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ABSTRACT: Mitochondria are essential for neuronal func-
tion, providing the energy required to power neurotransmis-
sion, and fulfilling many important additional roles. In neurons,
mitochondria must be efficiently transported to sites, including
synapses, where their functions are required. Neurons, with
their highly elongated morphology, are consequently extremely
sensitive to defective mitochondrial trafficking which can lead
to neuronal ill-health/death. We recently demonstrated that
DISC1 associates with mitochondrial trafficking complexes
where it associates with the core kinesin and dynein adaptor
molecule TRAKI. We now show that the DISCI interactors
NDE1 and GSK3p also associate robustly with TRAKI1 and
demonstrate that NDE1 promotes retrograde axonal mitochon-
drial movement. GSK3f is known to modulate axonal
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mitochondrial motility, although reports of its actual effect are conflicting. We show that, in our system, GSK3/ promotes
anterograde mitochondrial transport. Finally, we investigated the influence of cAMP elevation upon mitochondrial motility, and
found a striking increase in mitochondrial motility and retrograde movement. DISC1, NDE1, and GSK3p are implicated as risk
factors for major mental illness. Our demonstration that they function together within mitochondrial trafficking complexes
suggests that defective mitochondrial transport may be a contributory disease mechanism in some cases of psychiatric disorder.
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C orrect mitochondrial function is of paramount importance,
to the brain, which accounts for approximately 20% of the
body’s energy consumption at rest. Much of this energy
consumption is due to neurosignaling processes, including
neurotransmitter release into synapses, and re-establishment of
ion gradients following depolarization.' To fulfill these and other
functions, mitochondria are constantly trafficked around the
cell' Moreover, mitochondria undergo frequent fission and
fusion events. Fusion is believed to facilitate transfer of factors
between mitochondria, thus maintaining their health and
optimum function.” This process is also dependent upon
mitochondrial motility because mitochondria must be trafficked
to meet before they can fuse. It follows that dysfunctional
mitochondria and/or dysfunctional mitochondrial trafficking is
tightly linked to brain disorder.’ Neurons are particularly
vulnerable to mitochondrial dysfunction and/or trafficking
deficits on two counts, their intrinsic high energy demands,
and their extremely extended morphology in comparison to
other cell types, which demands efficient mobilization to the
extremities.” Indeed, mitochondrial dysfunction/defective traf-
ficking is believed to play a primary role in the pathology of
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several neurodegenerative diseases including Parkinson’s disease,
Huntington’s disease, and Alzheimer’s disease.'

Axonal mitochondrial trafficking involves TRAK1® which
binds to the molecular motors kinesin and dynein,** and also
interacts with Miro which is embedded in the outer
mitochondrial membrane.® TRAKI is thus a key molecule that
connects mitochondria to their motors. We recently demon-
strated a robust association between TRAK1 and DISC1 and,
consistent with this, that DISC1 promotes anterograde
mitochondrial transport.” DISC1 interacts with multiple addi-
tional proteins including the dynein regulators LIS1, NDE1, and
NDELL® " and the kinase GSK34."!

Together with DISC1, NDE1 and GSK3f are of particular
interest because they are relevant to psychiatry. DISCI is directly
disrupted by at(1;11) chromosomal translocation that is causally
linked to major mental illness within a single Scottish family.'>"?
NDE]I is targeted by recurrent genomic copy number variants
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Figure 1. TRAKI associates with NDE1 and LIS1. (A) Immunoprecipitation of Trakl from adult mouse whole brain lysates co-immunoprecipitates
Discl and Ndel. A longer exposure of the same immunoblot has been shown for the lysate Trak1 signal which was otherwise very weak. The dotted
white line indicates the join between the superimposed longer exposure of the lysate track, and the shorter exposure for the other tracks. Trakl was
immunoprecipitated using an antibody from Santa Cruz Biotechnology and detected using an antibody from Sigma-Aldrich. (B) Immunoprecipitation
of endogenous human TRAKI from HEK293 (upper) and SH-SYSY (lower) cell line lysates co-immunoprecipitates endogenous NDE1. Human
TRAK1 was immunoprecipitated and detected using an antibody from Abcam. (C) Upper, amplification of TRAK1 transcripts from HEK293 cells using
reverse transcriptase PCR and primers specific for TRAK1 exons 10 and 12. +RT, HEK293 cDNA template; —RT, minus reverse transcriptase negative
control; brain, human brain cDNA positive control; NTC, no template negative control. Lower, an antibody specific for TRAKI from Abcam
immunoprecipitates endogenous human TRAKI from SH-SYSY cells and HEK293 cells. This immunoprecipitated TRAKI cross-reacts with a TRAKI1-
specific antibody from Sigma, thus demonstrating the specificity of the Abcam antibody for TRAKI. Note that, although the HEK293 lysate TRAK1
signal is virtually undetectable here, the same lysate was used in Figure 4C where the TRAK1 signal is clearly visible. (D) Co-immunoprecipitation of
exogenous Myc-DISCI and FLAG-TRAK1 with NDEI-VS from transfected COS7 cells. Absence of Myc-DISC1 does not abolish NDE1-VS/FLAG-
TRAK1 co-immunoprecipitation. (E) DISC1 knockdown does not abolish co-immunoprecipitation of endogenous NDE1 with endogenous TRAK1
from HEK293 and SH-SYSY cell line lysates. 1, mock transfection (no siRNA); 2, control siRNA; 3, siRNA targeting DISC1 exon 13; 4, siRNA targeting
DISC1 exon 2.

that are more frequent in psychiatric patients than controls."* roles in critical brain processes including neural precursor
GSK3p is a major target of lithium chloride, a drug in clinical use proliferation and neuronal migration.”” Involvement in mito-
as a mood stabilizer.'”'® Moreover, GSK3f is targeted by chondrial trafficking is now emerging as another important
genomic copy number variants that are more commonly found in function. A role for Lis1 and Ndell in this process has previously
psychiatric patients."” Studying functional complexes involving been demonstrated.”’ Consistent with their role in activating the
these proteins may therefore identify molecular mechanisms retrograde motor dynein,'®'”**** knockdown of either Lis1 or
underlying psychiatric disorders. Ndell inhibits retrograde mitochondrial movement in axons of
The highly homologous orthologues NDE1 and NDELI1 rat hippocampal neurons.”" Although these observations clearly
cooperate with LISI in regulating dynein. NDEL1 promotes demonstrate a role for the Lis1/Ndell complex in regulating the
LIS1 binding to microtubules and, in turn, recruitment of direction of mitochondrial movement, a role in this process has
dynein,"® while NDE1 has been to shown to recruit LISI to not been demonstrated until now for the highly homologous

dynein."” Although these mechanisms are incompletely under- Ndell orthologue Ndel.
stood, it is clear that dynein modulation involves LIS1 binding to GSK3p is also known to regulate mitochondrial transport,
NDEI or NDELL. Together these proteins control a number of although reports of the actual effect are somewhat conflicting.
functions requiring dynein force generation, leading to important Chen et al. reported that inhibiting GSK3/ increases
554 DOI: 10.1021/acschemneuro.5b00255
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Figure 2. NDE1 overexpression promotes retrograde mitochondrial movement within axons of mouse hippocampal neurons. Cultured hippocampal
neurons (DIV6—7) were cotransfected with GFP, DsRed2-mito and either empty vector (C), NDE1-VS (WT), NDE1-131A (131A), or NDEI-131E
(131E). Time-lapse imaging was performed 1 day post-transfection. (A) Representative images of axons and of kymographs. Scale bars: 20 ym. (B)
Mitochondrial motility expressed as percentage of total mitochondria per axon. (C) Motile mitochondria moving in the anterograde (white) or
retrograde (dark gray) direction expressed as percentage of anterograde plus retrograde mitochondria per axon. One-way ANOVA p = 0.001. (D)
Average net mitochondrial displacement per axon of mitochondria moving in the anterograde (white) or retrograde (dark gray) direction. One-way
ANOVA p = 0.007. n = 7 independent neuronal cultures. Error bars represent SEM *p < 0.0S, ***p < 0.001.
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mitochondrial motility in cultured hippocampal neurons.”* Finally, because ghosphorylation of residue 131 in NDE1 is
However, Llorens-Martin et al. found that GSK3f over- cAMP-dependent, 8 we investigated the effect of cAMP
expression in cultured mouse hippocampal neurons increases upregulation and observed a rapid elevation in the number of
axonal mitochondrial meotility in both directions, but most retrograde-moving axonal mitochondria. This indicates that
robustly in the anterograde direction.”® The mechanism by cAMP is likely an important novel signal that guides axonal
which these effects occur has been proposed to involve tau,25 or mitochondrial motility.

modulation of tubulin acetylation by GSK3/4*° which, in turn,

regulates kinesin-1 binding to microtubules.”” B RESULTS AND DISCUSSION

Web}fYPothesizled ;hat DISl(:I, }II\T D§l, GISK?)ﬂ 4 e?.nd T, hl Having previously demonstrated that endogenous DISC1 and
assemble in a molecular complex that directly participates in the TRAKI associate in human cell lines,” we first wanted to show

regulation of mitochondrial trafficking in neurons. Here we show that DISC1 associates with TRAKI in brain. To do this we

that Gsk3f and Ndel associate robustly with Trakl. We immunoprecipitated endogenous mouse Trakl from adult

demonstrate that NDEI promotés Aretrograde mitochondri:‘il mouse brain lysates (Figure 1A). We used an in-house antibody
movement when overexp rgss.ed w1th1r.1 axons, an effect that is specific for mouse Discl to demonstrate that a protein species of
blocked by a phosphomimic mutation (NDEI-131E) that approximately 100 kDa, the size of full-length Discl, is robustly

disrupts NDEI interaction with LIS1.”* We also show that co-immunoprecipitated with mouse Trakl (Figure 1A). This
GSK3/3 overexpression increases anterograde axonal mitochon- antibody fails to detect any 100 kDa species in whole brain tissue
drial motility, in partial agreement with a previous study.” These from adult mice where Discl exons 2 and 3 have been knocked
observations indicate that the emerging roles of NDE1/NDELLI out,””* and thus, we are confident of its specificity for mouse
and GSK3f in regulation of mitochondrial trafficking are likely Discl. Because DISC1 also interacts with NDE1, a molecule that
mediated by their incorporation into mitochondrial trafficking regulates dynein-mediated intracellular trafficking, we speculated
complexes built around TRAKI. Direct involvement of these that NDE1 may complex with TRAKI to regulate dynein-
interacting proteins, including DISC1, in mitochondrial dependent motility. We therefore next used an antibody that
trafficking suggests that this mechanism may be defective in recognizes mouse Ndel to demonstrate that Ndel also robustly
some cases of psychiatric illness. co-immunoprecipitates with mouse Trakl from adult mouse
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Table 1. Numbers of Axons and Mitochondria in Each Category for the NDE1 Mitochondrial Trafficking Experiment

no. axons  total no.  no. stationary  no. motile
control 26 651 44S 206
NDEI-WT 27 644 451 193
NDEI-131A 28 678 475 203
NDEI-131E 27 631 463 168

no. anterograde

no. retrograde  no. direction undetermined  avg % motility

94 108 4 32
68 123 2 30
82 117 4 30
78 88 2 26.5

brain lysates (Figure 1A). Mouse Discl and Ndel also co-
immunoprecipitate with Trakl from mouse brain crude
synaptosome fractions that contain intrasynaptosomal mito-
chondria®' and from light membrane fractions (Figure 4A). We
explored the association between TRAK1 and NDE] further by
co-immunoprecipitating the endogenous proteins from the
human cell lines HEK293 and SH-SYSY (Figure 1B). We used
reverse transcriptase RT-PCR to confirm that HEK293 cells
express TRAKI, and demonstrated that TRAKI can be
immunoprecipitated from both cell lines using a TRAK1-specific
antibody (from Abcam) and detected in immunoprecipitates by
an independent TRAKI-specific antibody (from Sigma), thus
confirming the specificity of both antibodies (Figure 1C). We
found that TRAKI1 immunoprecipitation using the Abcam
antibody robustly co-immunoprecipitates NDE1 from both
HEK293 and SH-SYSY cells (Figure 1B). VS-NDEI also
strongly co-immunoprecipitates FLAG-TRAK1 from COS7
cells, with or without exogenous Myc-DISC1 (Figure 1D).
Following cotransfection of SH-SYSY cells, C-terminally VS5-
tagged NDE] is widely distributed throughout the cytoplasm in a
punctate pattern, while FLAG-TRAKI is concentrated in the
perinuclear region, as is typical when this protein is overex-
pressed.” FLAG-TRAKI is additionally present as cytoplasmic
puncta (Figure 3E), and in some cells is organized in a
filamentous distribution (Figure 3E). A proportion of VS-NDE1
clearly associates with FLAG-TRAKI in the perinuclear region,
along the filaments, and at cytoplasmic puncta (Figure 3E),
providing additional evidence for an association between NDE1
and TRAKI1. NDEL1 thus associates robustly with TRAKI.
Additional in vitro binding experiments will be required to
determine whether this is due to direct interaction.

These observations suggested that DISC1 may help recruit its
interactor NDE1 to TRAKI complexes. To test this possibility,
the endogenous TRAK1 immunoprecipitation experiments were
repeated using HEK293 or SH-SYSY cells transfected with
siRNAs that efficiently knock down human DISC1 expression.”
In these experiments, endogenous DISC1 was knocked down by
both siRNAs, and this level of knock down had no effect upon
TRAKI1/NDEI association (Figure 1E). The robust association
between NDE1 and TRAKI is therefore not dependent upon
DISCLI.

The association of TRAK1 with DISC1 and NDEI implies a
co-operative role for these proteins in intracellular trafficking
events. TRAK1 and DISC1 are both known to participate in
axonal mitochondrial trafﬁcking,3'7’3’2 as are the NDE1/DISC1
interactors LIS1 and NDEL1.>" We therefore next examined the
influence of NDE1 upon axonal mitochondrial trafficking by
transfecting primary mouse hippocampal neurons with NDE1-
VS and carrying out time-lapse imaging of mitochondrial
movements within axons over a period of 3 min (Figure 24,
Table 1, and Supporting Information Videos NDE1 Control and
NDE1-WT). Overexpression of NDE1-VS has no effect upon the
proportion of moving mitochondria within axons in comparison
to empty vector-transfected neurons (Figure 2B). When we
examined directional movement, we found no difference
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between the proportion of anterograde or retrograde moving
axonal mitochondria in empty-vector transfected neurons. This
is consistent with the published literature,” and represents the
normal baseline condition in healthy cultured neurons. In
contrast, in axons of neurons overexpressing NDEI1-VS, an
average of 64% of motile mitochondria move in the retrograde
direction, compared to an average 36% of anterograde
mitochondria (p < 0.001, Figure 2C). NDEL1 therefore promotes
retrograde axonal mitochondrial movement, consistent with a
previous demonstration that knockdown of the NDEI1
orthologue Ndell inhibits retrograde mitochondrial move-
ment,.”’ NDE1 overexpression may achieve this effect through
dynein activation,"®'”**** although, since NDEI binds directly
to dynein, it is also possible that NDE1 overexpression exerts its
effects by recruiting dynein to the trafficking complex.

We have previously demonstrated*® that NDE1 is phosphory-
lated by protein kinase A (PKA) at sites including threonine 131
(T131). The T131 phosphorylation site is located within the
binding site for LIS1 and, when phosphorylated, reduces LIS1/
NDEI interaction.”® This phosphorylation site also promotes
NDEI interaction with its orthologue NDEL1 and may influence
the ability of NDE1 to multimerize.”® Phosphorylation of this site
is therefore predicted to have many functional consequences,
including modulation of dynein processivity because interaction
of NDE], or its orthologue NDEL1, with LIS1 is believed to be
required for activation of dynein.'®'”**** Consequently we
hypothesized that the T131 site modulates mitochondrial
motility. To explore this possibility we examined the effect of
mutating T131 to alanine (phosphodead) or glutamate
(phosphomimic) upon axonal mitochondrial trafficking (Sup-
porting Information Videos NDE1-131A and NDEI-131E).
This analysis demonstrated that mutation of T131 to the
phosphomimic residue glutamate abolishes the ability of NDE1
to promote retrograde mitochondrial movement (Figure 2C).
The NDE1-131A mutant has an intermediate effect, promoting
retrograde movement, but not to the same extent as wild type
NDE1 (Figure 2C). These data indicate that promotion of
retrograde mitochondrial movement by NDE1 requires an
unmodified Threonine residue at position 131. Since it has
previously been demonstrated that binding of NDEI1, or its
orthologue NDELI, to LISI activates the retrograde motor
dynein, '***** our data suggest that NDEI may promote
retrograde mitochondrial movement, at least in part, by
activating dynein via LIS1 binding. Unexpectedly, we also
observed that NDE1-131E increases the average net displace-
ment of mitochondria in the anterograde direction in
comparison to the retrograde direction, whereas in the presence
of empty vector, wild type NDE1, or NDE1-131A, average net
displacement is approximately equal in each direction (p < 0.0S,
Figure 2D, Table 1). This is consistent with the tug-of-war
hypothesis of bidirectional transport, whereby the opposing
forces of anterograde and retrograde motors are coordinately
regulated to determine movement direction. It is conceivable
that the 131E mutant, in failing to activate retrograde movement,
may release a brake on anterograde motility, resulting in
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Figure 3. Effects of mutating the NDE1 T131 site. (A) SH-SYSY cells were transfected with either empty vector (C), NDE1-VS (WT), NDE1-131A-VS
(A), or NDE1-131E-VS (E). Inmunoprecipitations were then performed from lysates using a VS antibody to examine co-immunoprecipitation of key
NDEI interactors. (B) Quantification of LIS1 co-immunoprecipitation by the V5 antibody from (A). One-way ANOVA p < 0.0001.n= 5. (C) SH-SYSY
cells were cotransfected with FLAG-TRAKI and the V5-tagged forms of NDEL. Immunoprecipitations were carried out using the V5 antibody to
determine the effect of mutating the T131 site upon FLAG-TRAKI co-immunoprecipitation. (D) Quantification of TRAK1/NDE1 association from
(C). One-way ANOVA p < 0.0001. n = S. (E) Representative images demonstrating that V5-tagged NDE1, NDE1-1314, and NDE1-131E, detected
using anti-NDEL1 antibody (Proteintech), colocalize with FLAG-TRAKI, detected using anti-FLAG antibody, in cotransfected SH-SYSY cells. Nuclei
(blue) stained with Hoechst. Scale bars: 10 ym. (F) SH-SYSY cells were treated with Forskolin (100 M) plus IBMX (250 4M) to upregulate cAMP
levels. Endogenous TRAK1 was immunoprecipitated to assess the effect of elevated cAMP concentration upon its association with NDEI. (G)
Quantification of TRAK1/NDEL association from (F). Error bars represent SEM. n = 3. ***p < 0.001.
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increased movement of individual mitochondria in the
anterograde direction.

To try to understand the mechanism underlying the effects of
NDE1-T131 mutations upon mitochondrial motility, SH-SYSY
cells were transfected with the various forms of NDEI1 to
determine whether the 131 site influences NDE1 association
with a number of endogenous proteins. Co-immunoprecipitation
of endogenous kinesin-1 and dynactin p150 with NDE1-VS is
unaffected by mutation of the T131 site while, as expected,”
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NDE1-V5/LIS1 interaction is substantially reduced by the 131E
mutation (p < 0.001, Figure 3A, B). The 131E phosphomimic
therefore does not appear to influence the amount of NDEI-
associated motor protein. There was also no effect upon NDE1/
DISC1 association (Figure 3A). We therefore next examined
whether the T131 site influences NDE1 association with
TRAKI. In co-immunoprecipitation experiments using COS7
cells, there was little effect of the NDE1-131A mutant upon
NDEI1-VS/FLAG-TRAKI association (Figure 3C, D). In

DOI: 10.1021/acschemneuro.5b00255
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Figure 4. GSK3/} associates with TRAK1 and promotes anterograde mitochondrial movement. (A) Immunoprecipitation of Trakl from adult mouse
brain crude synaptosomes (left) or light membrane (right) fractions co-immunoprecipitates Disc1, Ndel, and GSK3/. Trakl was immunoprecipitated
using an antibody from Santa Cruz Biotechnology and detected using an antibody from Sigma-Aldrich. (B) Left: Trak1 is enriched in adult mouse brain
crude synaptosome and light membrane fractions. H, homogenate; S1 and P1, supernatant and pellet, respectively, from 1000g centrifugation; S2 and P2
(SYN), supernatant and crude synaptosomes, respectively, from 13 800g centrifugation; S3 and P3 (LM), supernatant and light membranes,
respectively, from 100 000g centrifugation. Right: the synaptic marker Psd95 and the mitochondrial marker CoxIV are abundant in the crude
synaptosome fraction P2 (SYN), but largely absent from the light membrane fraction P3 (LM). Asterisk (*) indicates a nonspecific band produced by
the Psd95 antibody. (C) Immunoprecipitation of human GSK3/ from HEK293 (upper) and SH-SYSY (lower) cell lysates co-immunoprecipitates
endogenous TRAK1. Human TRAK1 was detected using an antibody from Sigma. (D) Cultured hippocampal neurons (DIV 6—8) were cotransfected
with GFP, DsRed2-mito, and either empty vector or Myc-GSK3/. Time-lapse imaging was performed 1 day post-transfection. Representative images of
axons and of kymographs. Scale bars: 20 ym. (E) Mitochondrial motility expressed as percentage of total mitochondria per axon. (F) Motile
mitochondria moving in the anterograde (white) or retrograde (dark gray) direction expressed as percentage of anterograde plus retrograde
mitochondria per axon. One-way ANOVA p = 0.002. (G) Average net displacement per axon of mitochondria moving in the anterograde (white) or
retrograde (dark gray) direction. n = 3 independent neuronal cultures. One-way ANOVA p = 0.06 (not significant), ***p < 0.0001.

contrast, the 131E phosphomimic consistently, and substantially, trafficking complex. Overall then, NDE1-131E may exert its
increases NDE1 association with TRAKI (p < 0.001, Figure 3C, effects upon mitochondrial movement, at least in part, by altering
D). As previously mentioned, wild-type NDE1-VS and FLAG- NDEI1 interaction and association with LIS1 and TRAKI

TRAKI1 colocalize when exogenously expressed in SH-SYSY cells
(Figure 3E). Colocalization between FLAG-TRAKI and both
NDE1-131A and NDE1-131E is similar to that with wild-type

respectively. The purpose of NDEI1/TRAKI association is
unknown, but as mentioned earlier, it is likely that NDE1/LIS1

. ion is involved in dvnei ivation. 192223 214 thi
NDE1 (Figure 3E). This suggests that, although the 131E interaction is involved in dynein activation, and this
phosphomimic mutation increases TRAK1/NDE1 association, it mechanism may therefore be disrupted by the 131E
does not significantly affect association of NDE1 with the phosphomimic, resulting in reduced dynein activity.
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Table 2. Numbers of Axons and Mitochondria in Each Category for the GSK3f Mitochondrial Trafficking Experiment

no. axons total no no. stationary no. motile
control 33 970 596 374
GSK3p 30 813 522 291

no. anterograde

180
164

no. retrograde no. direction undetermined

186 8
121 6

avg % motility
39
34

We have previously shown that upregulation of cAMP levels
reduces NDE1/LIS1 interaction, consistent with the reduced
NDE1-131E/LIS1 interaction reported here and previously,”®
We were, however, unable to demonstrate that endogenous
NDE1/TRAKI association is reduced when cAMP signaling is
induced by treatment of transfected SH-SYSY cells with
Forskolin to stimulate cAMP synthesis by adenylyl cyclase,
plus IBMX to block all cellular cAMP hydrolysis activity by
phosphodiesterases (Figure 3F, G). The NDE1-131E mutant
therefore does not completely recapitulate the effects of the
cAMP signaling system upon the mitochondrial trafficking
machinery, at least under the conditions used here. This may be
partially due to incomplete phosphorylation of T131 in response
to IBMX/Forskolin, consistent with its predicted relative
inaccessibility within NDE1 dimers and tetramers.”® It is also
possible that there are other cAMP-dependent phosphorylation
sites within the mitochondrial trafficking complex and these
could modify the global effect of NDE1 phosphorylation at T131
upon protein—protein interactions/associations within the
endogenous complex, resulting in different effects to those
seen with exogenous protein pairings.

We next wanted to determine whether another DISC1
interactor that is known to modulate mitochondrial trafficking,
GSK3p, is associated with TRAK1. To investigate this, we used a
different approach to that used for Trak1/Ndel (Figure 1A), and
immunoprecipitated endogenous mouse Trakl from mitochon-
dria-containing mouse brain crude synaptosome fractions’' and
from light membrane fractions (Figure 4A). We took this
approach because Trakl protein is enriched in these fractions
(Figure 4B). This demonstrated that the Trakl antibody co-
immunoprecipitates mouse Gsk3/ along with Discl and Ndel,
indicating the likely existence of Trakl/Discl/Ndel/Gsk3p
complexes in mouse brain (Figure 4A). Detection of these
associations in synaptosomes is consistent with the established
presence of mitochondria in this fraction” (Figure 4B);
however, detection of the associations in the light membrane
fraction, where mitochondria are largely absent (Figure 4B),
suggests that Trakl association with Discl, Ndel, and Gsk3p
may not be restricted to mitochondria, consistent with a previous
demonstration that Trakl is involved in endosome-lysosome
trafficking®* as well as mitochondrial trafficking, Additionally, we
showed that immunoprecipitation of endogenous human
GSK3f from the cell lines HEK293 and SH-SYSY co-
immunoprecipitates endogenous TRAK1 (Figure 4C). GSK3/
is therefore another component of the mitochondrial traficking
machinery. As with the TRAK1/NDE1 association, it will be
necessary to carry out in vitro binding experiments to determine
whether TRAK1 and GSK3f directly interact.

Although GSK3p is already known to regulate mitochondrial
trafficking, reports of its effect are conflicting.”*** We therefore
investigated the effect of overexpressing mouse Gsk3f upon
axonal mitochondrial trafficking in cultured hippocampal
neurons in our experimental setup. We examined this by
transfecting primary mouse hippocampal neurons with Myc-
Gsk3p or corresponding empty vector, and carrying out time-
lapse imaging of mitochondria within axons over a period of 5
min (Figure 4D, Table 2, and Supporting Information Videos
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GSK3 Control and GSK3). Gsk33 overexpression does not affect
the proportion of motile mitochondria in comparison to empty
vector (Figure 4E). However, we did find that Gsk3/ promotes
anterograde mitochondrial movement, with an average 61% of
mitochondria moving in the anterograde direction in axons
overexpressing Gsk3p, and only 39% on average moving in the
retrograde direction (p < 0.001, Figure 4F), with no effect upon
mitochondrial displacement (Figure 4G). Thus, in our system at
least, Gsk3§ overexpression promotes movement of axonal
mitochondria in hippocampal neurons in the anterograde
direction. A recent study indicates that GSK3/ and the NDE1
orthologue NDELLI, synergize to regulate dynein.”> This study
demonstrated that dynein intermediate chain phosphorylation
by GSK3f reduces dynein interaction with NDEL1,” which
would be predicted to reduce dynein activity.** Consistent with
this prediction, the same study demonstrated that GSK3p
inhibition stimulates dynein motility. It is therefore possible that
GSK3p also regulates dynein/NDE1 interaction to control
dynein activity. Although that study did not specifically
investigate mitochondrial motility, since we have now demon-
strated association of GSK3 and NDE1 with TRAK1 (Figures 1
and 4A, C), we speculate that this mechanism operates within
TRAKI-based mitochondrial trafficking complexes. The in-
creased axonal anterograde mitochondrial movement we
observed in response to Gsk3f overexpression (Figure 4F)
may therefore occur, at least in part, due to a block on dynein
activity as a result of increased dynein intermediate chain
phosphorylation, if the tug-of-war hypothesis of bidirectional
transport is correct.

Our previous demonstration of (1) a robust association
between DISC1 and TRAKI, and (2) promotion of anterograde
mitochondrial motility by DISC1, together with all of the above
observations, leads us to hypothesize that the molecular scaffold
DISCI and its interactors NDE1 and GSK3f complex with
TRAKI1 in order to regulate the direction of mitochondrial
movement. It is therefore notable that altered expression of, and/
or genetic variation in, DISC1, NDE1, and GSK3p, and increased
activity of GSK3p, are all implicated in pathogenic mechanisms
leading to major mental illness."*”'”?” We have now
demonstrated that altered expression levels of each of these
three proteins affects mitochondrial trafficking. The association
of these three proteins with the mitochondrial trafficking
machinery therefore suggests that defective mitochondrial
transport may be a contributory factor in elevated risk of
developing psychiatric illness. There is evidence for both
neuronal loss’~** and mitochondrial abnormalities in psychi-
atric patients.”*’ These observations are consistent with our
hypothesis that defective mitochondrial trafficking contributes to
disease mechanisms in psychiatry: Neurons are particularly
sensitive to mitochondrial trafficking defects due to their very
high energy requirements and extremely elongated morphology.
If mitochondria cannot be efficiently delivered to distant sites
throughout the neuron, these sites will be unable to access the
mitochondrial functions they require. This could result in
neuronal damage and even neuronal death.

Finally, because the NDE1 T131 site that influences
mitochondrial trafficking (Figure 2C, D) is phosphorylated by
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Figure S. cAMP rapidly promotes retrograde mitochondrial movement within axons of mouse hippocampal neurons. Cultured hippocampal neurons
(DIV6—8) were cotransfected with GFP and DsRed2-mito. Time-lapse imaging was performed 1 day post-transfection, with addition of vehicle
(DMSO) or 50 uM IBMX plus SO uM Forskolin 10 min into the imaging period. Scale bars: 20 ym. (A) Representative images of axons and
kymographs. Arrows indicate the time of vehicle or drug addition. (B) Phosphorylation of the AMPA receptor subunit GluR1 at the PKA site serine 84S
in response to IBMX plus Forskolin treatment of neurons confirms upregulation of cAMP. (C) Total number of mitochondria expressed as percentage
of total imaged per axon in the 10 min preceding vehicle (white) or drug (dark gray) addition. One-way ANOVA p < 0.0001. (D) Number of stationary
mitochondria expressed as percentage of total imaged per axon in the 10 min preceding vehicle (white) or drug (dark gray) addition. (E) Mitochondrial
motility expressed as percentage of motile mitochondria imaged per axon in the 10 min preceding vehicle (white) or drug (dark gray) addition. One-way
ANOVA p < 0.0001. (F) Motile mitochondria moving in the anterograde or retrograde direction expressed as percentage of anterograde or retrograde
moving mitochondria imaged per axon in the 10 min preceding vehicle (white) or drug (dark gray) addition. Retrograde mitochondria, one-way
ANOVA p < 0.0001. (G) Average number of mitochondria entering the imaged axon segment from the anterograde or retrograde direction in neurons
treated with vehicle (white) or drug (dark gray). Retrograde mitochondria, one-way ANOVA p < 0.0001. n = 8 independent neuronal cultures. Error
bars represent SEM. **p < 0.01, ***p < 0.001.

the cAMP-dependent kinase PKA,”® we speculated that motility. However, the lack of correlation between the effects of
mitochondrial trafficking may be regulated by cAMP. The data 131E and cAMP upregulation upon NDE1/TRAKI association
in Figure 2 predicted that cAMP upregulation should result in (Figure 3C, D, F, G) suggested this might not necessarily be the

T131 phosphorylation and inhibition of retrograde mitochon- case, possibly because T131 is likely to be relatively inaccessible
drial movement, possibly with associated increased anterograde when NDEI is fully assembled.”® We therefore set out to
560 DOI: 10.1021/acschemneuro.5b00255
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Table 3. Numbers of Axons and Mitochondria in Each Category for the cAMP Mitochondrial Trafficking Experiment

no. axons total no. no. stationary no. mo

0—10 min DMSO 8 290 150 140
IBMX/Fsk 8 267 149 118

10—20 min DMSO 293 151 142
IBMX/Fsk 313 146 167

20—30 min DMSO 301 151 150
IBMX/Fsk 388 157 231

30—40 min DMSO 288 144 144
IBMX/Fsk 386 157 229

total DMSO 1172 596 576
IBMX/Fsk 1354 609 745

tile

no. anterograde  no. retrograde  no. direction undetermined avg % motility

S2 84 4 48
65 50 3 44
S1 89 2 47
72 9S 0 S3
68 79 3 49
69 160 2 60
67 71 6 49
63 165 1 S9
238 323 15 48
269 470 6 54

examine whether, and how, cAMP levels influence axonal
mitochondrial movements. In this experiment, individual axons
were imaged for 40 min, with addition of either vehicle (DMSO)
or IBMX/Forskolin 10 min into the imaging period, thus
allowing 30 min for observation of the effects (Figure SA, Table
3, Supporting Information Videos DMSO and IBMXFsk).
Induction of cAMP signaling by IBMX/Forskolin administration
to neuronal cultures was confirmed by substantially increased
phosphorylation of the AMPA receptor GluR1 subunit at Serine
84S, a site of phosphorylation by PKA (Figure SB). We found
that addition of vehicle had no significant effect upon
mitochondrial motility. In striking contrast, IBMX/Forskolin
treatment influences mitochondrial movement on several
measures, with the effects detectable within 10 min of
administration (Figure S). Induction of cAMP signaling increases
the average total number of mitochondria within the imaged
axon segments to 118% of pretreated levels within 10 min, and to
146% within 20 min of drug administration (p < 0.0001, Figure
SC). This increase is due, at least in part, to elevated numbers of
motile mitochondria, with average motility increasing to 148% of
pretreated levels within 10 min, and to 201% within 20 min of
drug administration (p < 0.0001, Figure SE). The increased
motility is apparently entirely due to an increased proportion of
mitochondria moving in the retrograde direction, with the
average proportion of retrograde mitochondria increasing to
206% of pretreated levels within 10 min of drug addition, and
increasing to 326% within 20 min (p < 0.0001, Figure SF). This
increase in retrograde mitochondrial motility may be explained,
at least in part, by a marked increase in the number of
mitochondria entering the imaged axon segment from more
distal locations (p < 0.0001, Figure SG). There were no further
increases in the following 10 min period, thus the axonal
mitochondrial motility response in mouse hippocampal neurons
to induction of cAMP signaling apparently peaks within 20 min,
and is maintained for at least another 10 min after the plateau is
reached. Because (1) the increased numbers of retrograde-
moving mitochondria do not correlate with decreased numbers
of anterograde-moving mitochondria (Figure SE) or stationary
mitochondria (Figure SD), but are accompanied by an increase
in the total number of mitochondria and increased numbers of
moving mitochondria, and (2) measurements were taken, on
average, in 155 ym axon segments, 240 ym from the soma, these
data indicate that the effect of cAMP is to signal distal
mitochondria to move back toward the soma. Although these
effects of cAMP upregulation do not recapitulate the
mitochondrial motility changes we observed in response to
expression of the T131E mutant, they do clearly demonstrate
that the cAMP signaling system influences axonal mitochondrial
motility. A previous study using rat hippocampal neurons
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demonstrated that the average speed of mitochondrial move-
ment is influenced by IBMX treatment.*” IBMX is a nonselective
inhibitor of ¢cGMP and cAMP phosphodiesterases, thus the
observed alteration in mitochondrial speed generated by IBMX
alone, without addition of Forskolin to stimulate cAMP synthesis
by adenylyl cyclase, could be due to upregulation of cGMP and/
or it could point to velocity as another cAMP-dependent aspect
of mitochondrial movement. Multiple aspects of mitochondrial
motility may therefore be sensitive to cellular cAMP levels.
Nonetheless, the present study shows that directional mitochon-
drial motility is strongly influenced by cAMP, and the substantial
effect suggests that this is an important regulatory mechanism by
which mitochondria can rapidly respond to the ever changing
needs of the cell.

B METHODS

Antibodies. The following antibodies were used in this study.
Mouse anti-Myc mAb (9E10, Santa Cruz Biotechnology), goat anti-Myc
Ab (Abcam), mouse anti-FLAG M2 mAb (Sigma-Aldrich), rabbit anti-
FLAG Ab (Sigma-Aldrich), rabbit anti-NDE1 Ab (Proteintech), rabbit
anti-NDE1 Ab EP93,° mouse anti-V5 mAb (Invitrogen), goat anti-
TRAK1 Ab (Abcam, used to immunoprecipitate and detect human
TRAK1), goat anti-Trakl Ab (Santa Cruz Biotechnology, used to
immunoprecipitate mouse Trakl from mouse brain), rabbit anti-
TRAK1 Ab (Sigma-Aldrich, used for human and mouse Trak1 detection
on immunoblots), rabbit anti-GluR1 Ab (Santa Cruz Biotechnology),
rabbit anti-phospho-GluR1 Ser-845 mAb (Millipore), mouse anti-
PSD9S (Invitrogen MA1-046), rabbit anti-COXIV (Abcam), mouse
anti-dynactin p150 glued mAb (BD Biosciences), rabbit anti-kinesin-1
Ab (H-50) (Santa Cruz Biotechnology), rabbit anti-GSK34 mAb
(27C10, Cell Signaling Technology), and goat anti-LIS1 Ab (Abcam).
Endogenous human DISC1 was detected using rabbit anti-human
DISC1 C-ter pAb (a-DISC1).**

To generate antibodies to mouse Discl, a C-terminal fragment of
mouse Discl corresponding to aa 666—852 was bacterially expressed as
a GST-fusion protein (GST-mouse Discl 666—852) and immunized to
rabbits to obtain antisera (Eurogentec). The antisera were incubated
with GST recombinant protein immobilized on Activated CH-
Sepharose 4B beads (GE Healthcare) to adsorb antibodies against
GST. This step was repeated to ensure the depletion of anti-GST
antibodies in the antisera prior to the final purification of mouse Discl
antibodies. GST-mouse Discl 666—852 recombinant protein coupled
to activated CH-Sepharose 4B beads was used to purify antimouse Discl
antibodies from the anti-GST antibodies-depleted antisera. The
specificity of this antibody for mouse Discl has been previously
demonstrated.*

Constructs. N-terminal FLAG-tagged human TRAKI in pcDNA4-
TO has been described previously.” cDNA fragments encoding C-
terminally VS-tagged wild-type or mutant forms of human NDE1 (WT,
131A or 131E) were amplified by PCR using pDEST40 NDE1
constructs®® as templates, digested with BamHI/Notl restriction
enzymes and then inserted into the BamHI/NotI site of pcDNA3.1 to
generate pcDNA NDE1-WT-VS, pcDNA NDE1-131A-VS, and pcDNA

DOI: 10.1021/acschemneuro.5b00255
ACS Chem. Neurosci. 2016, 7, 553—564


http://pubs.acs.org/doi/suppl/10.1021/acschemneuro.5b00255/suppl_file/cn5b00255_si_001.avi
http://pubs.acs.org/doi/suppl/10.1021/acschemneuro.5b00255/suppl_file/cn5b00255_si_002.avi
http://dx.doi.org/10.1021/acschemneuro.5b00255

ACS Chemical Neuroscience

Research Article

NDE1-131E-VS, respectively. To generate mouse GSK3/ with an N-
terminal Myc tag in pcDNA3.1, GSK3/ was PCR amplified from mouse
cerebellum cDNA, inserted into pcDNA3.1, and fused in-frame to an N-
terminal Myc sequence. Sequences of the expression vectors were
verified by sequence analysis.

Cell Culture and Transfection. COS7, HEK293, and SH-SYSY
cells were grown in DMEM (Life Technologies) containing 10% fetal
bovine serum at 37 °C in 5% CO,. Hippocampal or cortical neuron
cultures were prepared from CS7BL/6 mouse fetuses (E17—18) as
described previously.” For live imaging studies of NDE1-overexpression
and IBMX/Forskolin treatment, neuronal cultures were grown on -
Dishes (Ibidi). For live imaging study of GSK3f overexpression,
neurons were grown at low density (1 X 10°/well) on 6 well glass
bottom plates (In Vitro Scientific) in the presence of an astrocyte feeder
layer. Astrocytes were isolated from E18 CS7BL/6 mouse cortices as
previously described* and grown to confluence on culture plate inserts
(Millicell) before being used to support neuronal growth. For Western
blotting, neurons were grown on a 12 well dish. All dishes and plates
used for neuronal culture were coated with poly-p-lysine (Sigma-
Aldrich), and neurons were maintained in Neurobasal medium without
phenol red (Life Technologies) supplemented with 2% B-27 serum-free
supplement (Life Technologies) and 2 mM Glutamax (Life
Technologies) at 37 °C in 5% CO,. Transfection was performed
using Lipofectamine 2000 (Life Technologies) according to the
manufacturer’s instructions. At 20—24 h post-transfection, cells were
harvested for co-immunoprecipitation experiments or live imaging.

DISC1 Knockdown. DISC1 knockdown in human cell lines was
performed as described previously.” Silencer Select Negative Control
siRNA and human DISC1 siRNAs [Silencer Select siRNA DISC1 #2
(targeting exon 13), Silencer Select siRNA DISCI #5 (targeting exon
2)] were purchased from Ambion. HEK293 or SH-SYSY cells were
transfected with control or DISC1 siRNA at a final concentration of 50
nM using Lipofectamine 2000. Cells were harvested for co-
immunoprecipitation assays or Western blotting 48 h post-transfection.

Reverse Transcriptase PCR. HEK293 RNA was prepared using the
Qiagen RNeasy extraction kit. HEK293 and human brain cDNA (from
human brain total RNA, AM7962, ThermoFisher Scientific) were
prepared using the First Strand cDNA synthesis kit (Roche) according
to the manufacturer’s instructions. PCR to detect TRAKI transcripts
was carried out using Taq DNA polymerase (Sigma-Aldrich) and cycled
using a touchdown PCR program as follows: [95 °C 2 min] X 1 cycle,
[95 °C 205, 65 °C 30 s (—1 °C/cycle), 72 °C 1 min] X 10 cycles
followed by [95 °C 20’5, 55 °C 30's, 72 °C 1 min] X 30 cycles, [72 °C 10
min] X 1 cycle. Products were resolved using standard agarose gel
electrophoresis. Primers sequences were ggaggacaagtacgcagagt (TRAK1
exon 10) and gttcatgggagaaggggtca (TRAKI exon 12).

PCR products were treated with ExoSAP-IT (GE healthcare) prior to
direct sequencing. BigDye Terminator sequencing of PCR products was
carried out using 1 4L of BDv3.1, 1.5 uL of 5X sequencing buffer, 1 uL of
DNA template, and 6 uL of dH,O. Reactions were cycled as follows: 96
°C, 1 min (1 cycle); 96 °C, 105, 50 °C, S5, 60 °C-4 min (25 cycles); 4 °C
hold. Sequencing chromatograms were analyzed using Chromas
(version 1.45).

Subcellular Fractionation of Mouse Brain. Crude synaptosomes
and light membrane fractions were prepared as described previously.*®
Briefly, C57BL/6 adult mouse brains were homogenized in a sucrose
buffer solution [1 mM HEPES (pH7.5), 0.32 M sucrose, 1 mM
NaHCO;, 1 mM MgCl, Complete Mini Protease Inhibitor Tablet
(Roche), and Phosphatase Inhibitor Cocktail Set II (Calbiochem)]
using a dounce tissue grinder. The S1 supernatant was obtained by
centrifugation of the homogenates at 1000g for 10 min and further
fractionated into the S2 supernatant and the P2 crude synaptosomal
pellets by centrifugation at 13 800g for 10 min. To obtain the light
membrane P3 pellets, the S2 supernatant was centrifuged at 100 000g for
1 h (Beckman TLA 100.3). Each fraction was harvested for co-
immunoprecipitation assays.

Co-Immunoprecipitation. Cultured cells were lysed in IP buffer
[1% Triton X-100, with/without 0.1% SDS, S0 mM Tris—HCI (pH 7.5),
150 mM NaCl, Complete Mini Protease Inhibitor Tablet (Roche),
Phosphatase Inhibitor Cocktail Set II (Calbiochem)]. Insoluble
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materials were removed by centrifugation at 100 000g. CS7BL/6 adult
mouse brains or crude synaptosomes/light membrane pellets were lysed
in IP buffer, and insoluble materials were removed by ultracentrifugation
at 100 000g (Beckman TLA 100.3) for 30 min at 4 °C. Cell lysates were
precleared with protein G-Sepharose beads (Sigma) alone for 1 h at 4
°C, and then incubated with appropriate antibodies overnight at 4 °C
with rotation. Protein G-Sepharose beads were added to the lysates and
further incubated for 2 h. Immune complexes on the beads were washed
with IP buffer three times and with 50 mM Tris—HCI (pH 7.5) once.
Bound proteins were eluted with SDS loading buffer and analyzed by
Western blotting.

Western Blot Analysis. Protein samples were separated by SDS-
PAGE using NuPAGE 4-12% gels (Invitrogen), transferred onto
PVDF membranes (GE Healthcare) using Trans-Blot SD Semi-Dry
Transfer Cell (Bio-Rad), and blocked in 1% skimmed milk in T-TBS [S0
mM Tris—HCI (pH 7.5), 150 mM NaCl, and 0.1% Tween-20] at room
temperature (RT). Incubation with primary antibodies was performed
overnight at 4 °C. Blots were incubated with horseradish peroxidase-
conjugated secondary antibodies [Rabbit antimouse IgG HRP, Swine
antirabbit IgG HRP or Rabbit antigoat IgG HRP (DAKO)] for 45 min at
RT and then protein bands were visualized by ECL or ECL-2 Western
blotting substrate (Thermo Scientific). Some blots were stripped with
Restore PLUS Western Blot Stripping Buffer (Thermo Scientific) and
reprobed with appropriate antibodies. Relative intensities of protein
bands were quantified with Image] densitometry analysis.

Immunocytochemistry. SH-SYSY cells were transfected with V5-
tagged NDEI plus FLAG-tagged TRAKI expression constructs. Cells
were fixed in 4% paraformaldehyde for 10 min at room temperature
followed by permeabilisation with 0.2% Triton X-100 for 10 min. Fixed
cells were blocked in phosphate-buffered saline containing 3% bovine
serum albumin and incubated with primary or secondary antibodies
diluted in 3% bovine serum albumin for 1 h at room temperature. Rabbit
anti-NDE1 (Proteintech) was diluted at 1:500 and mouse anti-FLAG
was diluted at 1:10 000. Alexa Fluor 488 goat anti-rabbit and Alexa Fluor
594 chicken anti-mouse were used as secondary antibodies. Nuclei were
visualized with Hoechst stain. Confocal images were acquired using a
Nikon Eclipse Ti confocal microscope with a Plan-Apochromat 100X
objective lens.

Live Cell Imaging. Time-lapse imaging of mitochondria in axons
was conducted as described previously.” In brief, C57BL/6 mouse
hippocampal neurons were cotransfected with pMax-GFP, pDsRed2-
mito and pcDNA3.1 NDE1 constructs (either empty vector, NDEI-
WT-VS, T131A-VS, or T131E) in a 1:1:4 ratio (DIV 6—7 neurons), or
with pcDNA3.1 empty vector or pcDNA3.1 Myc-GSK3/ in a 1:4:5 ratio
(DIV 6—8 neurons). To examine effects of IBMX/Forskolin-treatment
on mitochondrial motility, hippocampal neurons at DIV6—8 were
cotransfected with pMax-GFP and pDsRed2-mito. At 20—24 h after
transfection, live imaging was performed in a climate-controlled
chamber at 37 °C in 5% CO,. Images of DsRed2-mito-labeled axonal
mitochondria were captured with a Photometrics Evolve EMCCD
camera on a Nikon C1SI/TiE microscope equipped with a Plan-Fluor
40%/0.75 OFN2S DIC objective plus an additional X1.5 optical lens
(X60 total). Images were acquired every 2 s for 3 min (for effects of
NDE! expression on mitochondrial motility), every 3 s for S min (for
effects of GSK3/ expression) or every 4 s for 40 min (for effects of
IBMX/Forskolin stimuli) and then kymographs were created with NIS
Elements (Nikon).

Axonal segments selected for recording were at least 100 ym away
from the cell soma. Average length of the axonal sections and average
distance from the cell soma are as follows. For effects of NDE1
expression: [average distance from the cell soma (control n = 26; 173.1
pm + 11.6, NDE1-WT, n = 27; 226.0 yum + 20.1, NDE1-T131A, n = 28;
204.1 ym + 13.5, NDE1-T131E, n = 27; 206.5 ym + 14.3)], [average
length of the axonal sections (control n = 26; 161.9 um + 4.9, NDE1-
WT, n = 27; 154.6 ym + 4.7, NDEL-T131A, n = 28; 162.0 ym + 3.2,
NDEIL-T131E, n = 27; 169.0 um + 4.4)]. For effects of Gsk3p
expression: [average distance from the cell soma (control n = 33:156.1
um + 8.9, Gsk3f n = 30; 156.0 + 8.4], [average length of the axonal
sections (control n = 33; 168.3 um + 6.2, Gsk3f n = 30; 162.9 + 4.5].
For effects of IBMX/Forskolin stimulation: [average distance from the
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cell soma (control n = 8; 240.2 yum + 38.8, IBMX/Forskolin n = 8; 240.3
um +39.5)], [average length of the axonal sections (control n = 8; 154.6
um + 6.6, IBMX/Fsk n = 8; 1582 um + 5.5)].

To stimulate hippocampal neurons with Forskolin and IBMX, 1 mL
of Neurobasal medium + B27/Glutamax containing 100 M Forskolin
(Tocris) plus 100 uM IBMX (Tocris) was freshly prepared
approximately S min beforehand. After 10 min of imaging mitochondrial
motility under basal conditions, the IBMX/Forskolin-containing
medium was added directly to the existing 1 mL of culture medium,
avoiding any disturbance during imaging. The final concentrations of
both Forskolin and IBMX were 50 uM in 2 mL of culture medium.
Transfection with expression constructs and subsequent live imaging
was conducted in a blinded fashion. Motile mitochondria were defined
as those which traveled more than 3 pm within 3 min. Motile
mitochondria that were not classed as anterograde or retrograde either
were oscillating or their overall direction of movement could not be
determined. Displacement measurements were not determined using
data obtained from the IBMX/Forskolin experiments because accurate
measurements were precluded by the high density of motile
mitochondria on the kymographs.

Statistical Analysis. GraphPad Prism software was used for data
analysis. Data were analyzed using one-way ANOVA with pairwise
Bonferroni post-testing. All values are presented as mean + SEM.
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Representative example of time-lapse imaging of hippo-
campal neuronal axons treated with DMSO (DMSO)
(AVI)

Representative examples of time-lapse imaging of hippo-
campal neuronal axons treated treated with IBMX plus
Forskolin to upregulate cAMP (IBMXFsk) (AVI)
Representative examples of time-lapse imaging of hippo-
campal neuronal axons transfected with GSK34 (GSK3)
(AVI)

Representative examples of time-lapse imaging of hippo-
campal neuronal axons transfected with empty vector,
GSK3 control (GSK3 Control) (AVI)

Representative examples of time-lapse imaging of hippo-
campal neuronal axons transfected with empty vector,
NDEI control (NDE1 Control) (AVI)

Representative examples of time-lapse imaging of hippo-
campal neuronal axons transfected with phosphomutant
NDE1 (NDE1-131A) (AVI)

Representative examples of time-lapse imaging of hippo-
campal neuronal axons transfected with phosphomimic
NDEI (NDEI-131E) (AVI)

Representative examples of time-lapse imaging of hippo-
campal neuronal axons transfected with wild-type NDE1
(NDE1-WT) (AVI)
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