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Abstract
Mitochondria exist as dynamic networks that are constantly remodeled through the opposing actions
of fusion and fission proteins. Changes in the expression of these proteins alter mitochondrial shape
and size, and may promote or inhibit the propagation of apoptotic signals. Using mitochondrially
targeted EGFP or DsRed2 to identify mitochondria, we observed a short, distinctly tubular
mitochondrial morphology in postnatal cortical neurons in culture and in retinal ganglion cells in
vivo, whereas longer, highly interconnected mitochondrial networks were detected in cortical
astrocytes in vitro and non-neuronal cells in the retina in vivo. Differential expression patterns of
fusion and fission proteins, in part, appear to determine these morphological differences as neurons
expressed markedly high levels of Drp1 and OPA1 proteins compared to non-neuronal cells. This
finding was corroborated using optic tissue samples. Moreover, cortical neurons expressed several
splice variants of Drp1 including a neuron-specific isoform which incorporates exon 3. Knockdown
or dominant negative interference of endogenous Drp1 significantly increased mitochondrial length
in both neurons and non-neuronal cells, but caused cell death only in cortical neurons. Conversely,
depletion of the fusion protein, Mfn2, but not Mfn1, caused extensive mitochondrial fission and cell
death. Thus, Drp1 and Mfn2 in normal cortical neurons not only regulate mitochondrial morphology,
but are also required for cell survival. The present findings point to unique patterns of Drp1 expression
and selective vulnerability to reduced levels of Drp1 expression/activity in neurons, and demonstrate
that the regulation of mitochondrial dynamics must be tightly regulated in neurons.
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Introduction
Mitochondria are essential for maintaining neuronal viability and neuronal function because
of their ability to provide ATP, regulate calcium homeostasis and control Fe/S cluster
biogenesis (DiMauro and Schon, 2008). Consistent with this critical role, abnormalities in
mitochondrial structure and function are closely associated with a wide array of neurological
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diseases and nervous system injury (Chan, 2004; Lin and Beal, 2006). Recent evidence
demonstrates that mitochondria are highly dynamic structures that display significant
variability in size, shape and distribution. In addition to being highly motile structures,
mitochondria can change size and shape by undergoing fission and fusion. These opposing
processes may play an important role in mediating the activity-dependent regulation of
mitochondrial distribution in neurons (Li et al., 2004; Sung et al., 2008), an activity that has
recently been linked to creating or maintaining synaptic contacts (Li et al., 2008). In addition,
alterations in mitochondrial fission and fusion have been associated with neuronal degeneration
induced by diverse neurotoxic stresses (Barsoum et al., 2006; Jahani-Asl et al., 2007; Yuan et
al., 2007; Poole et al., 2008; Yang et al., 2008; Deng et al., 2008). Thus, the regulation of
mitochondrial dynamics may be critical for maintaining neuronal health, connectivity and
function (Knott et al., 2008).

Changes in mitochondrial shape, size and function result from a shift in the steady state balance
between fission and fusion, and are carried out by a well conserved cellular machinery
comprised of dynamin-related GTPases (Chen and Chan, 2005). Three such GTPases, Mfn1,
Mfn2, and OPA1 regulate fusion in mammalian cells (Cipolat et al., 2004; Chen et al., 2005).
Conversely, dynamin-related protein 1 (Drp1) and Fis1 have been identified as components of
the mammalian mitochondrial fission machinery (Smirnova et al., 2001; James et al., 2003;
Yoon et al., 2003). The importance of fusion and fission proteins to the biology of neurons is
underscored by the occurrence of several neurodegenerative diseases that result from mutations
in these genes. Mutations in Mfn2 cause the autosomal dominant disease Charcot-Marie-Tooth
(CMT) type 2A, a peripheral neuropathy of motor and sensory neurons (Zuchner et al.,
2004). Mutations in OPA1 promote dominant optic atrophy (DOA), a commonly inherited
form of optic nerve degeneration (Alexander et al., 2000; Delettre et al., 2000). CMT4A is
caused by mutations in GDAP1, a protein implicated in mitochondrial fission (Niemann et al.,
2005). Finally, a mutation in the fission gene Drp1 has recently been identified in a newborn
child with abnormal brain development and optic atrophy (Waterham et al., 2007).

Despite the emerging relationship between the regulation of mitochondrial dynamics and the
maintenance of neuronal structure and function, very little is known regarding the cellular
machinery that regulates mitochondrial fusion and fission in healthy neurons or how it responds
to disease and stress. Also, it is not clear whether our current understanding of mitochondrial
dynamics in non-neuronal cells is directly applicable to neurons. Therefore, in the present
study, we determined if the regulation of mitochondrial dynamics differed between neurons
and non-neuronal cells. The present findings demonstrate that neurons express unique patterns
of fission/fusion proteins and that they are vulnerable to either reduced levels/activity of the
fission protein Drp1 or conversely, the fusion protein Mfn2, but not Mfn1. Thus, mitochondrial
dynamics must be tightly regulated in neurons to maintain function and viability.

Materials and Methods
Animals and cell culture

Primary cultures of postnatal cortical and hippocampal neurons from newborn mice (day 0)
and embryonic telencephalic neurons from day 14.5 mouse embryos were prepared as
previously described (Xiang et al., 1996; Johnson et al., 1999) and maintained for 3 or 4 days
prior to experimental manipulations unless otherwise specified. Neuronal viability was
determined based on morphological criteria as previously described (Xiang et al., 1996);
nuclear morphology (Hoechst 33258 staining) or the overall morphology of neurons visualized
with EGFP fluorescence following lentivirus infection. Mouse embryonic fibroblasts (MEF),
mouse astrocytes and HeLa (a human cervical carcinoma cell line) cells were prepared and
maintained as previously described (Uo et al., 2005; Uo et al., 2007). Adult spinal cord
progenitor cells were prepared and maintained as a mixture of neurospheres and attached cells
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in DMEM/F12 (1:1) supplemented with 2 mM glutamine, 1% N2 supplements, 5 μg/ml
heparin, 20 ng/ml EGF, and 20 ng/ml FGF-2 as previously described (Petit et al., 2007).

Immunoblotting
Brains were freshly obtained from 6 month-old C57BL/6 mice following cervical dislocation.
Superficial layers of superior colliculus (bilateral) were dissected out using a small spatula,
optic nerves were separated at the chiasm and eye cup, and retinas were cleanly removed from
dissected eye cups, and then each was placed in tubes containing ice-cold lysis buffer (50 mM
Tris-HCl, pH 7.4; 150 mM NaCl; 5 mM EDTA; 1% Triton X-100; 100 μg/mL PMSF; 1%
protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO) and 1% phosphatase inhibitor
cocktail I and II (Sigma-Aldrich, St. Louis, MO)). Samples of tissue from 10 mice each were
pooled. All tissue was initially broken down with a tube-fitted pestle then further sheared by
pulling through successively smaller gauge needle syringes (up to 26G). Lysate was boiled for
5 min in a 95°C water bath then centrifuged for 10 min at 16,000g. The protein concentration
of the supernatant was quantified with a BCA assay (Pierce Biotechnology, Rockford, IL).
Protein extracts from cultured cells were prepared in SDS-PAGE sample buffer (10 % glycerol,
62.5 mM Tris-HCl, pH 6.8, 2% SDS). Protein samples were subjected to gel electrophoresis
using 10 μg protein/lane on 4–15% SDS gradient polyacrylamide gels unless otherwise
specified, followed by immunoblotting as previously described (Uo et al., 2005; Uo et al.,
2007).

Immunofluorescence
Cultured cells were fixed in 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer, pH 7.4
(PB), permeabilized with 0.2% Triton X-100, and processed for immunostaining as described
(Xiang et al., 1996). Fluorescent microscopic images were captured on an Axiovert 200
inverted microscope (Carl Zeiss Microimaging, Thornwood, NY) equipped with a cooled CCD
camera (SensiCam, Cooke Corp, Auburn Hills, MI). Images to be directly compared were
captured and processed in an identical manner with Slidebook™ imaging software (Intelligent
Imaging Innovations, Denver, CO) and Adobe Photoshop (version 7.0.1. or CS2 9.0.2).

For in vivo samples, ten days after LV-Mito-EGFP injection, mice were deeply anesthetized
with 300 mg/kg sodium pentobarbital, then perfused transcardially with 4% PFA in PB; eyes
were dissected out, superior cut made, cornea and lens removed before placing the eyecup in
4% PFA for 1 h. Eyecups were washed in PB, retinas dissected out and vitreous removed using
angled jeweler’s forceps. Retinas were cryoprotected by overnight incubation in 30% sucrose
and subjected to three consecutive freeze-thaw cycles in 30% sucrose before immunolabeling.
Retinas were rinsed 3 times (10 min each) in 0.1M Tris buffer (TB, pH 7.4) and then blocked
for 1h in 5% donkey serum (Jackson ImmunoResearch Laboratories, West Grove, PA) and
0.4% Triton X-100 (Sigma-Aldrich, St. Louis, MO) in TB (block solution). Tissue was
incubated overnight with primary antibodies against NeuN and neurofilament-200
(neurofilament-H/NF-H) in the block solution. Retinas were then rinsed 3 times (10 min each)
in TB, incubated for 30 min in block solution then for 2h in Cy5 or RedX-conjugated secondary
antibodies (Jackson ImmunoResearch Laboratories) diluted in blocking solution. After final
rinsing (3 times in TB), wholemount retinas were mounted on SuperFrost slides (Fisher
Scientific, Fairlawn, NJ) and coverslipped in gelvitol. High magnification confocal stacks of
retinas were taken using a Bio-Rad Radiance 2000 confocal microscope. Image stacks were
processed using Volocity software (Improvision, Ltd., Waltham, MA).

Dilutions of primary antibodies and their sources are provided in Table 1.
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Analysis of Drp1 binding to Bcl-xL and Drp1 SUMOylation
For co-immunoprecipitation (co-IP) studies, at 24 hr after transfection with Lipofectamine
2000 reagent (Invitrogen), subconfluent HEK 293 FT cells on 6-well multidish (Nunc) were
lysed in the co-IP buffer (10 mM HEPES-KOH, pH 7.5, 1 mM EDTA, 150 mM NaCl, 1%
Triton X-100) supplemented with proteinase inhibitors. Lysates were divided into two parts,
and subjected to immunoprecipitation with 2 μg of either Bcl-xL antibody (54H6, Cell
Signaling Technology) or normal Rabbit IgG (Invitrogen) bound to ImmunoPure®

Immobilized Protein G (Pierce). To detect Drp1 SUMOylation, HEK 293 FT cells were lysed
in RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% sodium deoxycholate, 0.1%
SDS, 1% Triton X-100) containing protease inhibitors 24 hr after transfection. The resultant
lysates were incubated with anti-FLAG M2 agarose (Sigma-Aldrich). Beads were washed 4
times with the respective buffers used for extraction and boiled with 2x SDS-PAGE sample
buffer. The eluted proteins were resolved by SDS-PAGE gels, followed by Western blot
analysis using appropriate antibodies.

Plasmid construction and lentivirus production
Human pcDNA3-Drp1 for transient expression of wild-type Drp1 (Smirnova et al., 1998) was
kindly provided by Dr Richard Youle (NIH). It is important to note that this cDNA lacks exon
3, 16 and 17. Expression constructs for FLAG-tagged wild-type (Drp1WT) and dominant-
negative mutant Drp1 (Drp1K38A) were created as follows. Using pcDNA3-Drp1 as a template,
a cDNA fragment encoding N-terminally FLAG-tagged partial Drp1 protein was prepared by
PCR with forward primer: GGA TCC GCC ACC ATG GAT TAC AAG GAT GAC GAC
GAT AAG GAG GCG CTA ATT CCT GTC ATA AAC and reverse primer: AAA TCC ACA
AGT GTC AAA TTG ACA ACG (BamHI site is singly underlined and the sequence encoding
FLAG tag was dashed). The amplified fragment contains the HindIII site and this was digested
with BamHI and HindIII. Subsequently, the resultant fragment and the HindIII-XhoI fragment
of pcDNA3-Drp1 were introduced together into the BamHI-XhoI site of the pcDNA3 vector
(Invitrogen) to produce pcDNA3 FLAG-Drp1WT. An expression construct for the dominant
negative mutant of Drp1, pcDNA3 FLAG-Drp1K38A, was created using the QuikChange XL
Site-Directed Mutagenesis Kit (Stratagene). For lentivirus-mediated expression of Drp1WT

and Drp1K38A, DNA fragments were liberated from the respective pcDNA3 FLAG-Drp1
vectors by digestion with NdeI and XhoI. These fragments were inserted into the NdeI-XhoI
site of the pSL6 IRES-GFP vector (Uo et al., 2007) to produce lentiviral transfer vectors co-
expressing EGFP and either FLAG-tagged Drp1WT or Drp1K38A from the same transcripts.

Each cDNA encoding a variable splicing variant of human Drp1 was created using pcDNA3
FLAG-Drp1WT as a parental plasmid. Human Drp1 cDNA encoding transcript variant 1
(NM012062.2) which lacks exon 3 but contains exon 16 and 17 was purchased from Origene
(Rockville, MD) and used as a template for PCR in some cases. Primers with DNA sequence
corresponding to exon 3 were used for PCR to introduce the exon 3 sequence into the human
Drp1 cDNA. Further information about the cloning methods and primers is available upon
request.

For expression of the MYC-tagged Bcl-xL protein, a cDNA fragment encoding human Bcl-
xL was liberated from the pCMVTag2 Bcl-xL plasmid (Uo et al., 2007) by digestion with
BamHI and XhoI. The resultant fragment was inserted into the same site of the pCMVTag3
plasmid (Stratagene, La Jolla, CA) to produce pCMVTag3 Bcl-xL.

For lentivirus-mediated expression of a mitochondrially-targeted form of EGFP protein, a
DNA fragment was liberated from the pMito-EGFP plasmid (Uo et al., 2007) by digestion with
NheI and NotI, followed by trimming to obtain blunt-ended fragments. These fragments were
inserted into the blunt-ended XhoI site of the pSL6 vector (originally provided by Dr. W.R.

Uo et al. Page 4

Exp Neurol. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Osborne, University of Washington) to produce pSL6 Mito-EGFP. pSL6 Mito-DsRed2 was
created using the same strategy for expression of a mitochondrially-targeted form of DsRed2
protein.

The pre-made lentiviral pLKO.1 plasmid expressing shRNA for mouse Drp1 (Sigma-Aldrich:
Clone ID: NM_152816.1-1101s1c1), Mfn1 (NM_024200.2-1521s1c1) and Mfn2
(NM_133201.1-2295s1c1) were used for knockdown of expression of mouse Drp1, Mfn1 and
Mfn2, respectively. The MISSION Non-Target shRNA Control Vector was used to express
control shRNA that does not target mouse genes. In the case of Mfn1 and Mfn2 knockdown,
the puromycin-resistant gene in pLKO.1 plasmid was replaced by cDNA encoding EGFP. The
MISSION Non-Target shRNA Control Vector was processed in the same manner.

The concentrated virus stocks were titered by transducing HT1080 cells with limiting dilutions
of the stock and by assessing expression of fluorescence proteins through flow cytometry or
quantifying proviral DNA by real-time PCR. Stable knockdown of human Drp1 in HeLa cells
was achieved by using pREP4 vector (Invitrogen) to which a U6 promoter-driven shRNA
sequence for human Drp1 was subcloned from the pSHAG-1 (Cold Spring Harbor Laboratory,
Cold Spring, NY)-based shRNA expression system (kindly provided by Dr. R. J. Youle, NIH)
according to the published protocol (Lee et al., 2004).

Reverse transcription (RT)-PCR based identification of Drp1 splice variants
Total RNA was isolated from the specified cells in culture using the RNeasy kit (Qiagen, Inc.,
Valencia, CA) according to the manufacturer’s protocols. cDNA synthesis and target gene
amplification were performed using the OneStep RT-PCR kit (Qiagen) with the following
primers for analysis of inclusion/exclusion of exon 3 (forward primer, P1: GTG GGA AGA
GCT CAG TGC TGG AAA GC; reverse primer, P2: CTT GTC GAA TTT CAT CAA AAT
CTG TGT AAA G) and for that of exon 16 and 17 (forward primer, P3: CTT AGT GGC AAT
TGA GCT AGC GTA TATC; reverse primer, P4: GTT GTT GGT TCC TGA CCA CCG TCT
CCA ATC). Each primer binding site is shown in Figure 3A. RT was carried out at 55°C for
30 min followed by a 15 min denaturation step at 94°C. This was followed by non-quantitative
PCR with 35 cycles at 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s. 100 ng of total RNA
was used in each reaction mixture (20 μl).

Intracellular localization of Drp1 splice variants
Intracellular localization of the Drp1 splice variants was evaluated by expressing them via
transient transfection using Lipofectamine 2000 (Invitrogen). HEK 293 FT cells were plated
in four-well multidishes (Nunc) at a subconfluent density and transfected with 0.2 μg of pMito-
EGFP plasmid and 0.8 μg of a FLAG-tagged Drp1 variant plasmid as previously described
(Uo et al., 2005; Uo et al., 2007). Postnatal cortical neurons in four-well multidishes (4 ×
105 cells per well) were transfected one day after plating with 1 μg of a FLAG-tagged Drp1
variant plasmid. 24 and 48 hr after transfection, HEK 293 FT cells and neurons were fixed,
respectively and processed for FLAG immunostaining to visualize the intracellular distribution
of the exogenously expressed Drp1 variants.

Intraocular Injection
To label mitochondria in retinal cells, lentiviral vector carrying Mito-EGFP was injected
intraorbitally in 10 month old DBA/2 mice anesthetized with Avertin (1.3% tribromoethanol
and 0.8% tert-amyl alcohol) placed supine in a plasticine support mold. A 32G Hamilton
syringe attached to a microinjection device was used to deliver 5×103 transduction units (TU)
(1μL of 5×103 TU/μl) of the virus to the mouse eye posterior chamber by entering from the
nasal orientation and just posterior to the ora serrata. Injections took place over 2 min and
injections were made in both eyes.
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Results
Mitochondrial shape, size and distribution were evaluated in neurons and non-neuronal cells
in culture by expressing a mitochondrially targeted form of EGFP or DsRed2. In postnatal
cortical neurons mitochondria displayed short, tubular shaped morphology and were randomly
distributed throughout the neurites. Mitochondria were highly concentrated in the soma but
retained their short tubular stature (Fig. 1Aa). Similar mitochondrial morphological features
were observed in hippocampal and cerebellar granule neurons in culture (data not shown). In
marked contrast to neurons, Mito-EGFP and Mito-DsRed2 positive structures displayed a
reticular network in primary astrocytes (Fig. 1Ab) and other non-transformed or transformed
non-neuronal cells including mouse embryonic fibroblasts (MEF: Fig. 1Ac) and HeLa cells
(Supplemental Figure 1).

Mitochondrial shape was also evaluated in vivo to validate the results obtained with cultured
cells. This was accomplished by infecting retinal ganglion neurons and glia in the retina with
lentivirus expressing Mito-EGFP. Retina was chosen because it provided a straightforward
approach for viral injection (posterior chamber) and the soma and axons are easily visualized
in the well characterized lamellar structure of the retina. The soma of retinal ganglion cells
identified based on NeuN positivity were packed with Mito-EGFP-positive mitochondria but
they retained the short, tubular structure that was observed in cultured cortical neurons (Fig.
1Ba). Interestingly, in a rare case of degenerating retinal ganglion cells the mitochondria appear
fused and clustered around the nucleus (Supplemental Figure 2). Neurofilament-200 positive
fibers in the optic nerve representing axons of retinal ganglion cells also displayed short, tubular
mitochondria that were randomly dispersed along the entire length of the processes (Fig. 1Bb).
In contrast, NeuN-negative cells displayed an interconnected network of Mito-EGFP positive
mitochondria (Fig. 1Bc–e). These structures were considerably longer than those observed in
neurons and they appeared to extend into cellular extensions of these non-neuronal cells.

Next, we evaluated expression levels of proteins that regulate mitochondrial fusion and fission
to determine if there is a molecular basis to account for these differences. Expression levels of
each fission/fusion protein examined were very similar among neurons in culture irrespective
of their developmental age (E14.5 vs. postnatal) or location (cortical vs. hippocampal) (Fig.
2A). Striking differences emerged from a comparison among neurons, astrocytes and mouse
embryonic fibroblasts (MEF). Drp1 and OPA1 levels in neurons were markedly higher than
those in non-neuronal cells.

Expression of mitochondrial fission/fusion proteins in vivo was also evaluated for mouse retina,
optic nerve and the superior colliculus to correlate with the in vivo mitochondrial morphology
studies performed above with retinal ganglion cells and optic nerve. Drp1 and OPA1 levels
were highly elevated in the superior colliculus relative to retina and optic nerve in 6 month old
C57BL/6 mice (Fig. 2B). In contrast, Mfn1 and Mfn2 levels were not elevated as much in the
superior colliculus relative to retina and optic nerve. Since the superior colliculus is a highly
laminated structure containing neuronal cell bodies, the demonstration of elevated Drp1 and
OPA1 expression in this tissue is consistent with data obtained with postnatal neurons in
vitro. The high levels of Drp1 may account for the shorter mitochondrial units observed in
neurons and suggest that the constitutive regulation of mitochondrial dynamics in neurons may
be weighted toward increased fission compared to non-neuronal cells.

The presence and respective functions of multiple splicing variants related to the OPA1 gene
are well documented in various cell types and tissues including brain (Song et al., 2007; Akepati
et al., 2008). Similarly, Drp1 is known to express multiple splicing variants (Yoon et al.,
1998; Smirnova et al., 1998; Howng et al., 2004). However, little is known regarding their
precise tissue/cell type-specific expression and their functional variations. Thus, we examined
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whether neurons express selective subsets of Drp1 variants. First, we carried out an initial RT-
PCR screen of total RNA extracted from different cell types using primers specific for each
variable exon (Fig. 3A). As previously reported, we confirmed that various cell types frequently
skip exon 3, 16 and 17 singly or in combination, while all the other exons are always included
in the transcripts (data not shown). In cultured cortical neurons Drp1 transcripts were expressed
in two forms with or without exon 3 included, while this exon was always excluded in
astrocytes, MEF and adult spinal cord neural progenitor cells (Fig. 3B). Thus, inclusion of exon
3, originally reported as being brain-specific (Yoon et al., 1998), is unequivocally specific to
post-mitotic differentiated neurons. According to currently available literature (Smirnova et
al., 1998; Howng et al., 2004) and the public database,
(http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene), the total number of exons in the human
Drp1 gene is considered to be 20, based on the exon structure of transcript variant 1 (GenBank
accession No., NM012062) which lacks the sequence corresponding to exon 3. However, our
BLAST search on the database (human expressed sequence tags) indeed confirmed the
presence of transcripts containing the exon 3-sequence in human brain tissues including
cerebellum (DC305528), amygdala (DC315924), hippocampus (DC334877) and substantia
nigra (DC336964). Thus, exon 3-containing Drp1 is likely to be expressed as a functional
protein, and we propose that inclusion of exon 3 may yield a functionally discrete form of the
Drp1 protein. Unique features of neuronal Drp1 were further exemplified by preferential
inclusion of both exon 16 and 17 (Fig. 3C). Interestingly, the exclusion of exon 17 was never
observed in neurons. Conversely, the other cell types tested here provided expression patterns
with all possible combinations of inclusion/exclusion of exon 16 and 17 with some preference
for inclusion of each exon (Fig. 3C).

Since neurons express longer Drp1 isoforms compared with other cell types, we re-defined the
migration patterns of Drp1 from different cell types on a constant 7.5% SDS-PAGE gel.
Obviously, the majority of Drp1 from MEF migrated faster than Drp1 from postnatal cortical
neurons and astrocytes (Fig. 3D). This difference is most likely due to exclusion of exon 16 in
MEF based on the migration patterns of multiple FLAG-tagged variants of human Drp1 (Fig.
3E). FLAG-tagged variants containing or lacking exon 3 migrated to the same position (Fig.
3F). Thus, under the conditions tested here, neuronal variants with or without exon 3 should
co-migrate and give rise to a single immunoreactive band just as we observed for astrocyte
Drp1 which lacks exon 3.

Drp1 function is regulated through association with other proteins including Bcl-xL as well as
diverse post-translational modifications such as SUMOylation (Wasiak et al., 2007; Li et al.,
2008; Santel and Frank, 2008). These modes of regulation may be altered by inclusion of exon
3 and/or exon 16/17. We initiated studies to test these possibilities using Drp1 constructs shown
in Fig. 4A. Overexpression of Drp1 variants in HEK 293 FT cells showed that inclusion of
exon 3 in Drp1 is not a determinant of binding to Bcl-xL (Fig. 4B). Furthermore, we found
that the presence or absence of exon 3, 16 and 17 did not affect the SUMOylation of Drp1 (Fig.
4C). Similarly, we also determined that the presence or absence of exon 3, 16 and 17 did not
effect the intracellular localization of Drp1 in HEK 293 FT cells (Fig. 4D) or postnatal cortical
neurons (Fig. 4E).

The observation that neurons displayed a unique pattern of Drp1 expression prompted us to
determine if neuronal Drp1 plays a distinct role in regulating mitochondrial morphology and
cell viability. To this end, the expression of Drp1 was knocked down by using lentivirus
expressing Drp1 shRNA. Drp1 shRNA significantly reduced Drp1 expression in postnatal
cortical neurons relative to neurons infected with lentivirus expressing control shRNA (Fig.
5A). The reduction in Drp1 protein mediated by the shRNA was confirmed by Western blot
analysis, which showed no effect on OPA1 levels (Fig. 5B) and by immunostaining (Fig. 5C).
Drp1 knockdown induced a significant increase in neuronal cell death as evidenced by the
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accumulation of neurons displaying nuclear condensation (Hoechst stain: Fig. 5C), highly
shrunken cell bodies (phase contrast image: Fig. 5C, E) and the overall loss of neuronal
arborization in Drp1 shRNA-expressing neurons as revealed by EGFP fluorescence (Fig. 5E
EGFP). When quantitated, there was a two-fold increase in the number of dying neurons
induced by Drp1 shRNA treatment relative to non-infected and control shRNA lentivirus-
infected neurons (Fig. 5D). Mitochondria in the processes of neurons expressing Drp1 shRNA
were significantly longer than those observed in neurons expressing control shRNA (Fig. 5E),
consistent with a reduction in mitochondrial fission. Also, there was increased accumulation
of Mito-DsRed2 fluorescence throughout and, in particular, near and in the soma of the neurons
expressing Drp1 shRNA compared to those expressing control shRNA. To corroborate the
effects obtained by suppressing Drp1 expression with Drp1 shRNA we also evaluated the
viability of neurons in response to blocking Drp1 activity by expressing a dominant negative
form of Drp1 (Drp1K38A). The K38A mutation changes a critical lysine in the G1 consensus
motif of the GTPase domain into an alanine, thereby inhibiting GTP binding to Drp1 (Smirnova
et al., 1998). This mutation is sufficient to inhibit mitochondrial fission in a dominant-negative
fashion in mammalian cells (Smirnova et al., 2001). Postnatal cortical neurons over-expressing
wild-type Drp1 (Drp1WT) displayed healthy cell bodies, and their neurites looked smooth and
continuous (Fig. 6), a characteristic associated with healthy neurons (Xiang et al., 1996). In
marked contrast, neurons infected with Drp1K38A lentivirus displayed a significant degree of
cellular damage. Their cell bodies were shrunken and their neurites were thinner, fragmented
in appearance and generally less abundant (Fig. 6, phase-contrast image). These results,
consistent with those obtained by Drp1 shRNA, suggest that the deleterious effect of Drp1
knockdown (Fig. 5) is not due to an off-target effect of the Drp1 shRNA.

In contrast to its detrimental effect on neuronal viability, suppression of Drp1 activity/
expression in MEF (Fig. 7A, C) and HeLa cells (Supplemental Figure 1) showed no evidence
of damage or cell death (data not shown) despite clear evidence of reduced Drp1 expression
(Fig. 7B) and increased mitochondrial fusion (Fig. 7A, C). Moreover, in HeLa cells Drp1
overexpression showed no effect on mitochondrial morphology or cell viability, either
(Supplemental Figure 1A). Thus, the adverse effects associated with Drp1 suppression on
cellular integrity and viability appear to occur specifically in neurons. These findings suggest
that constitutively high levels of Drp1 are a prerequisite for cell viability in neurons.

Western blot data for the proteins regulating mitochondrial dynamics and the results obtained
with suppression of Drp1 expression (shRNA) and activity (K39A) suggest that the ratio of
fusion/fission proteins is really important for maintenance of neuronal mitochondrial
morphology and viability. To further evaluate this concept and to extend the results obtained
with shifting the balance of fusion/fission toward fusion (Drp1 suppression), we determined
if shifting the balance of mitochondrial dynamics towards fission also compromised the
viability of postnatal cortical neurons. We have shown that both the Mfn1 and Mfn2 proteins
are expressed in postnatal cortical neurons (Fig. 2A). Apoptotic induction by the DNA-
damaging agent camptothecin did not alter expression levels of these proteins (Fig. 8A).
Neurons infected with lentivirus expressing Mfn1 or Mfn2 shRNA showed significant and
selective knockdown of their respective target protein (Fig. 8A). Mfn1 knockdown did not
appear to change mitochondrial morphology and did not induce fission or a loss of viability
(Fig. 8B, D). In contrast, Mfn2 knockdown resulted in a significant extent of fission (Fig. 8B,
C) and neuronal cell death (Fig. 8D). Fission was so extensive in Mfn2 shRNA-expressing
neurons that mitochondria were barely detectable in the processes (Fig. 8B). These findings
demonstrate that maintaining a proper ratio of fusion/fission proteins is essential for sustaining
mitochondrial morphology and viability in postnatal cortical neurons.
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Discussion
A growing body of evidence suggests that alterations in the regulation of mitochondrial fusion/
fission are involved in acute brain injuries and chronic neurodegenerative diseases. However,
the molecular basis for the extensive changes in mitochondrial fusion/fission that occur in
neurons in response to specific types of injuries has not been elucidated. Moreover, it is not
understood how mitochondrial fusion/fission events are constitutively regulated in developing
or healthy differentiated neurons. In the present study, we carried out a comparative analysis
of mitochondrial shape, the expression pattern of proteins that regulate mitochondrial fusion/
fission and the functional consequences of interfering with the activity/expression of the fission
protein, Drp1, in neuronal and non-neuronal cells. The results demonstrate that: (1)
differentiated neurons in vitro and in vivo possess a short, distinctly tubular mitochondrial
morphology, whereas non-neuronal cells exhibit longer, highly interconnected mitochondrial
networks; (2) differential expression of Drp1 may, in part, account for those differences in
mitochondrial shape and (3) differentiated neurons require high levels of Drp1 for maintenance
of their viability.

Differentiated neurons exhibit a unique expression pattern of mitochondrial fusion/fission
proteins

A similar pattern of highly elevated levels of Drp1 and OPA1 expression was observed in both
cultured postnatal cortical neurons and the neuron rich superior colliculus relative to non-
neuronal cells or glia-rich elements. The characteristic morphology and distribution of
mitochondria was also conserved between cortical neurons in vitro and retinal ganglion cells
in vivo. These findings suggest that cortical neurons in culture may be an appropriate and useful
model for evaluating the effects of regulating Drp1 and OPA1 expression/activity on neuronal
viability and function.

Although the present study demonstrated elevated Drp1 levels in neurons, it may not be the
absolute levels of Drp1 alone, but rather the ratio of Drp1 levels to the level of mitofusin
proteins, that dictates the relative rate of fission and fusion. Indeed, the ratio of Drp1 to Mfn1
and Mfn2 were very similar among neurons, while they were much lower for astrocytes and
MEF (Drp1/Mfn1 ratio was 0.23 for both astrocytes and MEF; Drp1/Mfn2 ratios were 0.49
and 0.47 for astrocytes and MEF respectively, when the ratios of Drp1/Mfn1 and Drp1/Mfn2
in postnatal cortical neurons are set to 1.0: see Fig. 2A). The differential expression between
neurons vs. non-neuronal cells (astrocytes and MEF) in culture was generally conserved in
vivo, too, as retina and optic nerve, which are both rich in glial components, express relatively
higher levels of Mfn proteins while superior colliculus, which is neuron rich, expresses
relatively higher levels of Drp1 and OPA1.

Collectively, the Drp1/Mfn ratios observed suggest that neurons are more heavily weighted
toward fission compared to non-neuronal cells. This may be necessary to maintain a small,
tubular, “motile mitochondrial unit” enabling the highly dynamic mitochondrial transport
required for neurons. This implies that neurons may be very sensitive to dysfunction in the
mitochondrial fission machinery. Neurons also expressed high levels of OPA1 in vitro and in
vivo. In addition, while our blots were not intended to fully resolve OPA1 proteins, it was clear
that OPA1 isoforms were differentially expressed in neurons compared with non-neuronal
cells. Large amounts of OPA1 might be necessary for the high degree of mitochondrial matrix
remodeling that is required for mitochondrial maturation (Olichon et al., 2003; Griparic et al.,
2004). Alternatively, high expression levels of OPA1 may normally serve to regulate cristae
junction opening and cytochrome c release thereby providing anti-apoptotic activity
(Yamaguchi et al., 2008).
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Suppression of Drp1 leads to neuronal cell death
Excessive mitochondrial fission has increasingly been associated with mitochondrial
dysfunction and the execution of apoptosis (Youle and Karbowski, 2005). Conversely,
chemical or genetic interference with the mitochondrial fission machinery is reported to inhibit
apoptotic mitochondrial fragmentation and delays cell death (Youle and Karbowski, 2005;
Cassidy-Stone et al., 2008). Moreover, until very recently, human genetic studies had only
identified mutations in fusion proteins such as Mfn2 and OPA1, which cause defects in the
nervous system, Charcot-Marie Tooth Syndrome (Zuchner et al., 2004) and Autosomal
Dominant Optic Atrophy (Alexander et al., 2000; Delettre et al., 2000), respectively. Therefore,
inhibition of mitochondrial fission has been considered beneficial for mitochondrial function
as well as protective against apoptosis-inducing stress. Contrary to this notion, in the present
study, we found that suppression of Drp1 activity/expression can induce neuronal cell death,
while Drp1 overexpression has no effect. Our observation, however, is consistent with a recent
series of studies reporting: (1) the discovery of a dominant-negative mutation in the Drp1 gene
in a newborn child with abnormal brain development (Waterham et al., 2007); (2) loss-of-
function mutations found in the fission protein, GDAP1, that lead to Charcot-Marie-Tooth
disease (Niemann et al., 2005); (3) genetic evidence that overexpression of mitochondrial
fission proteins phenotypically counteracts disease-associated mitochondrial fusion and
confers protection in a Drosophila model of Parkinson’s disease (Poole et al., 2008; Yang et
al., 2008; Deng et al., 2008), and (4) the association of reduced levels of the Drp1 protein with
abnormal mitochondrial morphology and distribution in fibroblasts from sporadic Alzheimer’s
disease patients (Wang et al., 2008a). Moreover, Drp1-dependent fission is required for
delivery of mitochondria to dendritic protrusions, vesicle clusters and synapses. Conversely,
defects in the fission machinery lead to a loss of dendritic spines and synapses (Li et al.,
2004; Li et al., 2008). From these results and our findings, we propose that neurons are more
sensitive to excessive mitochondrial fusion than non-neuronal cells and a shift toward increased
fusion may result in cellular dysfunction and ultimately cell death.

Further studies will be necessary to determine whether mitochondrial fusion achieved through
manipulation of other fission or fusion proteins (e.g., Mfn overexpression) can also cause
neuronal damage as seen with Drp1 suppression. This will determine whether the detrimental
effect of Drp1 suppression is mediated solely through Drp1’s function as a fission protein or
through Drp1-specific functions that are distinct from its mitochondrial fission activity and
mediated through protein-protein interactions such as the Drp1-Bcl-xL interaction recently
reported (Li et al., 2008).

Although Drp1 overexpression had no effect on mitochondrial morphology or neuron viability,
increased net fission activity resulting from Mfn2 suppression precipitated excessive
mitochondrial fission and neuronal cell death. Surprisingly, Mfn1 knockdown did not affect
mitochondrial morphology or neuronal viability suggesting that, of the two fusion proteins,
Mfn2 plays a central role in the constitutive regulation of mitochondrial dynamics in neurons.
Nonetheless, as Mfn1 expression is clearly abundant in postnatal cortical neurons, its function
in mitochondrial dynamics in healthy and damaged neurons remains to be elucidated. The
differential outcomes associated with Drp1 overexpression vs. Mfn2 suppression, both
purported to increase fission activity, also remains to be explained.

Evidence for a potential neuron-specific function of Drp1
A key finding in the present study is the demonstration that the exon 3-containing Drp1 species
is expressed specifically in neurons. Inclusion of exon 3 inserts an additional amino acid
sequence in the GTPase domain. Notably, in dynamin A, the parental protein of Drp1, from
Dictyostelium discoideum, inclusion of exon 3 inserts 13 amino acids into the loop connecting
the β2 and β2A sheets of the GTPase domain. This loop of dynamin A is exposed to the solvent
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and has been proposed as an interaction site for a subset of proteins (Niemann et al., 2001). By
analogy, the corresponding loop encoded by exon 3 in neuronal Drp1 may provide the neuron-
specific form of Drp1 with unique activities or modify its distribution, binding partners or
stability. Despite the potential importance of exon 3 inclusion, this form of Drp1 has not been
used often for overexpression studies. As summarized in Supplemental Table 1, it has primarily
been used for non-neuronal cells and neuroblastoma cells (Yoon et al., 1998; Wang et al.,
2008a; Wang et al., 2008b) but not for differentiated neurons,. Thus, a Drp1 construct
containing exon 3 has not been appropriately tested in differentiated neurons. Our initial
findings suggest that inclusion of exon 3 in Drp1 is not a principal determinant of Drp1 binding
to Bcl-xL. Moreover, exon 3 (and exons 16/17) is not required for SUMOylation of Drp1 and
does not appear to modify the intracellular localization of Drp1 in HEK 293 FT cells or
postnatal cortical neurons. Additional studies will be needed to fully appreciate any unique
functions or binding interactions conferred by inclusion of exon 3 and exons 16/17.

Given the observation that exon 3 is excluded in spinal cord neural progenitor cells as shown
in the present study and also in Neuro2A neuroblastoma cells (T.U. and R.S.M., unpublished
observation), it will be important to determine when and how the neuron-specific splicing event
incorporating exon 3 is switched on during neuronal development and if it is essential for any
specific step of neuronal commitment, differentiation and maturation. A complete functional
characterization of the neuron-specific isoform of Drp1 is essential for understanding how
Drp1 contributes to the regulation of neuronal mitochondrial morphology and viability and
also to neuron specific physiological functions such as synaptic transmission (Li et al., 2008).

Summary
The present findings indicate that postmitotic differentiated neurons display unique patterns
of Drp1 expression compared to non-neuronal cells. Furthermore, we suggest that Drp1-
dependent mitochondrial fission is essential for the maintenance of mitochondrial integrity in
neurons and that any impairment in the Drp1-mediated fission process promotes changes in
mitochondrial morphology consistent with increased mitochondrial fusion and subsequent loss
of neuronal viability. In addition, the findings of this study clearly indicate that a significant
shift in the balance of fusion/fission protein expression toward fission can also have deleterious
effects on neuronal survival. Thus, the regulation of mitochondrial dynamics must be tightly
regulated in neurons, but the contributions of individual fusion/fission proteins to
mitochondrial dynamics as well as cell viability appear to be unique and specific.
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Refer to Web version on PubMed Central for supplementary material.
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mitofusin

OPA1  
optic atrophy-1

Fis1  
fission-1

PFA  
paraformaldehyde

RT  
reverse transcription

MEF  
mouse embryonic fibroblast

MOI  
multiplicity of infection

TU  
transduction unit

PB  
phosphate buffer

TB  
Tris-Base buffer

shRNA  
short hairpin RNA
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Figure 1. Mitochondrial morphology in neurons and non-neuronal cells in vitro and in vivo
A) Primary cultures of (a) postnatal mouse cortical neurons, (b) postnatal mouse cortical
astrocytes and (c) mouse embryonic fibroblasts (MEF) were infected with lentivirus expressing
mitochondrially targeted EGFP (10 MOI) or DsRed2 (10 MOI) 24 hr after plating. Cells were
fixed 48 hr after infection. Neurons in (a) were immunostained for β-tubulin III (TuJ1 antigen),
a neuronal marker. The gamma factor for (a) was set at 0.4 using Slidebook software in order
to bring up the MitoDsRed2 fluorescence intensity in the neurites. An inset using a lower
fluorescence intensity depicts mitochondrial morphology in the soma of neurons. Scale bar
(a–c) = 10 μm. The images are representative of four independent experiments.
B) Mito-EGFP lentivirus (5×103 TU) was injected into the posterior chamber of the eye where
it was taken up by several cell types. (a) NeuN-positive retinal ganglion cells expressing Mito-
EGFP show small, punctate or tubular mitochondria well-dispersed throughout the neuronal
architecture including the cell soma. An exception is seen in the axon initial segment where
mitochondria tend to aggregate and form clusters of EGFP-positive mitochondria (arrowheads:
see Supplemental Figure 2 for more detail). (b) Retinal ganglion cell axons immunopositive
for neurofilament-200 (NF-H) chain, an axonal marker, show a wide range of EGFP-positive
mitochondrial morphology. The larger puncta may represent individual or clusters of
mitochondria. (c) NeuN-negative cells present in the nerve fiber layer, above the retinal
ganglion cells, also display highly elongated mitochondria. (d) A NeuN-negative cell in the
retinal nerve fiber layer has large numbers of elongated mitochondria. (e) Another NeuN-
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negative cell, possibly a macrophage, also has a large concentration of EGFP-positive
elongated mitochondria. The images are representative of three independent experiments.
Scale bars: 20 μm in (a), 10 μm in (b–e). Note: in (d) and (e), neurofilament-200 staining is
also presented in red, not in blue, together with NeuN staining.
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Figure 2. Comparative analysis of expression of mitochondrial fusion/fission proteins among
various cultured cells and tissues
(A) Protein samples were prepared from primary neuronal cultures derived from embryonic
day 14.5 telencephalon (E14.5 Tel), postnatal day 0 cortex (P0 Ctx) or hippocampus (P0 Hipp),
astrocyte cultures from postnatal day 0 cortex (P0 Ctx A) and mouse embryonic fibroblasts
(MEF). Expression of mitochondrial fusion (Mfn1, Mfn2 and OPA1) and fission (Drp1)
GTPase proteins in each sample was evaluated by Western blot analysis. The intensity of each
band corresponding to the specified protein was quantitated using ImageJ 1.41o software
(National Institutes of Health, Bethesda, MD) and normalized against actin. For OPA1, the
summed intensity of two major bands (indicated by arrows) was used for quantitation. The
value for the respective protein in each sample was then normalized to that in postnatal cortical
neuronal extracts. Similar results were obtained for P0 Ctx N and MEF in at least three
independent experiments.
(B) Protein samples were prepared from retina, optic nerve and superior colliculus dissected
out from 6 month old C57BL/6 mice and subjected to Western blot analysis as described in
(A). The data is representative of two independent experiments.
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Figure 3. Analysis of expression of Drp1 splicing variants in mouse cells
(A) Schematic representation of genomic organization, transcript and protein of mouse Drp1.
Numbering of exons is based on the sequence of transcript variant “a” (GenBank accession
No., NM152816). shRNA target sequence resides in the region corresponding to exon 11,
whereas the peptide sequence used to raise the Drp1 antibody we used encompasses the region
corresponding to exon 18–20. Thus, all of the splicing variants and the respective proteins can
be targeted by our shRNA sequence and recognized by the antibody used in this study,
respectively.
(B) Total RNA was prepared from adult spinal cord neural progenitor cells (aSPC), primary
neuronal cultures derived from postnatal day 0 cortex (P0 Ctx N), astrocyte cultures from
postnatal day 0 cortex (P0 Ctx A) and mouse embryonic fibroblasts (MEF). Each sample was
subjected to RT-PCR analysis using primers P1 and P2 for amplification of exon 2–5. The
resultant reaction mixtures were resolved on 2.0 % agarose gels with markers (100 bp PCR
Molecular Ruler, Bio-Rad. Hercules, CA). The structure of each splicing variant was confirmed
by direct sequencing.
(C) Total RNA was prepared and subjected to RT-PCR analysis using primers P3 and P4 for
amplification of exon 14–19, followed by agarose gel analysis as described above in (B). The
aSPC and other samples were applied to the same agarose gel. The resultant photo images,
which contained unrelated samples, were cut and rearranged to facilitate the comparison.
(D) Protein samples prepared as described in Fig. 2A were subjected to SDS polyacrylamide
gel electrophoresis using a constant 7.5% gel followed by Western blot analysis. Drp1 protein
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from MEF migrated faster than those from P0 cortical neurons (P0 Ctx N) and astrocytes (P0
Ctx A).
(E) HEK 293 FT cells were transiently transfected with plasmids harboring FLAG-tagged
human Drp1 cDNA with all combinations of inclusion/exclusion of exon 16 and 17. All of
these cDNAs lack exon 3. Protein extracts from transfectants were subjected to Western blot
using a constant SDS 7.5% polyacrylamide gel to detect FLAG-tagged proteins. The DNA
sequences corresponding to exon 16 and 17 encode 26 and 11 amino acids, respectively.
Exclusion of exon 16 yielded a faster migrating form as expected, whereas inclusion or
exclusion of exon 17 did not provide separable migration patterns under these conditions. Since
neuronal Drp1 is expected to be predominantly the form that includes both exon 16 and 17 (C),
exclusion of exon 16, not exon 17, can explain the faster moving Drp1 from MEF relative to
the neuronal Drp1.
(F) FLAG-tagged human Drp1 cDNAs containing both exon 16 and 17 with/without exon 3
were used in the same way as described in (E). The DNA sequence corresponding to exon 3
encodes 13 amino acids. Inclusion or exclusion of exon 3 did not provide separable migration
patterns under these conditions.

Uo et al. Page 19

Exp Neurol. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Drp1 variants display similar properties in binding to Bcl-xL, SUMOylation and
intracellular localization
(A) Schematic representation of the Drp1 constructs used for (B)–(D). Note the variations in
the inclusion/exclusion of exon 3 and exon 16/17.
(B) HEK 293 FT cells were transiently co-transfected with a MYC-tagged Bcl-xL plasmid and
one of the Drp1 variant plasmids, as shown in (A), as indicated by the numbers. Lysates were
prepared 24 hr after transfection and subjected to immunoprecipitation (IP) with anti-Bcl-xL
antibody followed by Western blot analysis (WB) using anti-FLAG and anti-MYC tag
antibodies to detect the exogenously expressed Drp1 and Bcl-xL proteins, respectively. The
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positions of IgG heavy chains (IgG H) are also indicated. Normal rabbit IgG was used as a
negative control for the IP.
(C) HEK 293 FT cells were transiently transfected with one of the Drp1 variant plasmids, as
shown in (A), as indicated by the numbers. Lysates were prepared 24 hr after transfection and
were subjected to IP with anti-FLAG antibody followed by Western blot analysis (WB) using
anti-SUMO-1 to detect SUMOylated Drp1. The bands recognized by SUMO-1 antibody were
also detected by FLAG antibody (data not shown).
(D) HEK 293 FT cells and (E) postnatal cortical neurons were transiently transfected with one
of the plasmids shown in (A). Intracellular distribution of the exogenously expressed Drp1 was
determined by FLAG immunostaining 24 (D) and 48 hr (E) after transfection. Mitochondria
in HEK 293 FT cells were visualized by co-transfection with the Mito-EGFP plasmid. Upper
and lower panels show the distribution of each splice variant in the soma and neurites in the
same cell, respectively (E).
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Figure 5. Drp1 shRNA reduces Drp1 protein levels and induces neuronal cell death
(A) Primary cultures of postnatal mouse cortical neurons were infected with control shRNA
(10 MOI) or Drp1 shRNA (10 MOI) lentivirus 24 hr after plating. Cells were fixed five days
after infection and immunostained for Drp1 or β-tubulin III (TuJ1 antigen). The data is
representative of three independent experiments.
(B) Primary cultures of postnatal mouse cortical neurons were infected as described in (A)
above. Five days later protein extracts were prepared as described in the methods and
expression of mitochondrial fission (Drp1) and fusion (OPA1) proteins was evaluated by
Western blot analysis. Drp1 expression levels were quantitated and normalized against actin
as described in Fig. 2A and presented as values relative to the level in control shRNA. The
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data is representative of two independent experiments. No, no infection; Cont, control shRNA
lentivirus; Drp1, Drp1 shRNA lentivirus
(C) Primary cultures of postnatal mouse cortical neurons were infected as described in (A)
above and five day later the cells were fixed, immunostained for Drp1 and stained with Hoechst
33258 to depict nuclear morphology. The data is representative of three independent
experiments.
(D) The percentage of damaged neurons displaying shrunken, condensed nuclei based on
Hoechst 33258 DNA staining was determined five days after infection in ten random fields
per condition (approximately 1500 cells counted in total per condition). The data is
representative of three independent experiments. *, significantly different from all other
conditions (p < 0.0005, one-way ANOVA using Tukey’s post hoc test).
(E) Primary cultures of postnatal mouse cortical neurons were co-infected with Mito-DsRed2
lentivirus (10 MOI) and either control shRNA or Drp1 shRNA lentivirus (10 MOI) that co-
express EGFP 24 hr after plating. Cells were fixed five days after infection and immunostained
for β-tubulin III (TuJ1 antigen), a neuronal marker. EGFP fluorescence represents neurons
expressing control/Drp1 shRNA. Representative data are shown from three independent
experiments.
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Figure 6. Dominant negative Drp1 induces neuronal cell death
Primary cultures of postnatal mouse cortical neurons were infected with Drp1WT (10 MOI) or
Drp1K38A (10 MOI) lentivirus 24 hr after plating. The lentivirus expressing either form of Drp1
also co-expressed EGFP from an internal ribosomal entry site. Cells were fixed five days after
infection and immunostained for β-tubulin III (TuJ1 antigen), a neuronal marker.
Representative data are shown from four independent experiments.
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Figure 7. Drp1 shRNA reduces Drp1 protein levels and increases mitochondrial fusion but does
not cause cell death in mouse embryonic fibroblasts
(A) MEF were co-infected with Mito-DsRed2 lentivirus (2 MOI) and with either control
lentivirus expressing EGFP (10 MOI) or dominant negative Drp1K38A lentivirus co-expressing
EGFP (10 MOI) 24 hr after plating. Cells were fixed five days after infection and stained with
Hoechst 33258 to depict nuclear morphology. Under the infection conditions used, the infection
efficiency with Drp1K38A lentivirus and its control virus was 100% (EGFP fluorescence not
shown). Representative data are shown from two independent experiments.
(B) MEF were infected with lentivirus expressing control shRNA (10 MOI) or Drp1 shRNA
(10 MOI) 24 hr after plating. Expression of mitochondrial fission (Drp1) and fusion (OPA1)
proteins in each sample was evaluated five days after infection by Western blot analysis. The
intensity of Drp1 bands was quantitated and normalized against β-actin as described in Figure
2A and presented as values relative to the level in control shRNA. Representative data are
shown from two independent experiments.
(C) MEF were co-infected with Mito-EGFP lentivirus (2 MOI) and either control shRNA or
Drp1 shRNA lentivirus (10 MOI) 24 hr after plating. Cells were fixed five days after infection
and stained with Hoechst 33258 to depict nuclear morphology. The lentivirus used in this study
did not express an infection marker (EGFP), so viability was judged in those cells displaying
a high degree of mitochondrial fusion that was never observed in naïve MEF expressing only
Mito-EGFP or those co-infected with Mito-EGFP and control shRNA lentivirus. No evidence
of damage or cell death was observed in cells expressing extensive mitochondrial fusion even
five days after infection based on the morphology of Hoechst stained nuclei. Representative
data are shown from two independent experiments.
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Figure 8. Mfn2 knockdown promotes extensive mitochondrial fission and loss of neuronal viability
(A) Primary cultures of postnatal mouse cortical neurons were used without infection or
infected with control shRNA, Mfn1 shRNA or Mfn2 shRNA lentivirus (10 MOI) 24 hr after
plating. Neurons were treated with camptothecin (CPT: 5 μM) or DMSO (control) 48 after
infection. Protein extracts were prepared, as described in the methods, 12 hr after treatment
when neurons are committed to undergo apoptosis in a p53- and Bax-dependent manner.
Expression of mitochondrial fusion proteins, Mfn1 and Mfn2, was evaluated by Western blot
analysis.
(B) Neurons were co-infected with Mito-DsRed2 lentivirus (2 MOI) and either Mfn1 shRNA
or Mfn2 shRNA lentivirus (10 MOI) that co-expresses EGFP 24 hr after plating. Cells were
fixed two days after infection and immunostained for β-tubulin III, a neuronal marker (TuJ1
antigen). Representative data are shown from five independent experiments.
(C) and (D) Neurons were co-infected with Mito-DsRed2 lentivirus (2 MOI) and either control
shRNA, Mfn1 shRNA or Mfn2 shRNA lentivirus (10 MOI) 24 hr after plating. Cells were
fixed two days after infection and stained with Hoechst 33258 to depict nuclear morphology.
Infected cells and neurons were identified based on the fluorescence of EGFP, co-expressed
by the shRNA lentivirus used, and β-tubulin III (TuJ1) immunoreactivity, respectively. The
fraction (%) of EGFP+/Tuj1+ neurons displaying (C) mitochondrial fragmentation
(mitochondria less than 2μm in size) or (D) cell death (nuclear condensation and fragmentation
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based on Hoechst staining) was determined in three independent experiments by an observer
that was blind to the treatments. The data reflects the average ± S.D. and is representative of
three independent experiments. *, significantly different from all other conditions (p < 0.0005,
one-way ANOVA using Tukey’s post hoc test).
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Table 1
List of antibodies used

Antigen Application Antibody Dilution Source

Drp1 WB, IF clone 8 2000/500 BD Transduction Laboratories™

Fis1 WB 3491 500 BioVision

Mfn1 WB 110–58853 1000 Novus Biologicals, Inc

Mfn2 WB M6319 2000 Sigma-Aldrich

OPA1 WB #9661 2000 BD Transduction Laboratories™

NeuN IF MAB377 500 Millipore

Neurofilament 200 IF N4142 500 Sigma-Aldrich

HSP60 IF H-300 2000 Santa Cruz Biotechnology

β-Actin WB AC-15 20000 Sigma-Aldrich

β-Tubulin III IF TUJ 1000 Aves Labs Inc.

TuJ1 1000 Covance

FLAG WB, IF, IP M2 2000 Sigma-Aldrich

Bcl-xL IP 54H6 100 Cell Signaling Technology

MYC-Tag WB 9B11 2000 Cell Signaling Technology

SUMO-1 WB S8070 2000 Sigma-Aldrich

WB: Western blot; IF: immunofluorescence, IP: immunoprecipitation
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