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Neurolastin is a dynamin family GTPase that also contains a
RING domain and exhibits both GTPase and E3 ligase activities. It
is specifically expressed in the brain and is important for synaptic
transmission, as neurolastin knockout animals have fewer den-
dritic spines and exhibit a reduction in functional synapses. Our
initial study of neurolastin revealed that it is membrane-associated
and partially co-localizes with endosomes. Using various biochem-
ical and cell-culture approaches, we now show that neurolastin also
localizes to mitochondria in HeLa cells, cultured neurons, and
brain tissue. We found that the mitochondrial localization of neu-
rolastin depends upon an N-terminal mitochondrial targeting
sequence and that neurolastin is imported into the mitochondrial
intermembrane space. Although neurolastin was only partially
mitochondrially localized at steady state, it displayed increased
translocation to mitochondria in response to neuronal stress and
mitochondrial fragmentation. Interestingly, inactivation or dele-
tion of neurolastin’s RING domain also increased its mitochondrial
localization. Using EM, we observed that neurolastin knockout ani-
mals have smaller but more numerous mitochondria in cerebellar
Purkinje neurons, indicating that neurolastin regulates mitochon-
drial morphology. We conclude that the brain-specific dynamin
GTPase neurolastin exhibits stress-responsive localization to mito-
chondria and is required for proper mitochondrial morphology.

Dynamin family GTPases are key membrane-remodeling
mechanoenzymes. They are localized to specific organelles and gov-
ern proper organellar morphology (1). For example, atlastin, an ER3-

localized dynamin GTPase, drives ER membrane fusion (2). Drp1,
OPA1, and mitofusins are examples of mitochondrial GTPases
that mediate fission and fusion to maintain the dynamic mito-
chondrial network (3).

We recently identified and characterized neurolastin (RNF112/
Znf179) as a new member of the dynamin family of GTPases. Neu-
rolastin is a developmentally regulated brain-specific protein (4, 5)
that is important for proper synaptic transmission. Neurolastin
knockout (KO) animals have smaller brains, fewer dendritic
spines, less functional synapses, reduced paired pulse facilitation,
altered neurotransmitter receptor levels, and smaller endosomes
(6). In another study, Tsou et al. (7) also reported reduced brain
size and impaired brain functions (motor balance, spatial learning,
and memory) in neurolastin KO mice. At the molecular level, neu-
rolastin displays a unique combination of GTPase and RING
domains. It can hydrolyze GTP to GMP and exhibits E3 ligase
activity. Neurolastin is peripherally associated with membranes
via a hydrophobic region and has a partial cytosolic and endosomal
localization (6).

E3 ubiquitin ligases are enzymes of the ubiquitin proteasome
system that conjugate ubiquitin to substrate proteins and reg-
ulate signaling or turnover via proteasomal degradation (8).
Examples in the literature illustrating the influence of ubiquiti-
nation on the dynamin GTPases include regulation of the mito-
chondrial fission GTPase Drp1 by the E3 ligase MARCH5 and
of the yeast mitofusin Fzo1 by Mdm30-mediated ubiquitina-
tion (9, 10). This ubiquitin-mediated regulation of dynamin
GTPases serves as a quality control mechanism for maintaining
mitochondrial dynamics. Both dynamin GTPases and E3
ligases are essential for proper functioning of the subcellular
machinery and also play diverse roles in brain function.
Dynamin has known roles in synaptic vesicle endocytosis, neu-
rotransmission, and memory formation (11–13). Atlastin reg-
ulates axon elongation and dendritic spine morphogenesis (14,
15). Mitofusin-2 dysfunction has a strong association with mul-
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tiple neurological diseases (16). Additionally, ubiquitination
pathways regulate turnover of different synaptic receptors and
scaffolding proteins (17, 18). Defects in these proteins are
linked to various disease conditions, including different neuro-
logical disorders (19 –21). Interestingly, of all of the known
dynamins, even though some are enriched in the brain, neuro-
lastin is the only known brain-specific family member.

In this study, we demonstrate a novel and unexplored role of
neurolastin in regulating mitochondrial structure. We show
that neurolastin is imported into the mitochondrial intermem-
brane space (IMS) via its N terminus. Although at steady state
neurolastin exhibits partial cytosolic, endosomal, and mito-
chondrial localization, it has increased translocation to the
mitochondria upon induction of cellular stress and mitochon-
drial fragmentation in neuronal cells. The RING domain of neu-
rolastin and the mitoprotease Lon1 regulate the localization and

expression of neurolastin, respectively. Importantly, the neurolas-
tin KO animals have fragmented mitochondria, indicating that
neurolastin regulates mitochondrial morphology in the brain.

Results

RING mutants of neurolastin localize to mitochondria

At steady state, neurolastin showed both a partially diffuse dis-
tribution and a partial punctate localization representing its cyto-
solic and membrane-associated organellar forms, respectively.
However, a catalytically inactive RING mutant of neurolastin
(H97W) displayed a distinct mitochondrial localization in HeLa
cells while being excluded from other organelles (6). Although sur-
prising, this was a robust phenotype, and thus we explored it in
more detail. First, we mutated other critical residues of the RING
domain (H97W, C83S, C103S, and C83S/C103S; Fig. 1A) and

Figure 1. RING mutants of neurolastin localize to mitochondria. A, critical residues in the RING (residues 79 –122) and GTPase domain (residues 186 –384)
of neurolastin are highlighted in red. Mutated residues are labeled with an asterisk. B and C, neurolastin-HA (WT, RING, or GTPase mutants) was expressed in HeLa
cells and visualized by immunostaining with �-HA (red). Mitochondria were labeled with �-ATP5A (green). Merged and enlarged images in the two right panels
show colocalization. Graphs in D and E depict the Mander’s colocalization coefficient between endogenous ATP5A and neurolastin-HA (n � 3, n � 20/exper-
iment; blinded experiment). Statistics were done by comparing different mutants with WT neurolastin using Dunnett’s multiple-comparison test. ****, p �
0.0001; scale bars, 10 and 2 �m (enlarged image). See also Fig. S1. Error bars, S.D.
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tested the mitochondrial localization of these mutants by measur-
ing Mander’s colocalization coefficient between neurolastin
mutants and the mitochondrial marker, ATP5A (Fig. 1, B and D).
The stability and expression of the mutants was tested biochemi-
cally, revealing similar levels of expression (Fig. S1, A and B). We
found that a mutation in the RING domain leads to increased
mitochondrial localization of neurolastin. Subsequently, we also
mutated critical residues of the GTPase domain (R340Q, K205A/
R340Q, and R340Q/D341N; Fig. 1A) and tested the mitochondrial
localization of these mutants. The GTPase mutants showed a dif-
fuse distribution and punctate localization similar to WT neuro-
lastin (Fig. 1, C and E). These results confirm that inactivation of
the RING domain leads to increased mitochondrial localization of
neurolastin.

Endogenous neurolastin is developmentally regulated and
present on mitochondria

To examine the mitochondrial presence of neurolastin in
vivo, we generated knockin (KI) mice with an HA tag appended
to the C terminus of neurolastin (Fig. 2A). The tag was added at
the C terminus and not the N terminus based on the observa-
tion that neurolastin with an N-terminal tag has very weak
expression (data not shown). The KI animals were generated to

visualize endogenous neurolastin due to lack of a specific anti-
body. The precise insertion of HA at the correct location was
confirmed by genotyping, sequencing, and Western blotting of
the post-nuclear supernatant (PNS) and synaptosomal (P2)
fraction (Fig. S2 and Fig. 2B). We subsequently characterized
the protein’s expression in the KI and were able to determine
that endogenous neurolastin is expressed in different brain
regions upon Western blotting (Fig. 2C). We observed multiple
species of neurolastin on a Western blot (around the expected
molecular mass of �72 kDa). This was similar to our previous
observations where more than one protein species around the
expected molecular weight in the neurolastin KO animals was
absent (6). Although we do not know the identity of the two
protein bands, they may represent the different isoforms of
neurolastin. Subsequently, we tested the developmental profile
of neurolastin using PNS isolated from the brain of different
aged animals. As reported previously (5), we also observed that
neurolastin’s expression is developmentally regulated. Inter-
estingly, we noticed that neurolastin levels peak between 2
and 4 weeks of age, after which the expression decreased
(Fig. 2, D and E).

To identify the cell populations that express neurolastin, we
performed immunohistochemistry from brains of KI animals
but encountered technical limitations with the HA antibody.
Thus, we performed immunohistochemistry on sagittal brain
sections of neurolastin KO mice generated previously (6). The
neurolastin gene has been replaced with a LacZ reporter in the
KO. Neurolastin expression patterns were visualized by fluores-
cence detection of a �-gal antibody. We observed neurolastin
expression in neurons and some astrocyte populations, whereas
no signal was detected in microglia (Fig. S3).

We finally prepared an enriched mitochondria fraction from
the brains of the KI animals (Fig. 2F). We tested mitochondrial
enrichment by blotting for classical mitochondrial markers,
Tim23, Tom20, and cytochrome c (CytC). In the same prepa-
ration, we detected endogenous neurolastin-HA, confirming its
presence in brain mitochondria. Other organellar markers—
transferrin receptor (TfR, an endocytic marker), GM130
(Golgi), and LAMP1 (lysosomal protein)—were not detected,
although a slight ER contamination (protein-disulfide isomerase,
PDI) was seen in the enriched mitochondrial fraction.

The N terminus of neurolastin is required for mitochondrial
localization

Neurolastin is a multidomain protein containing a RING,
GTPase, and predicted coiled-coil (CC) domain. We previously
demonstrated that it has a hydrophobic patch (Hp), which
mediates membrane association (6). In addition to these
defined domains, neurolastin has �70 aa at the N terminus and
�100 aa at the C terminus that do not conform to any known
motifs. To determine what region mediates mitochondrial tar-
geting of neurolastin, we generated different deletion con-
structs. For visualization by immunofluorescence microscopy,
a C-terminal HA tag was added to all of the constructs. The
expression of different truncations was tested biochemically
(Fig. S1C). While all of the constructs migrated at the expected
molecular weight, variation in their expression level was
observed, possibly due to varying stability of the truncations.

Figure 2. Neurolastin is developmentally regulated and present on mito-
chondria. A, schematic of neurolastin-HA–tagged KI mouse. B, Western blot-
ting shows specific detection of endogenous neurolastin from KI mouse with
the HA antibody. P2, synaptosomal fraction. WT mice were used as controls. C,
PNS from 3-week-old KI mice shows the presence of neurolastin in different
brain regions. D, developmental regulation of neurolastin protein expression
was observed by Western blotting of PNS from KI brains. P, days post-natal. The
graph in E shows average expression level from three different animals of the
indicated ages. F, mitochondria were isolated from 6-week-old KI mice. Mito-
chondrial enrichment is confirmed by the presence of different mitochondrial
proteins Tom20 (OMM marker), Tim23 (IMM marker), and CytC (IMS marker) in
the enriched mitochondrial preparation. Sup, supernatant; Mito, mitochondria.
Immunoblotting with �-HA confirms the presence of endogenous neurolastin in
the mitochondria from KI brain. See also Fig. S2. Error bars, S.D.
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We measured mitochondrial localization of different neuro-
lastin truncations defined in the schematic (Fig. 3A): full-length
(FL) (residues 1– 654); N-terminal deletions �N (residues

71– 654) and �N��RING (residues 158 – 654); and C-terminal
deletions �Hp (residues 1–563), �Hp��CC (residues 1– 448),
N�RING (residues 1–158), and �RING chimera (residues

Figure 3. The N terminus of neurolastin is important for mitochondrial targeting. A, pictorial representation of different domains and truncations of
neurolastin (RING (orange), GTPase (blue), coiled-coil (yellow), hydrophobic (green)). Neurolastin-HA (FL and different truncations) were generated on a WT (B)
or RING mutant backbone (D), expressed in HeLa cells, and visualized by immunostaining with �-HA (red) and �-ATP5A (green). Merged images in the right panel
show colocalization. Graphs in C and E indicate the Mander’s colocalization coefficient between endogenous ATP5A and neurolastin-HA (n � 3, n � 20/ex-
periment; blinded experiment). Statistics were done by comparing different constructs with WT neurolastin in C and WT or C83S/C103S (FL) neurolastin in E as
indicated. Statistics were done by comparing different mutants with WT neurolastin in C and C83S/C103S (FL) in E using Dunnett’s multiple-comparison test:
****, p � 0.0001; **, p � 0.003. Scale Bar, 10 �m. See also Fig. S1. Error bars, S.D.
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1–76 and 123– 654). The data in Fig. 3 (B and C) are a measure
of colocalization between C-terminal HA-tagged neurolastin
and ATP5A. Compared with FL neurolastin, the C-terminal
deletions (�Hp, �Hp��CC, and N�RING) showed a similar
level of colocalization, although the N-terminal deletions (�N
and �N��RING) had a significantly reduced mitochondrial
localization. We observed a robust increase in mitochondrial
localization of the �RING chimera in which only the RING
domain is deleted, leaving the N terminus and the rest of the
protein intact. The distinct mitochondrial localization of the
�RING chimera, as well as the RING mutants, show that an
active RING domain inhibits mitochondrial localization of neu-
rolastin, although it does not completely exclude neurolastin
from the mitochondria, as the WT protein shows significantly
more mitochondrial localization compared with �N neurolas-
tin. Reduced mitochondrial colocalization with both N-termi-
nal deletion constructs suggests that the N terminus is impor-
tant for mitochondrial targeting. Based on these observations,
we tested whether the N terminus is vital by analyzing the local-
ization of the neurolastin RING mutant. We truncated the N
terminus in one of our tested RING mutants to generate C83S/
C103S (�N). We also generated C-terminal deletions on the
C83S/C103S background, tested expression of all of these con-
structs (Fig. S1D), and analyzed their localization (Fig. 3, D and
E). As expected, neurolastin C83S/C103S (FL) showed signifi-
cantly increased mitochondrial localization compared with
WT protein, whereas neurolastin C83S/C103S (�N) failed to
target to the mitochondria, confirming that the N terminus of
neurolastin is essential for mitochondrial targeting. We also
tested neurolastin C83S/C103S C-terminal deletion constructs
and found that the localization phenotype is similar to that of
neurolastin C83S/C103S (FL). A slight reduction in mitochon-
drial localization observed for neurolastin C83S/C103S (�Hp
and �Hp��CC) may be due to altered protein conformation in
the deletion constructs.

Neurolastin is imported into the mitochondrial IMS

The transport of newly synthesized proteins into the mito-
chondria often depends on a mitochondrial targeting sequence
(MTS), generally located at the N termini of proteins (22, 23).
When a protein is imported into the mitochondria, the MTS
from the precursor protein is usually cleaved, resulting in a
mature processed form. Upon analyzing the protein sequence
of neurolastin, multiple bioinformatic tools predicted an N-ter-
minal MTS in neurolastin with a high degree of confidence by
comparing shared physicochemical properties between MTS of
known proteins (Fig. 4A). These predictions prompted us to
test whether neurolastin is imported into the mitochondria.
We expressed neurolastin in HeLa cells and added oligomycin
and antimycin A (O/A) to dissipate the mitochondrial mem-
brane potential and block import and processing of precursor
proteins. Under normal conditions, we observed two bands on
an immunoblot of WT and RING mutant neurolastin, presum-
ably the FL neurolastin protein and a smaller processed mito-
chondria-localized form (Fig. 4B). After O/A treatment, the pro-
cessed form of neurolastin disappeared in cells expressing
either neurolastin WT or the RING mutant. Neurolastin �N
lacking the MTS was used as a control that migrated as a single

molecular weight species and remained unaltered upon O/A
treatment (Fig. 4B). The ratio of mitochondrially imported (pro-
cessed) to cytosolic (preprotein) full-length protein was plotted
and found to be significantly reduced for the mitochondrially
targeted WT neurolastin and RING mutant upon O/A treat-
ment, whereas �N levels were not changed (Fig. 4C). We also
analyzed the localization of WT, RING mutant, and �N neu-
rolastin upon O/A treatment by imaging individual cells and
found a striking difference in the distribution of the RING
mutant protein that changed from being mitochondrial to a
completely diffuse distribution due to mitochondrial mem-
brane potential disruption upon O/A treatment, confirming
mitochondrial import (Fig. 4D). We noted a slight discrep-
ancy between results from imaging and biochemical analysis
of mitochondrial import possibly due to differences in the
techniques employed. Using immunofluorescence micros-
copy, the neurolastin RING mutant showed much higher
mitochondrial localization compared with WT protein,
whereas the biochemical data did not show a significant dif-
ference, although the observed trend was similar to the im-
munofluorescence observations.

We immunoprecipitated neurolastin overexpressed in HeLa
cells and, using mass spectrometry analysis, identified Lon1 as a
putative interacting partner of the RING mutant (data not
shown). Lon1 is a highly conserved ATP-dependent mitopro-
tease that is imported into the mitochondrial matrix and is cru-
cial for mitochondrial homeostasis (24). To determine whether
neurolastin is regulated by Lon1, we inhibited the protease
activity by using the synthetic triterpenoid CDDO. We saw a
significant increase in the expression of neurolastin WT and
RING mutant protein, whereas no change was observed for the
neurolastin �N mutant (Fig. 4, E and F).

To test whether the N terminus of neurolastin is sufficient to
target any cytosolic protein to the mitochondria, we tested
localization of GFP fused to different lengths of the neurolastin
MTS. We found that whereas GFP alone or 23-GFP had a dif-
fuse distribution, both 38-GFP and 78-GFP showed mitochon-
drial localization (Fig. 4, G and H), confirming that the N ter-
minus of neurolastin is a bona fide MTS.

As neurolastin is imported into the mitochondria, we wanted
to discern whether it is imported into the IMS or is present in
the matrix. To determine the submitochondrial localization of
neurolastin, we expressed the GFP-tagged RING mutant of
neurolastin (C83S/C103S) and immunostained under different
permeabilization conditions. GFP expression was seen in all
conditions, and neurolastin (GFP) staining (in red) was
observed both by digitonin and Triton X-100 permeabiliza-
tion. This was similar to staining for CytC, an IMS marker,
whereas the matrix protein, Hsp70, could be stained only
using Triton X-100 permeabilization. No signal was detected
in control cells without any permeabilization (Fig. 5, A and
B). Subsequently, using stimulated emission depletion
microscopy (STED), we showed that neurolastin colocalizes
with the IMS proteins (CytC and OPA1) (Fig. 5, C and D).
These observations confirm that neurolastin is imported
into the mitochondrial IMS.
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The neurolastin RING domain and N terminus regulate
mitochondrial localization in neurons

Because neurolastin is primarily a brain-specific protein, we
sought to validate our findings in cultured primary neurons. To

confirm that neurolastin mutants show a similar localization to
mitochondria in neurons, we co-expressed neurolastin-HA
mutants and mito-GFP (to label mitochondria) in day in vitro
(DIV) 10 hippocampal neurons and stained them at DIV 13

Figure 4. Neurolastin is imported into the mitochondria. A, mitochondrial localization prediction scores for neurolastin using different bioinformatic tools. Local-
ization probability ranges from 0 (least probable) to 1 (highly probable). These tools also predict the possible site of MTS cleavage. MPP, mitochondrial processing
peptidase. B–F, different mutants of neurolastin were transfected into HeLa cells and treated with O/A (24 h) to dissipate mitochondrial membrane potential or CDDO
(6 h) to inhibit Lon1 protease activity. Neurolastin �N (lacking the MTS) was used as a control. B, disappearance of the smaller-sized protein shows no preprotein
processing for WT and RING mutant of neurolastin in the presence of O/A. Two representative examples are shown. A faint nonspecific band (*) slightly lower than the
processed form is observed in certain experiments. The graph in C shows quantification of the imported protein and is presented as a ratio of imported (processed)/
cytosolic (preprotein) fraction of neurolastin (n � 5, t test; **, p � 0.005; *, p � 0.015; p � 0.059 when comparing WT (�O/A) with RING mutant (�O/A), suggesting a
trend similar to results observed in imaging experiments). D, confocal micrographs showing change in protein localization upon O/A treatment in individual cells;
Tom20 labeling shows disruption of mitochondrial structure upon O/A treatment. E, increase in expression of WT and RING mutant upon CDDO treatment suggests
Lon1-mediated regulation of neurolastin’s expression. The graph on the right (F) is quantification of protein expression normalized to respective actin levels (n � 6, t
test; ***, p � 0.0005; *, p � 0.03). G, neurolastin MTS (different lengths) was fused to the N terminus of GFP, and the mitochondrial localization (�-ATP5A) of these GFP
fusion constructs is analyzed. The graph in H indicates the Mander’s colocalization coefficient between endogenous ATP5A and MTS-GFP (n � 4, n � 10–15 cells/
experiment). Statistics were done by comparing different constructs with GFP control using Dunnett’s multiple-comparison test: ****, p � 0.0001. Scale bar, 10 �m.
Error bars, S.D.
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(Fig. 6A). Mitochondrial localization was measured by scoring
colocalization in dendrites between the two markers (Fig. 6B).
Similar to observations in HeLa cells, neurolastin WT and the
GTPase mutant (R340Q/D341N) had comparable mitochon-
drial localization, whereas neurolastin RING mutant (C83S/
C103S) and �N displayed a significant increase or decrease in
mitochondrial localization, respectively. These data confirm
that the RING domain and N terminus govern neurolastin’s
mitochondrial localization in neurons as well.

Neurolastin translocates to mitochondria in response to
cellular stress and mitochondrial fragmentation

Imaging both in HeLa cells and neurons showed that neuro-
lastin at steady state is partially localized to the mitochondria,
whereas the inactivation of the RING domain leads to increased
mitochondrial localization. We wanted to determine the phys-

iological stimuli, such as synaptic activity, intracellular traffick-
ing regulation, or mitochondrial disruption, that would pro-
duce a similar effect. To test this, we cultured hippocampal
neurons from KI animals until DIV 16 to allow detectable
expression of neurolastin and subsequently treated them
with different compounds: (a) KCl, tetrodotoxin, bicuculine,
and glutamate (used for regulation of synaptic activity); (b)
inhibitors (leupeptin (lysosomes), okadaic acid (phosphata-
ses), and MG132 (proteasomes)); and (c) antimycin A for
depolarization of mitochondrial membranes. To determine
the mitochondrial localization, we double-labeled with
HA and Tom20 to detect endogenous neurolastin and
mitochondria, respectively, and measured colocalization by
quantifying Pearson’s coefficient from the dendrites of neu-
rons. We observed a significant increase in mitochondrial
localization of neurolastin upon glutamate treatment

Figure 5. Neurolastin is imported into the mitochondrial IMS. Neurolastin-GFP (C83S/C103S) was expressed in HeLa cells, which were permeabilized using
different detergents (digitonin, 50 �g/ml) or (Triton X-100, 0.25%) and stained for GFP and CytC (IMS marker) or Hsp70 (matrix marker). Panels show GFP
fluorescence (green), �-GFP (red), and �-CytC (white) (A) or �-Hsp70 (white) (B). A no detergent condition was used as a negative control. Scale bar, 20 �m. C and
D, dual-color STED imaging of neurolastin-HA (C83S/C103S) in HeLa cells with endogenous IMS markers: CytC (C) and OPA1 (D). Left, confocal micrograph
followed by STED images (individual channels, merge, and enlarged region). Scale bar, 5 �m. Plots on the right show the intensity profiles across the indicated
mitochondria (line drawn in the enlarged image; scale bar, 1 �m).
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(Fig. 7, A and B), which causes induction of cellular stress
leading to mitochondrial fragmentation.

Neurolastin KO has smaller but more numerous mitochondria

We have previously demonstrated that neurolastin is a func-
tional dynamin GTPase (6) and now show that neurolastin is
localized to the mitochondria. To examine the functional
importance of neurolastin in vivo, we compared the mitochon-
drial structure between WT and neurolastin KO mice. We eval-
uated the mitochondria in sections from different brain
regions. Whereas we observed mitochondrial alterations in

both the hippocampus and cerebellum, we also noticed differ-
ences in the number of neurons in the hippocampus when com-
paring WT versus KO animals. Upon further investigation, we
found this to be a result of defective adult neurogenesis in neu-
rolastin KO animals (Fig. S4).

To avoid this confounding factor, we analyzed the mitochon-
drial structure from cerebellar Purkinje neurons. We found
that the neurolastin KO mice contain smaller mitochondria
compared with WT (Fig. 8, A and B). Quantification of mito-
chondria from multiple fields of view (FOV) showed that the
mitochondrial area and the maximum and minimum Feret’s

Figure 6. The RING domain regulates mitochondrial localization of neurolastin in neurons. A, hippocampal neurons were co-transfected with mito-GFP
and neurolastin-HA at DIV 10, stained at DIV 13 with �-HA (red) and �-GFP (green), and imaged. Scale bars, 10 and 1 �m (enlarged image). B, Mander’s
colocalization co-efficient was quantified to determine mitochondrial localization of different neurolastin constructs. Three dendritic regions were analyzed
per neuron (n � 3, n � 8/experiment; blinded experiment). Statistics of different constructs were done by comparing with WT neurolastin (using Dunnett’s
multiple-comparison test; ***, p � 0.0002; ****, p � 0.0001). Error bars, S.D.
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diameter were reduced in the KO (Fig. 8, C, E, and G). The
panels on the right (Fig. 8, D, F, and H) show the change in
frequency of mitochondrial size, revealing a shift toward
smaller size in the KO. We also counted the mitochondrial
number and found that the neurolastin KO mice have a signif-
icantly greater number of mitochondria, also depicted in the
frequency distribution per FOV (Fig. 8, I and J). We calculated
the total mitochondrial area per cell and found no significant
change (WT, 1.069 � 0.044223 �m2; KO, 0.9803 � 0.03324
�m2). Consistent with this, the mtDNA copy number (Fig. S5)

in WT and neurolastin KO was similar. Cristae structure is
another important aspect of mitochondrial dynamics, and we
observed no discernable change in the cristae structure
between WT and KO (Fig. S6). Taken together, these results
show that neurolastin alters only the mitochondrial morphol-
ogy and neither the cristae structure nor the total mitochon-
drial mass.

Discussion

Neurolastin is the newest addition to the dynamin family
of GTPases (6, 25). It has characteristics common to other
dynamin family members: GTP hydrolysis, self-association,
and membrane localization. Additionally, neurolastin pos-
sesses a RING domain and exhibits E3 ligase activity, making it
unique among other dynamin family proteins (6).

Neurolastin is essential for proper brain function, as neuro-
lastin KO animals have severe defects in motor skills, spatial
learning and memory, brain size, synaptic transmission, den-
dritic spine density, and endosome volume (6, 7). In the current
study, we show that neurolastin KO animals also have altered
mitochondrial structure, specifically smaller but a larger num-
ber of mitochondria as observed in the KO brain. Mitochondria
are highly dynamic organelles that are subject to trafficking and
quality control and continually undergo cycles of fission and
fusion enabled by multiple mitochondrial proteins. It is well-
established that mitochondrial trafficking is important in neu-
rons and several molecules involved have been identified along
with their underlying pathways (26, 27). For maintenance of
fission–fusion balance, the known dynamin family GTPases,
Drp1 (a fission GTPase) and Mfn1/Mfn2 and OPA1 (fusion
GTPases) are critical (3). We also found involvement of neuro-
lastin in regulating adult neurogenesis. This is consistent with
strong evidence in the literature showing how neurogenesis is
regulated by mitochondrial morphology and dynamics, either
via metabolic balance alterations or by guiding the fate of neu-
ronal stem cells (28); future experiments will uncover the exact
mechanism by which neurolastin regulates adult neurogenesis.

In the brain, mitochondria perform numerous cellular func-
tions, including ATP production, Ca2� signaling, ROS homeo-
stasis, and neurotransmitter metabolism, to support the energy
demands of specialized brain functions. Mitochondrial func-
tion is also vital in controlling fundamental processes of synap-
tic plasticity, including neurite outgrowth, neurogenesis, neu-
rotransmitter release, and dendritic remodeling. Disturbances
in mitochondrial dynamics are linked to impaired synaptic
plasticity and multiple neurodegenerative disorders (29 –31).
As examples, smaller mitochondria as a result of increased
Drp1 levels (more fission) are associated with ALS, Hunting-
ton’s disease, and Alzheimer’s disease, whereas reduced levels
of Mfn2 and OPA1 (less fusion) are responsible for Charcot–
Marie Tooth disease A2 and autosomal dominant optic atro-
phy, respectively (29). In addition to the defective synaptic
transmission in neurolastin KO animals that we have observed
(6), RNA-Seq and microarray data from ALS and Alzheimer’s
disease mouse models reveal changes in expression of neuro-
lastin, thus implicating its role in maintaining neuronal health
(32, 33). The neuroprotective role is strengthened by our cur-
rent observation that neurolastin exhibits increased transloca-

Figure 7. Endogenous neurolastin translocates to mitochondria upon
cellular stress and mitochondrial fragmentation. A, DIV 16 hippocampal
neurons isolated from KI mice were treated with the indicated drugs, and
localization of endogenous neurolastin with mitochondria was determined
by staining with �-HA and �-Tom20. B, graph shows colocalization between
HA and Tom20. Three dendritic regions per neuron were quantified and com-
pared with DMSO-treated cells (n � 3, n � 10/experiment; blinded experi-
ment; Dunnett’s multiple-comparison test; ***, p � 0.0005; *, p � 0.0194).
Scale bar, 10 �m. Error bars, S.D.
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Figure 8. Neurolastin KO mice have smaller-sized mitochondria. A and B, representative electron micrographs from the soma of cerebellar Purkinje
neurons of 4-month-old WT and KO animals. The number of mitochondria analyzed was as follows: WT (n � 1505) and KO (n � 1804) from two animals each.
Graphs show quantification and distribution (relative frequency) of the area of each mitochondrion (C and D), maximum Feret’s diameter (E and F), minimum
Feret’s diameter (G and H), and number of mitochondria per FOV (I and J). Statistics were done by comparing WT and KO using an unpaired t test (****, p �
0.0001; ***, p � 0.0002). See also Figs. S5 and S6. Error bars, S.D.
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tion to the mitochondria upon induction of cellular stress. This
result is supported by recent findings that implicate neurolastin
in protecting neuronal cells against oxidative stress following
injury (34 –36) and in regulating the neuropathy protein,
TDP-43 (37).

We have demonstrated that neurolastin in steady state is
present at multiple subcellular locations— endosomes, mito-
chondria, and cytosol—where it performs distinct functions.
Cytosolic/endosomal neurolastin governs proper endosomal
morphology, for which it requires intact E3 ligase activity, pre-
sumably to target substrates (Fig. 9A). This is supported by
observations that the RING mutant of neurolastin does not
localize to and cannot rescue the endosomal size defect in KO
neurons (6). Neurolastin is imported into the mitochondria via
an N-terminal MTS (Fig. 9B). This conclusion is drawn from
characterization of the neurolastin MTS, followed by validation
of mitochondrial import and localization using imaging and
biochemical assays. Once imported into the mitochondria,
neurolastin may govern mitochondrial fusion (Fig. 9C), as we
observed more fragmented mitochondria in the neurolastin
KO animals without a change in total mitochondrial mass. At
any given time, it is possibly the mitochondria-localized frac-
tion of neurolastin that drives the mitochondrial fusion utiliz-
ing energy by GTP hydrolysis. Because there is no reported
ubiquitin inside the mitochondria, the E3 ligase activity is likely
to be limited to the non-mitochondrial neurolastin. As ob-
served, a functional RING domain blocks mitochondrial target-
ing of neurolastin, possibly via concealing the MTS. Cellular
stress or other signals may introduce post-translational modi-
fications or disrupt any protein interactions to facilitate a con-
formational change exposing the MTS and expedite mitochon-
drial import of neurolastin, an aspect to be explored in future
structural studies.

Neurolastin can now be added to the existing list of dynamins
that localize to and alter mitochondrial dynamics (3). Neuro-
lastin has unique characteristics and also shares similarities
when compared with these mitochondrial GTPases. Drp1 is
mostly cytosolic but cycles to the outer mitochondrial mem-
brane (OMM) via phosphorylation (38 –40); additionally, Drp1

mediates peroxisomal fission (41). Similarly, neurolastin also
localizes to and affects morphology of two organelles, mito-
chondria and endosomes. Mitofusin is present at the OMM and
facilitates fusion, whereas OPA1 is imported into the mito-
chondrial IMS, where it mediates IMM fusion and maintains
the cristae structure (42–44). Similar to OPA1, neurolastin is
also imported into the mitochondrial IMS, and the fragmented
mitochondria in the neurolastin KO mice confirm its role in
mitochondrial fusion. Mitochondria have a very robust quality
control system to balance the fission–fusion processes, and
mediators of these processes are controlled via protein–protein
interactions and post-translational modifications (29). Specifi-
cally, Drp1 function is affected by phosphorylation, nitrosyla-
tion, and sumoylation (45); mitofusins are also post-transla-
tionally regulated by ubiquitination, phosphorylation, and
acetylation (29). OPA1 has the most complex regulation: post-
transcriptionally, it undergoes alternative splicing, giving rise to
eight splice variants followed by post-translational proteolytic
cleavage by different mitochondrial proteases (46). In a similar
fashion, we find that neurolastin’s expression is influenced by
Lon1 protease. Lon1 was previously thought to be important
only for degradation of misfolded proteins; however, there is
emerging evidence that it plays an important regulatory role in
mitochondrial homeostasis (24). Although Lon1 is a matrix
protease, there is evidence that it interacts with subunits of the
TIM (translocase of inner membrane) and MICOS (mitochon-
drial contact site and cristae-organizing system) complex, both
found in the IMM. It has also been reported that depletion of
Lon1 leads to a stress response (47). Our data suggest increased
mitochondrial localization of neurolastin during cellular stress,
and it will be interesting to discern whether Lon1 regulates
neurolastin only under stress conditions. We also detail
another regulatory mechanism of neurolastin’s localization
being governed by its functional RING domain. There may also
exist other mechanisms for controlling neurolastin expression
and function, as we observed multiple isoforms of the protein
and a developmental change in its expression. Drp1, OPA1, and
Mfn1/2 are ubiquitously expressed with evidence of a Drp1
brain-specific isoform at the RNA level (48). Neurolastin is dis-
tinctive as it is brain-specific. In protein database searches, neu-
rolastin orthologues could only be found in vertebrates that
have a well-developed nervous system, consistent with its
brain-specific localization and function. In conclusion, neuro-
lastin is a brain-specific dynamin GTPase that regulates the
membrane dynamics of endosomes and mitochondria, thus
affecting neurotransmission.

Experimental procedures

Plasmid constructs

Full-length mouse neurolastin (residues 1– 654) with a
C-terminal HA tag was generated as described previously (6).
Different truncations: �N (residues 71– 654), �N��RING
(residues 158 – 654), �Hp (residues 1–563), �Hp��CC (resi-
dues 1– 448), N�RING (residues 1–158), and �RING chimera
(residues 1–76 and 123– 654) were PCR-amplified using spe-
cific primers and cloned with a C-terminal HA tag into
pcDNA3.1 in EcoRI/NotI sites. Point mutations were generated

Figure 9. Proposed mechanism of neurolastin function. A, in the cytosol,
neurolastin partners with an E2 conjugating enzyme to potentially target
substrates (S), which facilitates partial endosomal localization and normal
endosomal morphology. B, neurolastin is imported into the mitochondria via
the N-terminal MTS. The import is expedited upon detecting cellular stress
and possibly other signals. C, neurolastin drives mitochondrial fusion to main-
tain a healthy mitochondrial network.
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using the QuikChange mutagenesis protocol (Agilent Technol-
ogies). Neurolastin-GFP constructs were cloned in pEGFP-N1
with GFP fused at the C terminus in EcoRI/BamHI sites. The
plasmids were sequenced to confirm introduction of the
required mutation. For overexpression in neurons, the plas-
mids were subcloned into pCAG vector. Mito-GFP has been
described previously (49). MTS constructs were generated by
fusing different lengths of the N-terminal of neurolastin (23, 38,
and 78 aa) to GFP in pEGFP-N1 vector. The choice of lengths
was made based on bioinformatic predictions. 78-GFP was
cloned as it contains the entire N terminus before the start of
the RING domain.

Antibodies and reagents

Immunofluorescence—The following antibodies were used:
�-ATP5A (Abcam 15H4C4 (1:1000)), �-HA (Abcam ab9110
(1:1000) or Roche Applied Science 11867431001 (1:500)),
�-Tom20 (Santa Cruz Biotechnology, Inc., sc-17764 (1:200)
or Santa Cruz Biotechnology sc-11415 (1:200)), �-GFP (Life Tech-
nologies, Inc., A10262 (1:500)), �-cytochrome c (BD Biosciences
556433 (1:200)), �-OPA1 (BD Biosciences 612606 (1:200)), and
�-Hsp70 (Thermo Fisher Scientific MA3-028 (1:1000)).

Immunohistochemistry—The following antibodies were used:
�-�Gal (Abcam ab134435 (1:2500)), �-Iba1 (Abcam ab5076
(1:500)), �-NeuN (Millipore MAB377 (1:500)), �-calbindin (Swant
CB-38 (1:1000)), and �-S100B (Sigma S2532 (1:1000)).

Western blotting—�-HA (Roche Applied Science 11867431001
(1:1000)), �-actin (abm G043 (1:1000)), �-tubulin (Sigma T8328
(1:5000)), �-Tom20 (Santa Cruz Biotechnology sc-17764
(1:1000)), �-Tim 23 (BD Biosciences 611222 (1:1000)), �-cyto-
chrome c (BD Biosciences 556433 (1:1000)), �-TfR (Invitrogen
136800 (1:500)), �-GM130 (BD Biosciences 610822 (1:250)),
�-LAMP1 (BD Biosciences 611042 (1:500)), �-protein-disulfide
isomerase (BD Biosciences 610947 (1:1000)).

Alexa Fluor secondary antibodies and Prolong Gold/Dia-
mond antifade were from Life Technologies, Inc. High purity
drugs, inhibitors, and chemicals were purchased from Sigma,
Calbiochem, Millipore, or Tocris. The concentration and dura-
tion of drug treatments were determined based on previous
literature.

Animals used in the study

The use and care of animals in this study followed the guide-
lines of the National Institutes of Health Animal Research
Advisory Committee. Neurolastin KO animals have been
described previously (6). HA- tagged KI animals were generated
by CRISPR/Cas9. HA tag was inserted at the C terminus using
the mutagenic oligomer GTCCCTGATGTCCGCACCCTTC-
CTACTGCCTTTCACGTATTTCACGCTTCGACATCTT-
GCTGCTAAGCGTAATCTGGAACATCGTATGGGTATT-
CCTCTTGGGTAGGGGCTCTCGGTCCCCTCCTTGAAC-
TCTCT. The insertion of HA in between the last amino acid
and the STOP codon was confirmed by PCR and sequencing.
Founders (F1) were interbred with C57/BL6 WT mice to gen-
erate future generations, F2 and F3. F3 mice were used for
breeding homozygous animals and future experiments. Note
that during this process, a silent mutation got incorporated at
aa 652 (LLQEE, CAG to CAA).

Neuronal cultures

For overexpression experiments, primary hippocampal neu-
rons were cultured from embryonic day 18 rat embryos as
described previously (50). Mouse hippocampal neurons were
isolated from P0-P1 pups of KI animals using a method
described previously (6). The neurons were plated on poly-L-
lysine– coated plates.

Imaging and analysis

Immunofluorescence—HeLa cells were transfected with 500
ng of neurolastin-HA using the CalPhos mammalian transfec-
tion kit (Clontech) following the manufacturer’s instructions.
Staining was performed using standard procedures at RT.
20 –24 h after transfection, the cells were fixed with 4% para-
formaldehyde (PFA) for 10 min and permeabilized with 0.25%
Triton X-100 for 10 –15 min. Subsequently, the cells were
blocked in 10% normal goat serum (NGS) for 30 min, followed
by incubation with primary antibody diluted in 3% NGS for 45
min. The unbound antibody was washed with PBS, and cells
were incubated with the secondary antibody diluted at 1:1000
in 3% NGS. The cells were mounted in Prolong Gold antifade
reagent.

For O/A treatment, cells were treated with oligomycin (10
�g/ml) and antimycin A (4 �g/ml) 2 h before transfection to
dissipate mitochondrial membrane potential. 18 h post-trans-
fection, the cells were fixed and stained as described above. For
determining submitochondrial localization, neurolastin-GFP
(C83S/C103S) was transfected in HeLa cells as described. Cells
were fixed and stained as described above. Permeabilization
was performed differently, either using digitonin (50 �g/ml) or
Triton X-100 (0.25%) for 10 min at RT. No permeabilization
control was done where no background staining was observed.

Rat hippocampal neurons at DIV 10 were co-transfected
with mito-GFP (1 �g) and neurolastin-HA (500 ng) cloned in
pCAG vector using Lipofectamine 2000. The cells were fixed at
DIV 13 in 4% PFA � 4% sucrose for 7 min, permeabilized with
0.25% Triton X-100 for 5 min, and stained with �-HA and
�-GFP, followed by appropriate secondary antibodies for 1 h
each at RT. For drug treatment, KI neurons were treated with
respective drugs/inhibitors for the indicated times at DIV
15–16, fixed as above, and stained with �-HA and �-Tom20.
Z-stacks were captured using a 	63 oil immersion objective of
an LSM 510 Meta Zeiss confocal microscope.

Determining colocalization with mitochondria—To deter-
mine how much neurolastin is localized to the mitochondria,
the colocalization coefficients were calculated using the ImageJ
plugin JaCoP. Mander’s coefficient was calculated for all exper-
iments except for drug treatment in KI neurons, where Pear-
son’s coefficient was calculated due to considerable difference
in intensity of red and green channels. A total of 50 – 60 cells/
condition across three independent experiments were evalu-
ated in HeLa cells. For neurons, three regions of interest in the
dendrites were selected for each neuron (�25–30 neurons from
three independent experiments). Throughout the imaging
experiments, only cells that expressed medium levels of the
protein were analyzed; cells with very weak or high expression
were not considered.
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Immunohistochemistry—Mice (WT and neurolastin KO,
6 – 8 weeks of age) were anesthetized with isoflurane and per-
fused (gravity feed) via the left ventricle with PBS, pH 7.4, to
clear blood, followed by 40 ml of 4% PFA in PBS to fix the tissue.
Brains were post-fixed for 18 h in the same fixative prior to
dissection. All tissues were cryoprotected in 30% sucrose
24 – 48 h at 4 °C and then sectioned on a Leica SM2010R Sliding
Microtome (Leica Biosystems, Nussloch, Germany) into
30-�m floating sections. Sections were processed through an
immunohistochemical protocol as described previously (51).
Briefly, sections were blocked and permeabilized for 1 h in car-
rier solution (0.5% Triton X-100, 1% goat serum, and 0.5% BSA,
EMD Millipore in 1	 PBS, pH 7.4. Sections were incubated in
primary antibodies diluted in carrier solution (0.3% Triton
X-100) at 4 °C overnight, followed by extensive washing. Sec-
ondary antibodies, diluted in carrier solution, were applied for
1 h at RT. Floating sections were mounted onto gelatin-coated
slides, air-dried, and preserved under #1.5 German coverglasses
using Prolong Diamond mounting medium. Z-stacks were
acquired on an inverted LSM 780 confocal microscope with a
Plan-Apochromat 	20, 0.8 numerical aperture lens and were
rendered as maximum-intensity projections. Tiles scans were
acquired on an inverted LSM 800 confocal microscope with a
	10/0.3 Plan Neofluar objective. Image intensities were opti-
mized in Fiji. Negative controls (no primary antibody; no pri-
mary or secondary antibody) were included in each experiment
to determine the level of nonspecific secondary antibody bind-
ingandsampleautofluorescence.Inallcasespresented,autofluo-
rescence was minimal, and nonspecific signal above autofluo-
rescence was absent.

STED microscopy—HeLa cells were plated on #1.5 cover-
glasses and transfected with 500 ng of Neurolastin-HA (C83S/
C103S). The cells were immunostained with �-HA and
�-CytC/�-OPA1 followed by Alexa Fluor 488 and Alexa Fluor
594 antibodies as described above. The coverglasses were
mounted using Prolong Diamond antifade reagent. The confo-
cal and STED images of the samples were obtained using a
	100 objective on a Leica TCS SP8 3X STED microscope (Leica
Microsystems). Parameters used were as follows: for HA (Alexa
Fluor 488), excitation, 488 nm, 4%; depletion laser, 592 nm,
70%; WLL intensity, 3%; for CytC/Opa1 (Alexa Fluor 594), exci-
tation, 594 nm, 5%; depletion laser, 775 nm, 70%; WLL inten-
sity, 3%. The pinhole was set to 0.7 Airy units, and the pixel size
was 25 �m. Images of 1024 	 1024 were captured at a scan
speed of 400 Hz, line average of 2, and frame accumulations of
4. For confocal imaging, WLL was decreased. The line intensity
plots were generated using Fiji.

Biochemistry from HeLa cells

Expression of different proteins—Cells were transfected with
the indicated constructs using Lipofectamine 2000. 40 h post-
transfection, the cells were lysed, and proteins were extracted in
SDS sample buffer. The expression levels were analyzed by
Western blotting. To test Lon-mediated degradation, CDDO
(10 �M) was added the day after transfection to the cells for 6 h.
Tubulin or Actin were used as loading controls as indicated. For
immunoprecipitation, neurolastin-HA was overexpressed in

HeLa cells and immunoprecipitated using HA-agarose beads
(Sigma) as described previously (6).

Import assay—HeLa cells were transfected with the indicated
plasmids using Lipofectamine 2000. �24 h post-transfection,
oligomycin (10 �g/ml) and antimycin A (4 �g/ml) were added
to the cells to disrupt mitochondrial membrane potential and
block import and preprotein processing. 24 h after drug treat-
ment, cells were lysed in SDS sample buffer and boiled at 95 °C
for 10 min. The proteins were resolved on 8% SDS-PAGE and
subjected to Western blotting with the indicated antibodies.

Biochemistry from brain tissue

Developmental profile—Brain tissue was homogenized in
PBS containing protease and phosphatase inhibitors and cen-
trifuged at 800 	 g for 10 min to generate the PNS. The PNS was
centrifuged at 9200 	 g for 20 min to generate the P2 (crude
synaptosomal) fraction. 200 �g of protein was loaded and
resolved on 8% SDS-PAGE, followed by Western blotting with
the indicated antibodies.

Mitochondria isolation—Mitochondria were isolated from
6-week-old KI animal brains using an Abcam mitochondria iso-
lation kit for tissue (ab110168). Brain tissue (0.4 g) was homog-
enized in isolation buffer (500 �l 	 2 tubes) in a Dounce
homogenizer (20 strokes) on ice. 50 �g of protein from each
fraction was resolved on 12% SDS-PAGE and subjected to
Western blotting with the indicated antibodies.

Electron microscopy

Adult animals (WT and Neurolastin KO, 3.5 months old)
were anesthetized and perfused with 0.1 M phosphate buffer,
followed by fixation in 4% PFA plus 2% glutaraldehyde in the
same buffer at RT overnight (52). The brains were washed with
PBS and sectioned with a vibratome at 125 �m. The sections
were washed with 0.1 M cacodylate buffer, fixed in 1% osmium
tetroxide, washed, and then dehydrated in different concentra-
tions of ethanol and 1% uranyl acetate in 50% ethanol. The
sections were transferred to propylene oxide, embedded in
epon, and heated at 64 °C for 48 h. Thin sections were cut and
examined in a JEOL JEM-2100 transmission electron micro-
scope, and micrographs of mitochondria were taken from cer-
ebellar Purkinje cell soma from a random sample of the neuro-
pil in the molecular layer of the cerebellar cortex.

Different parameters of mitochondrial morphology were
analyzed using ImageJ. A total of 160 –180 images from two
different WT and KO animals were analyzed. All mitochondria
in an individual image (FOV) were identified, and their area and
Feret’s diameter (maximum and minimum) were determined.
The total mitochondria area was calculated per cell by multi-
plying average area by the average number of mitochondria
(WT, n � 11; KO, n � 10). The bar graphs and frequency dis-
tribution were plotted using GraphPad prism. The cristae
structure was analyzed visually in higher-magnification images.

Neurogenesis

Adult WT and KO mice were intraperitoneally injected once
with bromodeoxyuridine (BrdU; 200 mg/kg). After 3 weeks,
mice were anesthetized with isoflurane and transcardially per-
fused with 4% PFA in PBS. Brains were fixed overnight and then
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transferred to 20% sucrose for at least 24 h. Brains were sec-
tioned coronally on a freezing sliding microtome at 40 �m
throughout the entire hippocampus. A 1:8 series of sections
were stained for incorporated BrdU, for the endogenous imma-
ture neuron marker doublecortin, or for the mature neuronal
marker NeuN using immunofluorescence or for the endoge-
nous cell proliferation marker proliferating cell nuclear antigen
using cobalt-enhanced 3,3
-diaminobenzidine immunohisto-
chemistry as described previously (53). Sections were mounted
onto slides under PVA-DAPCO or Permount. Total cell num-
bers were stereologically estimated by counting cells in a
known fraction of sections throughout the entire dentate
gyrus using a 	40 objective. Images for BrdU, NeuN, and
doublecortin were captured on a Zeiss LSM780 confocal
microscope.

Determining mtDNA copy number

Brain regions (hippocampus and cerebellum) were isolated
from females of the indicated age and frozen at �80 °C. Tissue
was homogenized in PBS containing protease and phosphatase
inhibitors. Subsequently, genomic DNA was isolated from
the tissue using a Qiagen DNeasy blood and tissue kit. Real-
time PCR was set up in three technical replicates per animal
using 10 ng of template DNA and SYBR Green quantitative
PCR mix. COX I and GAPDH were amplified as indicators of
mtDNA and nuclear DNA, respectively. CT values were calcu-
lated and the data were plotted as 2��CT (54). Primers used were
as follows: COX I, AGGCTTCACCTAGATGACACA and
GTAGCGTCGTGGTATTCCTGAA; GAPDH, GCAGTGG-
CAAAGTGGAGATT and GAATTTGCCGTGAGTGGAGT.

Bioinformatics

Mouse neurolastin sequence (NP_033574.2) was analyzed using
different online tools for determination of mitochondrial import
probability and MTS prediction: MitoFates (55), MITOPROT II
(56), and TargetP1.1 (57).

Statistics

An unpaired two-tailed t test, analysis of variance multiple
comparisons, and post hoc analyses were done as indicated to
determine the significance of the data. Graphs are represented
as mean � S.D.
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