embryonic stages. These results
indicate that intermitochondrial interaction occurs
within a cell, and also that the distribution of mito-
chondria during cell division is not homogenous in the
embryo, which agrees with the segregation theory to
some extent.

We also showed that exogenous mitochondria and
proteoliposomes containing mitochondrial membrane
fraction colocalized with endogenous mitochondria in
an egg by confocal laser microscope. Colocalization of

mitochondria is the first step of intermitochondrial
interaction (25). We indicated the visual evidence us-
ing microinjection of proteoliposomes that a factor for
mitochondrial colocalization existed in mitochondrial
membrane. Previously, partial purification of mito-
chondrial fusiogenic protein from mouse liver has been
reported (26). Such a factor accelerating intermito-
chondrial interaction would exist on mitochondrial
membrane from mouse liver.

In spite of numerous reports about mitochondrial
diseases, a fundamental technique for gene therapy of
mitochondrial disorders has not been sufficiently de-
veloped. The current study shows that the proteolipo-
somes colocalized with endogenous mitochondria in a
cell, and also showed a possibility that such a proteo-
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FIG. 7. Thedynamics of PKH26-labeled proteoliposomes containing mitochondria membrane in fertilized mouse eggs from the 1- to 4-cell
embryonic development stages. At the 4-cell stage, mitochondria are stained with Rh123 (fourth row). First vertical line shows transmission
images. Second and third lines show slice and projection images of PKH26-labeled proteoliposomes, respectively, using confocal laser
microscopy. Fourth row shows slice and projection images of double staining with PKH26 and Rh123 using confocal laser microscopy. All
figures are to the same magnification. The scale bar represents 20 um.
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