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a b s t r a c t

The cycle of mitochondrial division and fusion disconnect and reconnect individual mitochondria in cells
to remodel this energy-producing organelle. Although dynamin-related protein 1 (Drp1) plays a major
role in mitochondrial division in cells, a reduced level of mitochondrial division still persists even in the
absence of Drp1. It is unknown how much Drp1-mediated mitochondrial division accounts for the
connectivity of mitochondria. The role of a Parkinson’s disease-associated proteindparkin, which bio-
chemically and genetically interacts with Drp1din mitochondrial connectivity also remains poorly un-
derstood. Here, we quantified the number and connectivity of mitochondria using mitochondria-
targeted photoactivatable GFP in cells. We show that the loss of Drp1 increases the connectivity of
mitochondria by 15-fold in mouse embryonic fibroblasts (MEFs). While a single loss of parkin does not
affect the connectivity of mitochondria, the connectivity of mitochondria significantly decreased
compared with a single loss of Drp1 when parkin was lost in the absence of Drp1. Furthermore, the loss
of parkin decreased the frequency of depolarization of the mitochondrial inner membrane that is caused
by increased mitochondrial connectivity in Drp1-knockout MEFs. Therefore, our data suggest that parkin
negatively regulates Drp1-indendent mitochondrial division.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Mitochondria are critical for many cellular and physiological
processes such as ATP production, metabolism, cell death and aging
[1,2]. Althoughmitochondria formmany discrete structures in cells,
these structures continuously connect and disconnect via highly
regulated membrane remodeling processes, fusion and division
[3e5]. Controlling mitochondrial connectivity is fundamental to
the maintenance of the function of this essential organelle.
Decreased mitochondrial division results in increased connectivity
and size of this organelle, leading to inhibition of proper mito-
chondrial movements and removal by autophagy [2,6]. On the
other hand, decreased fusion compromises mitochondrial con-
nectivity, leading to inhibition of intramitochondrial mixing of
mitochondrial components such as proteins, lipids and DNA [7,8].
Such defects in mitochondrial connectivity have been linked to
human disorders such as Charcot-Marie-Tooth neuropathy, auto-
somal dominant optic atrophy, Alzheimer’s disease and Parkinson’s
disease [9e11].

Dynamin-related protein 1, Drp1, is an evolutionarily conserved
key mediator of mitochondrial division [12e14]. Mutations in hu-
man Drp1 result in a variety of developmental disorders that
strongly affect the nervous system and can lead to neonatal death,
microcephaly and pain insensitivity, and epilepsy [15e17]. Drp1
physically and genetically interacts with an E3 ubiquitin ligase,
parkin, whose defects are associated with familial and sporadic
Parkinson’s disease. For example, it has been shown that parkin
suppresses mitochondrial division by ubiquitinating Drp1 and
promoting its proteosomal degradation in mammalian cells [18]. In
contrast, in Drosophila, parkin promotes mitochondrial division;
parkin mutants exhibit enlarged mitochondria that can be rescued
via the overexpression of Drp1 [19,20]. Therefore, deciphering how
Drp1 and parkin regulate mitochondrial connectivity would shed
light on the many human diseases associated with defects in these
proteins. In this study, we have developed an assay to measure the
connectivity and number of mitochondria using mitochondria-
targeted photoactivatable GFP, and we have quantitatively
assessed the role of Drp1 and parkin in mitochondrial morphology.
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2. Materials and methods

2.1. Mouse embryonic fibroblasts

Wild-type (WT), Drp1-knockout (KO), Parkin-KO (KO) and
Drp1parkin-KO mouse embryonic fibroblasts (MEFs) were immor-
talized spontaneously via serial passage, as described [21,22]. The
MEFs were cultured in Iscove’s Modified Dulbecco’s Medium sup-
plemented with 10% fetal bovine serum (FBS), penicillin and
streptomycin [21].

2.2. Lentivirus production

A lentiviral vector carrying mitochondria-targeted Su9-GFP
(GFP fused to the Su9 presequence) [23] was generated by sub-
cloning Su9-GFP into pHR-SIN-CSGW [14,24]. A plasmid containing
Su9-photoactivatable GFP (PAGFP) was created by replacing GFP
with phosoactivatable GFP [25,26] into the Su9-GFP plasmid.
Lentivirus carrying Su9-GFP or Su9-PAGFP was generated as
described previously [14,24]. Briefly, pHR-SIN-CSGW carrying Su9-
GFP or Su9-PAGFP was cotransfected in HEK293T cells with two
other constructs, pHR-CMV8.2DR and pCMV-VSVG, using Lip-
ofectamine 2000 (Invitrogen). Two days after transfection, the
culture medium of transfected cells containing released lentivi-
ruses was collected. The viruses were quick-frozen in liquid nitro-
gen and stored at �80 �C.

2.3. Fluorescence microscopy

WT, Drp1-KO, parkin-KO and Drp1parkin-KO MEFs were used
for the analysis. Cells carrying Su9-GFP or Su9-PAGFP were stained
with 14 nM tetramethylrhodamine ethyl ester (TMRE) for 20 min in
Iscove’s Modified Dulbecco’s Medium containing 10% FBS media.
The culture mediumwas replaced with L-15 Lebovitz (1X) medium
supplemented with 14 nM TMRE, and the cells were examined
using a Zeiss LSM780 confocal microscope with a 63� objective
lens and an environmental enclosure to control temperature, CO2
and humidity. Images were obtained at 10-s intervals for a total
duration of 15 min or 1 h. To measure the area of single mito-
chondria in cells carrying Su9-PAGFP, a portion of a single mito-
chondrion that was observed based on TMRE staining was
irradiated using a 405 nm laser at 50% power to photoactivate the
Su9-PAGFP in the cells. Immediately after the photoactivation of
Su9-PAGFP (3e5 s), a fluorescent signal of the activated Su9-PAGFP
was recorded. The total mitochondrial area of themitochondriawas
calculated based on the TMRE staining. The number of mitochon-
dria in each cell was determined by dividing the area of total
mitochondria (TMRE signal) by that of a single mitochondrion
(Su9-PAGFP signal). The fluorescent images were quantified and
analyzed using Image J software and Microsoft Excel.

3. Results

3.1. A Drp1-mediated mechanism accounts for ~95% of
mitochondrial division

To quantitatively assess the number and connectivity of mito-
chondria in cells, we adapted matrix-targeted Su9-PAGFP
[21,23,26]. WT MEFs were infected with lentiviruses carrying
Su9-PAGFP and stainedwith TMRE, a red fluorescent dye that labels
mitochondria in live cells (Fig. 1A) [27]. We located a part of a single
mitochondrion using TMRE staining and irradiated it with a short
pulse of laser to photoactivate Su9-PAGFP on the scanning laser
confocal microscope (Fig. 1A). We confirmed that the laser irradi-
ation did not affect the overall mitochondrial morphology.

Photoactivated Su9-PAGFP was immediately diffused into the
connected matrix space, labeling a single mitochondrion within
5 seconds. At 3e5 seconds after irradiation, we captured the image
for TMRE and activated Su9-PAGFP; the effect of mitochondrial
fusion on the diffusion of Su9-PAGFPwas negligible. By dividing the
area of activated Su9-PAGFP signal by that of the TMRE signal, we
calculated the relative area of a single mitochondrion containing
Su9-PAGFP (Fig. 1B). We then converted the relative area into the
number of mitochondria in each cell. We found that a signal
mitochondrion represents roughly 0.2% of the total mitochondria
area in each cell; we accordingly estimated that WT MEFs contain
roughly 500 mitochondria on average (Fig. 1B).

To assess decreases in the activity of mitochondrial division in
the absence of Drp1, we applied our Su9-PAGFP assay to Drp1-KO
MEFs. As expected based on previous studies [14,21], mitochon-
drial tubules are highly connected in Drp1-KOMEFs. We found that
the number of mitochondria decreased by approximately 15-fold in
Drp1-KO MEFs compared with WT MEFs (Fig. 1A and B). Impor-
tantly, mitochondria are still not completely connected; there were
roughly 30 separate mitochondria per cell in Drp1-KO MEFs on
average (Fig. 1A and B). These data suggest that while Drp1 ac-
counts for the majority of mitochondrial division activity, there is a
Drp1-independent mechanism that maintains separate mitochon-
dria in MEFs.

3.2. Parkin negatively regulates the number and connectivity of
mitochondria via a Drp1-independent mechanism

Next, we tested the function of parkin in mitochondrial con-
nectivity in the presence or absence of Drp1-mediated mitochon-
drial division in parkin-KO and Drp1parkin-KOMEF.We found that,
similar to WT MEFs, parkin-KO MEFs contained roughly 500
mitochondria on average (Fig. 1A and B). Intriguingly, the loss of
parkin increased the number of mitochondria by roughly 3-fold in
Drp1parkin-KO MEFs (roughly 100 mitochondria per cell) relative
to Drp1-KOMEFs (roughly 30mitochondria per cell) (Fig.1A and B).
Therefore, parkin controls the number and connectivity of mito-
chondria when Drp1-mediated mitochondrial division is absent.

3.3. Connected mitochondria transiently depolarize in a
synchronized manner

TMRE labels mitochondria in a manner that depends on the
membrane potential across the inner membrane [27]. It has been
shown that TMRE fluorescence transiently drops due to depolari-
zation in a fraction of elongated mitochondria in cells defective in
Drp1 [28,29]. The additional inhibition of mitochondrial fusion
results from decreased Opa1, which decreases the connectivity of
mitochondria and decreases the rate of the fluorescent flickering
[28]. To further test our model that parkin loss reduces the con-
nectivity of mitochondria in Drp1parkin-KO MEFs, we examined
TMRE flickering in cells. We reasoned that if mitochondrial con-
nectivity is decreased in Drp1parkin-KO MEFs compared with
Drp1-KOMEFs, the frequency of TRME flickering should decrease in
parallel with the decreased connectivity. We first determined
whether TMRE fluorescence flickers in connected mitochondria,
but not separate mitochondria. We stained mitochondria using
TMRE in Drp1-KO MEFs expressing Su9-PAGFP and first photo-
activated Su9-PAGFP in a small portion of the mitochondria to label
the connected single mitochondrion (Fig. 2). We subsequently
observed Su9-PAGFP and TMRE fluorescence for the next 15 mi-
nutes. The frequency of TMRE flickering was unaffected by the
photoactivation of Su9-PAGFP. We found that the TMRE flickering
was synchronized in a connected mitochondrion (Fig. 2A). In
another example, the TMRE fluorescence flickered in mitochondria
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