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SUMMARY

Proper distribution of mitochondria within axons and
at synapses is critical for neuronal function. While
one-third of axonal mitochondria are mobile, a large
proportion remains in a stationary phase. However,
the mechanisms controlling mitochondrial docking
within axons remain elusive. Here, we report arole for
axon-targeted syntaphilin (SNPH) in mitochondrial
docking through its interaction with microtubules.
Axonal mitochondria that contain exogenously or en-
dogenously expressed SNPH lose mobility. Deletion
of the mouse snph gene results in a substantially
higher proportion of axonal mitochondria in the mo-
bile state and reduces the density of mitochondria
in axons. The snph mutant neurons exhibit enhanced
short-term facilitation during prolonged stimulation,
probably by affecting calcium signaling at presynap-
tic boutons. This phenotype is fully rescued by rein-
troducing the snph gene into the mutant neurons.
These findings demonstrate a molecular mechanism
for controlling mitochondrial docking in axons that
has a physiological impact on synaptic function.

INTRODUCTION

The proper transport and intracellular distribution of mitochon-
dria are critical for the normal physiology of neurons. Mitochon-
dria accumulate in the vicinity of active growth cones of develop-
ing neurons (Morris and Hollenbeck, 1993) and are present at
some synaptic terminals (Shepherd and Harris, 1998; Rowland
et al., 2000). In addition to the aerobic production of ATP, mito-
chondria regulate Ca®* concentrations (Werth and Thayer, 1994)
and have been implicated in certain forms of short-term synaptic
plasticity by buffering Ca2* at synapses (Tang and Zucker, 1997;
Billups and Forsythe, 2002; Levy et al., 2003; Yang et al., 2003).
Loss of mitochondria from axon terminals in Drosophila results in

defective synaptic transmission (Stowers et al., 2002; Guo et al.,
2005; Verstreken et al., 2005). Mitochondria in the cell bodies of
neurons are transported down neuronal processes in response
to changes in the local energy state and metabolic demand.
Because of their extreme polarity, neurons require specialized
mechanisms to regulate the transport and retention of mitochon-
dria at specific subcellular locations. While cytoplasmic dynein
is the driving force behind retrograde movement, the kinesin
family of motors and their adaptors Milton and syntabulin are
responsible for anterograde transport of axonal mitochondria
(Stowers et al., 2002; Gorska-Andrzejak et al., 2003; Hollenbeck
and Saxton, 2005; Cai et al., 2005; Glater et al., 2006). Defective
transport of axonal mitochondria is implicated in human neuro-
logical disorders and neurodegenerative diseases (see reviews
by Hirokawa and Takemura, 2004; Chan, 2006; Stokin and
Goldstein, 2006).

Mitochondria in axons display distinct motility patterns and
undergo saltatory bidirectional movements where they stop
and start moving, frequently changing direction. While approxi-
mately one-third of axonal mitochondria are mobile at instanta-
neous velocities of 0-2.0 um/s in mature neurons, a large pro-
portion remains in stationary phase. Their net movement is
significantly influenced by recruitment between stationary and
motile states (Hollenbeck, 1996; Ligon and Steward, 2000).
Such complex mobility patterns suggest that axonal mitochon-
dria might be coupled to two opposing motors and docking ma-
chinery. Efficient control of mitochondrial docking at particular
sites of axons in response to cellular processes and synaptic
stimuli is likely essential for neuronal development and synaptic
function (Chada and Hollenbeck, 2004; Reynolds and Rintoul,
2004). However, the proteins mediating mitochondrial docking
and retention within axons have not yet been identified.

Syntaphilin (SNPH) is a neuron-specific protein initially identi-
fied as a candidate inhibitor of presynaptic function (Lao et al.,
2000). We recently generated mouse mutants with a homozy-
gous deletion for the snph gene, leading to the discovery of
a novel role for SNPH as a docking receptor of axonal mitochon-
dria. Our findings indicate that SNPH is targeted to and required
for maintaining a large portion of axonal mitochondria in
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stationary state through an interaction with the microtubule-
based cytoskeleton. First, we show that axonal mitochondria
containing exogenously expressed GFP-SNPH are nearly immo-
bilized. Second, endogenous SNPH-tagged mitochondria are
strongly correlated with stationary mitochondria. Third, deletion
of the snph gene in mice dramatically increases mitochondrial
motility, reduces their density in axons, and consequently influ-
ences short-term facilitation during prolonged high-frequency
stimulation, probably by affecting calcium dynamics at presyn-
aptic boutons. The observed phenotype can be fully rescued
with the reintroduction of the snph gene into the mutant neurons.
Furthermore, the snph mutant mice show impaired motor coor-
dination. These combined molecular, cellular, and genetic stud-
ies elucidate a mechanism underlying the docking of axonal
mitochondria and provide evidence that the increased motility
and/or reduced density of axonal mitochondria have a significant
impact on presynaptic function.

RESULTS

SNPH Is an Axon-Targeted Protein Associated

with Mitochondria

Previous studies using recombinant proteins suggested that
SNPH is a neuron-specific protein that likely plays an inhibitory
role for presynaptic function (Lao et al., 2000). To further evaluate
its role, we examined the subcellular localization of SNPH in neu-
rons. First, transfection of GFP-SNPH into cultured hippocampal
neurons revealed punctate or vesicular-tubular structures pref-
erentially enriched in axonal processes (see Figure S1A available
online). Second, coimmunostaining for SNPH with an antibody
against the SNPH residues 225-428 and the dendritic marker
MAP2 in mouse brain slices demonstrated that the majority of
SNPH staining is not colocalized with the MAP-2-positive den-
dritic processes. In contrast, most axonal tracts in the CNS, in-
cluding the internal capsule, cerebral and cerebellar peduncles,
fimbria of the hippocampus, and almost all cranial nerves,
showed relatively enriched expression of SNPH (Figure S1B).
Third, immunocytochemical analysis of cultured hippocampal
neurons demonstrates that endogenous SNPH is predominantly
distributed in the MAP2-negative and Tau-positive axonal pro-
cesses (Figure 1A) and clustered alongside but not within den-
dritic profiles (Figure S2A), thus indicating its axonal localization.
Furthermore, 65 + 14% (mean + SD, 54 images) of axonal mito-
chondria are colocalized with SNPH (Figure 1B), whereas little
SNPH is colocalized with the synaptic vesicle marker synapto-
physin (Figure S2B).

Identification of the molecular determinants for its axonal
localization and mitochondrial targeting is critical to understand
the role of SNPH in neurons. Localization analysis of GFP-SNPH
truncated mutants reveals that its carboxyl terminal tail (TM1 and
TM2) is necessary for mitochondrial association (Figures 1C and
S3). TM1 and TM2 have similar signal structures specific for mi-
tochondrial outer-membrane-targeting (Rapaport, 2003), which
are moderately hydrophobic and relatively short (16-20 residues)
with net positive charges flanking both sides (Figure S3A). The
mitochondrial targeting of SNPH is consistent with the immuno-
gold EM observations that showed its localization to the outer
mitochondrial membrane (Das et al., 2003).
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We next sought to determine the sequence responsible for
axonal sorting. The majority of SNPH staining is localized at
axonal mitochondria (Figures 1 and S3B). In support of these
observations, we identified an axon-sorting domain of SNPH
(residues 381-469)(Figure 1C). Expression of the truncated mu-
tant of SNPH lacking this sequence results in its distribution into
all mitochondria including those in the soma and dendrites
(Figure S3B), suggesting that SNPH may use this axon-sorting
sequence for axonal localization independent of its mitochon-
drial targeting.

SNPH Immobilizes Axonal Mitochondria

Proper axonal transport and distribution of mitochondria are crit-
ical for neuronal activity and synaptic transmission. To charac-
terize the role of SNPH in axonal mitochondrial trafficking, we
conducted live cell time-lapse imaging using confocal micros-
copy in cultured hippocampal neurons coexpressing DsRed-
mito and GFP-SNPH. Axonal motile and stationary mitochondria
were identified using kymographs, as previously described
(Miller and Sheetz, 2004). Those mitochondria not labeled with
GFP-SNPH migrate dynamically and bidirectionally along the ax-
onal process, whereas GFP-SNPH-labeled mitochondria remain
stationary (Movie S1). Consistent with previous reports (Morris
and Hollenbeck, 1993; Ligon and Steward, 2000; Miller and
Sheetz, 2004), 38 + 16% (mean + SD) of axonal mitochondria
are motile in control neurons expressing DsRed-mito alone.
Strikingly, almost no mitochondrion (0.3 + 1%, mean + SD)
labeled with GFP-SNPH is mobile (Figure 2). This phenomenon
is consistent across all axons (n = 39) examined, indicating
that GFP-SNPH-tagged mitochondria are stationary. In contrast,
35 + 9% (mean = SD) of axonal mitochondria labeled with
SNPH-AMTB, a SNPH mutant lacking the microtubule-binding
domain (130-203), are mobile (Figure 2B, Movie S2, and
Figure S4) with no significant difference from the DsRed-mito
control group (p = 0.34, U test). These data suggest that exoge-
nously expressed SNPH inhibits the motility of axonal mitochon-
dria and its microtubule-binding domain is required for the
SNPH-mediated immobilization.

To exclude an artificial effect due to overexpression of SNPH,
we next examined whether there are distinct motion patterns of
axonal mitochondria in relation to the association with endoge-
nous SNPH. Mitochondrial movement in living hippocampal neu-
rons was recorded, followed by retrospective immunostaining
for endogenous SNPH. Statistical analysis reveals a strong cor-
relation (r = 0.98, 6 paired experiments) between SNPH-positive
mitochondria (green and yellow puncta shown in Figures 3C and
3D) and stationary mitochondria (vertical red lines shown in
Figure 3B). Axonal mitochondria appear as two populations:
one associated with SNPH and the other not, demonstrating a
binominal B(n, p) distribution (Figure 3E). The proportion (p) of
SNPH-tagged mitochondria is approximately 62% based on
quantitative analysis (Supplemental Data). The mean percentage
of endogenous SNPH-tagged mitochondria (65 + 14%, mean +
SD) is consistent with the mean percentage of stationary mito-
chondria (62 + 15%, mean + SD), and both fit well with 90%
confidence intervals based on binomial statistics (Figures 3F
and 3G). These results suggest a complementary relationship
between endogenous SNPH-tagged mitochondria and motile
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Figure 1. Axonal Mitochondrial Targeting of SNPH in Cultured Hippocampal Neurons

(A) Hippocampal neurons at DIV14 were coimmunostained with antibodies against SNPH and the dendritic marker MAP2 or the axonal marker tau.

(B) Neurons were coimmunostained for SNPH and mitochondrial marker cytochrome c. Arrows point to SNPH-associated mitochondria and arrowheads indicate
SNPH-negative mitochondria within an axonal process. The scale bars represent 10 um.

(C) Schematic diagrams of GFP-tagged SNPH truncated or deleted mutants and their capability for targeting to mitochondria and axons of hippocampal
neurons.
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Figure 2. SNPH Immobilizes Axonal Mitochondria
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Neurons were cotransfected at DIV6 with DsRed-mito and GFP-SNPH (A) or GFP-SNPH-AMTB mutant lacking the microtubule-binding (MTB) domain (B). Axonal

mitochondrial motility was observed in live neurons 1 week after transfection.

(A) While GFP-SNPH-negative mitochondrion (red, pointed by arrows) migrates along the axonal process, GFP-SNPH-labeled mitochondria (yellow) remain
stationary during the time-lapse observation. (A’) Motion data in (A) is presented in kymograph, in which vertical lines represent stationary mitochondria and slant

line or curve indicate motile one.

(B) Kymograph showing the motility of axonal mitochondria labeled with GFP-SNPH-AMTB. The scale bars in all panels represent 10 um.
(C) Relative motility of the axonal mitochondria labeled with DsRed-mito alone as controls (n = 298 from 16 axons) or colabeled with DsRed-mito and GFP-SNPH
(n = 1294 from 39 axons) or DsRed-mito and GFP-SNPH-AMTB (n = 226 from 9 axons). Error bars represent the SEM.

mitochondria (38 + 15%, mean + SD) (Figure 3E), indicating that
SNPH is associated with stationary mitochondria.

SNPH Docks Axonal Mitochondria through

an Interaction with Microtubule-Based Cytoskeleton
Recent studies indicate that intracellular signaling stimulated
by nerve growth factor can regulate axonal mitochondrial motility
by influencing static interactions between mitochondria and the
actin cytoskeleton through unidentified docking receptors
(Chada and Hollenbeck, 2004). To identify cytoskeletal elements
through which SNPH might mediate inhibition of mitochondrial
movement, we performed three lines of experiments. First, we
used COS7 cells instead of hippocampal neurons since axons
are too thin to evaluate cytoskeletal association using confocal
microscopy. While GFP-SNPH (1-469) colocalized predomi-
nantly with microtubules in transfected COS7 cells, the pharma-
cological disruption of microtubules with Nocadazol or deletion
of the microtubule-binding domain of SNPH resulted in diffusion
throughout the cytoplasm (Figure 4A). These results indicate that
the microtubule-binding domain of SNPH is required for its asso-
ciation with the microtubule-based cytoskeleton in COS cells.
Second, we found that the microtubule-binding domain is
required for SNPH binding to Taxol-stabilized microtubules in
an in vitro spin-down assay (Figure 4B). The majority of SNPH

140 Cell 132, 137-148, January 11, 2008 ©2008 Elsevier Inc.

(1-469) was spun down with microtubules in the pellet, while
the mutant SNPH lacking the microtubule-binding domain
remained in the supernatant. Finally, to test whether the micro-
tubule-binding domain alone is sufficient for mitochondrial dock-
ing, we constructed a chimeric transgene, in which the micro-
tubule-binding domain was placed between GFP and the
mitochondrial outer-membrane protein TOM22. While 35% =+
12% (mean + SD) of GFP-TOM22-labeled mitochondria showed
dynamic trafficking along axons, only a small portion (4% + 7%)
of mitochondria labeled with the chimeric mutant was mobile
(Figures 4C and 4D).

As controls, we did not observe any significant association of
SNPH with F-actin in COS cells (Figure S5). In addition, the pres-
ence of the SNPH-labeled mitochondria in axons (Figure S6) and
their stationary state (data not shown) are not dependent on
neurofilaments. Given that the sequence of SNPH is not homol-
ogous to any known microtubule-binding protein in the data-
base, SNPH likely acts as a docking receptor specific for axonal
mitochondria through a unique interaction with the microtubule-
based cytoskeleton. These findings provide a molecular expla-
nation for the biochemical interactions between neuronal mito-
chondria and microtubules (Lindén et al., 1989; Jung et al.,
19983; Leterrier et al., 1994), and morphological observations of
axonal ultra-structures, which revealed cross-bridges between
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mitochondria and microtubule in vivo (Smith et al., 1977; Hiro-
kawa, 1982; Benshalom and Reese, 1985; Pannese et al.,
1986; Price et al., 1991). These cross-bridges may represent
both dynamic (motor proteins) and static (docking or adaptor
proteins) links between axonal mitochondria and the microtu-
bule-based cytoskeleton.

Deletion of the Mouse snph Gene Results in
Dramatically Increased Motility and Decreased Density
of Mitochondria in Axons

To further confirm the role of SNPH in docking axonal mitochon-
dria, we generated snph knockout mice. Inactivation of the snph
gene in TC-1 ES cells was achieved by replacing all four protein-
coding exons with a PGKneo gene cassette (Figure S7A) (Deng
et al.,, 1996). Southern blot shows correct gene targeting and
Western blot analysis of brain homogenates demonstrates
a dose-dependent loss of SNPH protein in heterozygous and
homozygous mutant animals (Figures S7B and S7C). SNPH is
undetectable in the slices of cortex tissue from the snph (—/-)
mice (Figure S7D). In addition, the expression of SNPH in wild-
type mouse brain is strictly developmentally regulated, with
low expression at postnatal day 7 and peaking two weeks after
birth (Figure S7E). Both homozygote and heterozygote mutant
animals were viable, fertile, and morphologically normal. Hippo-
campal neurons dissociated from P1 snph (—/—) mice differenti-
ated normally in culture.

A behavioral evaluation of the snph mice at 3 months of age re-
veals subtle but significant impairments in motor ability, espe-
cially in challenging tasks of balance and coordination, although
the overall performance of the mutant mice was generally com-
parable to the wild-type animals. In the rotorod test, there were
no significant differences between the snph (+/+) and (—/-)

mice for constant speeds (p = 0.782, Tukey test), but for each
of the two accelerating speeds, the (—/—) mice failed to remain
on the wheels as long as the (+/+) controls at both initial speeds
(for 3.0-30.0 rpm, p = 0.004; for 4.0-40.0 rpm, p = 0.020, Tukey
test) (Figure S7F). The impairment in rotorod tests at accelerating
speeds was consistent across all mutant animals (n = 10).

To characterize the phenotypes of the snph mutant neurons in
vitro, we monitored and quantified the movement of DsRed-
mito-labeled mitochondria by time-lapse imaging in living hippo-
campal neurons at days in vitro 12 (DIV12). Stationary and motile
axonal mitochondria during the entire recording time (16 min) are
shown as representative kymographs and the relative percent-
ages of motile axonal mitochondria were calculated (Figures
5A-5C). In axons of wild-type neurons, approximately one-third
of mitochondria (36 + 15%, mean + SD, 23 axons) were in motion
(Movie S3), consistent with our quantitative data from rat hippo-
campal neurons (Figure 2C). In contrast, deletion of the snph
gene resulted in a dramatic increase in the percentage of motile
axonal mitochondria (76 + 20%, mean + SD, 26 axons, p < 0.01,
U test) (Movie S4), a phenotype that has not yet been reported in
mature hippocampal neurons in culture.

To address whether SNPH contributes to the axonal distribu-
tion of mitochondria, we measured mitochondrial densities.
Deletion of the snph gene resulted in decreased mitochondrial
density within axons (1.0 + 0.2/10 pm, mean + SD) compared
to those of snph (+/+) neurons (1.7 + 0.4/10 um, mean = SD,
p < 0.01, U test) (Figure 5D). We then quantified the ratio of an-
terograde to retrograde movement in axons. In the snph (—/-)
neurons the ratio was 1.03 + 0.30 (mean + SD), which is slightly
lower but not significantly different from the ratio in the snph (+/+)
axons (1.27 £ 0.77, mean + SD, p = 0.30, U test). The slightly de-
creased ratio of anterograde to retrograde movement and the
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Figure 4. The Microtubule-Binding Domain of SNPH Is Sufficient to Inmobilize Axonal Mitochondria
(A) SNPH associates with microtubules. COS cells were transfected with either GFP-SNPH (1-469), a truncated SNPH in which the C-terminal mitochondrial
targeting domain was deleted, or GFP-SNPH (1-469)AMTB, followed by staining for B-tubulin 1 day after transfection. In the middle panel, the transfected cells

were treated with 10 uM of Nocadazol for 1 hr to disassemble microtubules.

(B) The microtubule-binding domain is required for SNPH to be copelleted with microtubules in a spin down assay. GST-SNPH (1-469) or GST-SNPH
(1-469)AMTB was incubated in the absence or presence of Taxol-stabilized microtubules. Following centrifugation, the supernatant (S) and pellets (P) were an-

alyzed by SDS-PAGE and visualized by Coomassie blue staining.

(C and D) Schematic diagrams and mobility of axonal mitochondria labeled with GFP-TOM22 or GFP-MTB-TOM22, a chimeric transgene in which the MTB was
placed between GFP and the mitochondrial outer-membrane protein TOM22. Kymographs: 10 min. The scale bars represent 10 um.

significantly reduced density of mitochondria in the snph (—/-)
axons suggest that the SNPH-mediated docking/retention con-
tributes to the maintenance of proper mitochondrial density in
axons. Thus, the enhanced motility and reduced density of axo-
nal mitochondria are likely two parallel effects by the deletion of
the snph gene. In contrast, the deletion of the snph gene has no
apparent effect on the velocities of motile mitochondria (p > 0.05,
t test) averaged at 0.5 + 0.4 um/s (mean + SD) for both the snph
(+/+) and (—/—) neurons and on the averaged size (1.3 + 0.9 pm?,
mean = SD) of randomly selected axonal mitochondria (p > 0.05,
t test) from the snph (+/+) and (—/—) neurons.

Next, we determined the distribution of mitochondria relative
to presynaptic boutons along the axonal processes of the snph
(+/4) and (—/—) hippocampal neurons in culture (Figure S8).
While no significant difference (p = 0.25, U test) was found in
the colocalization (at least 20% overlapping) of presynaptic bou-
tons (marked by synaptophysin) with mitochondria between the
snph (+/+) (18.54 + 6.28%, mean + SD, n = 13 axons) and (—/—)
neurons (15.38 + 6.77%, mean + SD, n = 10 axons), the propor-
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tion of presynaptic boutons with proximal mitochondria (within
the vicinity of 0.5 pm) is significantly reduced (p < 0.001,
U test) in the snph (—/—) neurons (32.80 + 4.15%) relative to
the snph (+/+) controls (57.02 + 4.00%). We further quantified
the ratio of cytochrome c to synaptophysin puncta within axons
in cultured hippocampal neurons (Figure S8D). The ratio in the
snph (—/—) axons (0.4 + 0.1, mean = SD) is significantly lower
(p < 0.001, U test) than that in the snph (+/+) axons (0.7 + 0.2,
mean + SD). Given that the density of presynaptic boutons
per 10 um axon in length (3 + 1, mean + SD) is not significantly
changed in the snph (—/-) neurons (p 0.25, U test)
(Figure S8C) and that the majority of mitochondria are found
within axons rather than in presynaptic boutons, the reduced
density of axonal mitochondria reflects a reduced inter-bouton
density of axonal mitochondria in the snph (—/—) neurons
(0.84 + 0.06) relative to that of wild-type controls (1.36 + 0.12,
p < 0.001).

Previous electron microscopy analysis of rat hippocampal
CA3-CA1 slices showed that 42% of presynaptic boutons
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Figure 5. Increased Mobility and Reduced Density of Axonal
Mitochondria in the Neurons of the snph (—/—) Mice

(A and B) Four representative kymographs recorded from the snph (+/+) (A)
and (—/—) (B) neurons. Hippocampal neurons were transfected with DsRed-
mito at DIV6, followed by time-lapse imaging 6 days posttransfection. Density
of stationary axonal mitochondria is visualized during the entire recording time
(16 min). Scale bars: 10 um.

(C and D) Quantitative analysis of the percentage of motile axonal mitochon-
dria (C) and relative density of axonal mitochondria (D) (**p < 0.01, U test).
Error bars represent the SEM.

contain mitochondria (Shepherd and Harris, 1998). Using elec-
tron microscopy we further examined the relative density of
mitochondria at presynaptic terminals of hippocampal CA3 sli-
ces from adult (P35) snph (+/+) and (—/—) mice from the same lit-
ters (Figure S8E). Double-blind quantitative analysis reveals that
the ratio of presynaptic boutons containing mitochondria in the
snph (—/—) mice is 33%, significantly lower than that found in
the snph (+/+) mice (42%, p = 0.02, 2 test) (Figure S8F). Consid-
ering the 10%-25% shrinkage of slices during EM fixation (Shep-
herd and Harris, 1998), some mitochondria in the vicinity of
presynaptic boutons might be counted as presynaptic mito-
chondria in our quantitative analysis.

The snph Mutant Neurons Exhibit Short-Term
Facilitation

It is well documented that mitochondria are critical in neuronal
development and function, including axonal outgrowth and
synapse formation, and particularly synaptic plasticity (see re-
cent reviews by Jonas, 2006; Mattson, 2007). Synaptic mito-

chondria play important roles in calcium homeostasis and in
the ATP-dependent mobilization of synaptic vesicles from the
reserve pool (Stowers et al., 2002; Verstreken et al., 2005; Guo
et al., 2005). However, whether changes in mitochondrial mobil-
ity and/or density in axons have an impact on synaptic transmis-
sion and plasticity remains elusive. By taking advantage of the
observed phenotypes in the snph (—/—) neurons, we further
looked at synaptic physiology by dual whole-cell patch-clamp
recording on paired hippocampal neurons in culture. By deliver-
ing high-frequency (10 Hz and 50 Hz) pulse trains to presynaptic
neurons, we consistently observed a substantial facilitation in
the snph (—/—) neurons (Figures 6A and 6B), a phenotype not
shown in the snph (+/+) neurons under these stimulation fre-
quencies. The facilitation could last for about 1 s under 10 Hz
stimulation and 200 ms under 50 Hz tetanus train and was fol-
lowed by depression. However, no significant differences were
observed in both frequency and amplitude of mini AMPA events
between the snph (+/+) and (—/—) neurons (Figure 6C). Further-
more, averaged amplitude (Figure 6D) and kinetics (Table S1)
of EPSCs (0.05 Hz) recorded from the paired snph (—/—) neurons
was not statistically different from the snph (+/+) neurons. The re-
sults from both mini and evoked EPSC suggest that, with the
deletion of the snph gene, the resultant effects on docking/reten-
tion of axonal mitochondria have no significant impact on basal
synaptic transmission.

To allow the recovery of synaptic vesicles, we applied short
stimulus trains (20 Hz, 1 s) to the presynaptic neuron at 10 s in-
tervals. Persistent facilitation was reproduced in the snph (—/-)
neurons under repetitive pulse train stimulation (Figure 6E),
suggesting a possible role of residual [Ca®*] in maintaining
short-term facilitation of synaptic response. In contrast, facilita-
tion was only observed in a very short time frame and was
immediately followed by depression in the snph (+/+) neurons.
The observed phenotype could be fully rescued by expressing
the full-length SNPH in the mutant neurons, further confirming
that the enhanced short-term facilitation was due to the dele-
tion of the snph gene (Figure 6E). As controls, expression of
SNPH mutant lacking the mitochondria-targeting signal at
the carboxyl terminus is unable to rescue the phenotype
(Figure S9).

The deletion of the snph gene results in enhanced short-term
facilitation but does not significantly affect the basal synaptic
transmission. One possible explanation for this observation is
a rapid buildup of intracellular [Ca®*] at presynaptic terminals
during intensive stimulation. To test our hypothesis, we con-
ducted calcium imaging at nerve terminals of cultured hippo-
campal neurons using Fluo-4 NW (Experimental Procedures).
Presynaptic boutons were labeled with DsRed-synaptophysin
and calcium signal within the bouton was imaged every 50 ms
throughout the experiment (Figure 7A). Due to limitation of the
relatively low signal-to-noise ratio of calcium imaging, we are
unable to resolve calcium transients at a single bouton in re-
sponse to single stimulation. Instead, the train stimulation
(100 pulses at 10 Hz) was applied. The change in fluorescence
intensity of Fluo-4 NW over baseline (AF/Fy) at presynaptic bou-
tons of the snph (+/+) neurons showed an initial fast-rising phase,
reached a steady state plateau after 10 stimuli (around 1 s), and
finally recovered rapidly (Figure 7B). Peak values of AF/Fq,
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Figure 6. Deletion of the snph Gene Results
in Synaptic Short-Term Facilitation

(A and B) Sample traces recorded from the snph
(+/+) and (—/—) neurons evoked by 10 Hz, 8 s ([A]
upper panel) and 50 Hz, 60 ms ([B] upper panel)
and their normalized EPSC amplitudes plotted
against stimulus number (lower panels of [A] and
[B]). Substantial short-term facilitation was ob-
served in the snph (—/—) neurons (red circles).

(C) Deletion of the snph gene has no significant ef-
fect on the miniature AMPA currents. Left panel:
representative miniature AMPA currents recorded
from the snph (—/—) and (+/+) hippocampal neu-
rons (DIV14). Right panel: bar graphs of averaged
mini AMPA current frequency and amplitude.
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(E) Deletion of the snph gene produces sustained
short-term facilitation. 20 Hz, 1 s stimulus train
was delivered repetitively six times at 10 s intervals
(upper panel). Normalized EPSC amplitudes were
plotted against stimulus number (lower panel).
Note that persistent facilitation in synaptic re-
sponses was shown only in the snph (—/—) neu-
rons (red circles). Reintroducing the snph gene
into the mutant presynaptic neuron (purple circles)
eliminates the short-term facilitation and fully res-
cues the (+/+) phenotype (blue triangles).

Error bars represent the SEM.
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expressed as % increase of fluorescence intensity over baseline
and averaged from the last 10 stimuli (20 frames of calcium
imaging), was significantly larger in the snph (—/—) neurons
(82.51% + 2.02%, n = 33) than that found in the snph (+/+) cells
(23.70% + 1.58%, n = 32, p < 0.001, t test). Furthermore, the
initial rising phases (first 15 stimuli) of the two groups were not
significantly different. By sigmoid fitting, half-maximum increase
in fluorescence (AF/Fg) is 0.67 = 0.02 s for the snph (—/-)
neurons and 0.63 + 0.03 s for the snph (+/+) neurons (p = 0.82,
u test). Linear fittings of steady state plateaus revealed that the
plateau in the snph (+/4) is quite flat (0.05% + 0.06%, r = 0.18),
whereas AF/F, in the snph (—/—) neurons displayed a steady
increase (0.80% + 0.07%, r = 0.94). In addition, by single expo-
nential fitting, the initial decay phase after stimulation in the snph
(—/—) group is significantly faster than that in the snph (+/+) (time
constant rate: 0.66 + 0.03 s and 0.76 + 0.03 s, respectively, p <
0.001, U test). Hence, we propose that disrupting the SNPH-
mediated mitochondrial docking/retention mechanism changes
the dynamics of the global [Ca®*] at presynaptic boutons during
prolonged high-frequency stimulation. To further test this hy-
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the phenotype of the snph (—/—) neu-
rons, and the short-term facilitation in
the snph (—/—) synapses were fully re-
versed to the depression level observed in wild-type neurons
after the EGTA application (Figure S10). Altogether, these elec-
trophysiological and calcium imaging studies provide an expla-
nation for the SNPH-mediated modulation of synaptic plasticity
by controlling axonal mitochondrial docking/retention and con-
sequently affecting calcium dynamics at nerve terminals.

DISCUSSION

SNPH Controls Axonal Mitochondrial Mobility

In this study, we reveal that SNPH acts as a receptor for dock-
ing/retaining mitochondria in axons and is required for main-
taining a large number of axonal mitochondria in a stationary
state through an interaction with the microtubule-based cyto-
skeleton. Such a mechanism may enable neurons to maintain
proper densities of stationary mitochondria within axons and
in the proximity of synapses. Given that defective trafficking
of axonal mitochondria is implicated in the pathogenesis of
neurodegenerative diseases such as Alzheimer’s and Hunting-
ton’s (Chan, 2006), these studies will shed light on fundamental
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Figure 7. Presynaptic Calcium Dynamics in the snph (+/+) and snph
(—/-) Neurons

(A) Representative calcium images at presynaptic boutons of the snph (+/+)
and (—/—) neurons before stimulation (1), at the beginning (2) and the end
(3), and after stimulation (4). Calcium transients within presynaptic boutons
labeled with DsRed-monomer-synaptophysin were imaged using Fluo-4NW
at 50 ms intervals upon stimulation at 10 Hz for 10 s. The images are pseudo-
colored, with blue representing low [Ca2*] concentration and red representing
high [Ca*] concentration. The scale bars represent 1 um.

(B) The time course of changes in presynaptic fluorescent intensity over base-
line (AF/Fo) from the snph (+/+) (black, n = 32) and (—/—) (red, n = 33) neurons.
Inset: the peak values of intracellular [Ca®*] levels within boutons were
averaged from last 10 stimuli (20 frames of calcium imaging), expressed as
% increase of fluorescence intensity over baseline (AF/Fo), and are signifi-
cantly different (p < 0.001, t test) between the snph (+/+) (24% + 2%) and
(—/-) (833% + 2%) neurons. Error bars represent the SEM.

neuronal processes that may impact our understanding of hu-
man neurodegenerative disorders.

Our study elucidates the mechanism for modulating complex
behavior of mitochondria within axons. The majority of SNPH
puncta are not colocalized with synaptophysin in the cultured
hippocampal neurons (Figure S2), and ~65% of axonal mito-
chondria associate with endogenous SNPH and remain in a
stationary state. In addition, few of the synaptophysin puncta
(1.5 £ 1.1%, mean + SD, 28/1577, 11 images) are colocalized
with the SNPH-labeled mitochondria. Thus, it is reasonable to
propose that SNPH is not a protein directly mediating docking
of the stationary mitochondria at presynaptic boutons. In con-
trast, via docking mitochondria at microtubules, SNPH controls
mitochondrial docking/retention at nonsynaptic sites within the
axons or in the proximity of synapses.

The coordination of mitochondrial motility with axonal physiol-
ogy plays a crucial role in maintaining mitochondrial density at
appropriate sites in axons. Mitochondria within nerve fibers are

relatively enriched at the nodes of Ranvier (Berthold et al.,
1993) where ATP production is in high demand (Aiello and
Bach-y-Rita, 2000). Considering the limited diffusion of ATP in
an intracellular environment (Belles et al., 1987; Hubley et al.,
1996), docked mitochondria ideally serve as local energy
stations, providing ATP to maintain the high activity of Na*-K*
ATPase and fast spike propagation. It is expected that defective
docking machinery could affect normal neuronal functions, par-
ticularly for cells with a long axonal process such as motor neu-
rons. Our behavioral evaluation of the snph mutant mice reveals
impaired motor ability, further supporting the notion that the
proper docking of axonal mitochondria is crucial for neuronal
function.

The Impact of Axonal Mitochondrial Mobility

on Short-Term Facilitation

Mitochondria play an important role in maintaining calcium ho-
meostasis at some synapses by buffering extra intracellular
[Ca®*] during tetanic stimulation and releasing calcium after
stimulation to prolong the tail of residual [Ca?*] (Jonas, 2006).
The snph mutant neurons provide us with a unique model for
studying the physiological impact of mitochondrial docking/
retention on synaptic transmission. Our study demonstrates
that disruption of the docking mechanism for axonal mitochon-
dria changes the global [Ca?*] dynamics at presynaptic boutons
during intensive and prolonged stimulation, probably through
reduced [Ca®*] buffering by mitochondria or impaired ability of
the terminals to pump [Ca?*] out due to an insufficient supply
of ATP. Our results suggest that the inter-bouton or nonsynaptic
axonal mitochondria might play a comparable role in buffering
calcium at nerve terminals during high-frequency stimulation.

The proportion of synaptic terminals colocalized with mito-
chondria is between 10%-20% for both cultured snph (+/+)
and (—/—) neurons. By applying Monte Carlo simulation analysis,
we suggest that motile mitochondria passing presynaptic bou-
tons could account for ~13% of the colocalization rate in snph
(—/-) neurons (Supplemental Data). However, the proportion of
presynaptic terminals with proximal mitochondria (within the
vicinity of 0.5 um) is significantly reduced (p < 0.001, U test)
in the snph (—/—) neurons (32.80 + 4.15%) relative to the snph
(+/+) controls (57.02 + 4.00%). Thus, the reduced density of
inter-bouton axonal mitochondria or proximal presynaptic mito-
chondria in snph (—/—) neurons is likely the main factor contrib-
uting to the mutant phenotypes observed in hippocampal
neurons.

The results from calcium imaging (Figure 7) and application of
100 uM EGTA-AM (Figure S10) suggest that the presence of
elevated residual calcium is the main cause to the phenotype
of the snph (—/—) neurons which show consistent and repeated
short-term facilitation during prolonged and intensive stimula-
tion. Although the time course of calcium imaging and short-
term facilitation do not synchronize, the distinctions between
local [Ca?*] at release sites and global [Ca2*] transients in the
terminals may account for the phenotype. Our findings are con-
sistent with recent study in the dMiro mutant neuromuscular
junctions in Drosophila, a mutation that causes defective axonal
transport of mitochondria and impaired neurotransmitter release
and calcium buffering during intensive stimulations (Guo et al.,
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2005). Unlike the loss of mitochondria at neuromuscular junc-
tions in the drp7 mutant Drosophila, which results in faster de-
pression of synaptic responses during prolonged pulse train
stimulation (Verstreken et al., 2005), deletion of the snph gene
in mice results in a substantial increase in the mobility and a sig-
nificant decrease in the inter-bouton density of axonal mitochon-
dria. Hence, it is likely that different effects on synaptic vesicle
depletion may reflect different amount of energy consumption
at neuromuscular junctions and hippocampal synapses and/or
different mitochondrial phenotypes in axons and at terminals.

Given that one-third of axonal mitochondria are normally mo-
tile in hippocampal neurons, immobilization of nearly all of axonal
mitochondria by overexpressing SNPH might affect axonal and/
or synaptic physiology. This may provide a cellular explanation
for the previous observation that overexpression of SNPH in
autaptic hippocampal neurons partially reduced neurotransmis-
sion (Lao et al., 2000). Alternatively, the acute synaptic effect
after injection of the coiled-coil domain of SNPH into presynaptic
superior cervical ganglion neurons in culture may be attributed to
a competitively interference with synaptic vesicle release given
that the sequence of this domain is approximately 80% identical
to the syntaxin-binding domain of Ocsyn (Safieddine et al., 2002)
and syntabulin (Su et al., 2004). In the current study, we gener-
ated a SNPH-specific antibody against the sequence between
residues 225-428. The specificity of this antibody was further
confirmed in the snph (—/—) mice (Figures S7C-S7E). Using the
antibody, we consistently found that SNPH is predominantly
targeted to axonal mitochondria.

Presynaptic structure and function are highly plastic and un-
dergo spontaneous and activity-dependent remodeling, thereby
changing the demand for mitochondria in axons and at nerve
terminals. Mitochondrial balance between motile and stationary
phase is a possible target of regulation by intracellular signals
and synaptic activity. How are motile mitochondria recruited to
the SNPH-dependent stationary pool in response to neuronal
activity and synaptic modification? Identification of SNPH as
a docking protein provides a molecular target for such regula-
tion. Future studies using the snph knockout mice model will
provide molecular and cellular details on how SNPH regulates
mitochondrial motility and presynaptic function.

EXPERIMENTAL PROCEDURES

A more detailed version of the Experimental Procedures can be found in the
Supplemental Data.

Hippocampal Neuron Culture and Transfection

Hippocampi were dissected from postnatal day 1-3 Sprague Dawley rat pups.
For immunocytochemistry, low-density cultures of rat hippocampal neurons
were cultured. Transfection was performed at 6-8 days in vitro using the cal-
cium phosphate method. Following transfection, cells were cultured for an ad-
ditional 4-7 days before imaging or immunocytochemistry.

Mitochondrial Motility Study

Allimaging was performed using a Zeiss LSM 510 META confocal microscope
with a C-Apochromat 40x/1.2W Corr objective. Time-lapse imaging was per-
formed in the perfusion system (0.4 ml per min) with Tyrode’s solution at 37°C.
A motile mitochondrion was counted only if the displacement was at least
5 um. The total number of mitochondria was defined as the number of mito-
chondria in each frame. Measurements not noted are presented as mean +
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SEM. Statistical analyses for unpaired t tests were performed using software
OriginPro (OriginLab) and nonparametric statistical tests were performed using
GNU Octave, such as the chi-square () test or the Mann-Whitney test (U test).

A Simple Model for Mitochondrial Motility Studies

SNPH-tagged mitochondria have a binominal B (n, p) distribution, where n is
the total number of examined mitochondria and p is the proportion of the
SNPH-tagged mitochondria. The mean of the proportions of the SNPH-tagged
mitochondria is an unbiased estimator of the p in statistical analysis (Moore
and McCabe, 1993), and experimentally estimated as 65% + 3% (1126 out
of 1727 mitochondria associated with SNPH) under the 99% confidence inter-
val (Figure 3F). If np and n(7-p) are both larger than or equal to 10, the propor-
tion of the SNPH-tagged mitochondria has approximately normal N(p, p(1-p)/n)
distribution, and the equation C=p +zx/p(1 — p)/n (critical value z is equal to
1.645 when confidence level C is 90%) can be used to calculate confidence
levels. In those mitochondrial motility studies, 90% confidence level yields
a value of 62% = 15% by the equation using the edge value 27 (Figure 3G).

Electrophysiology

Hippocampal neurons were grown to DIV14-15 in culture and dual patch-
clamp recordings were performed with whole-cell configuration at room
temperature. Both neurons were voltage clamped at —70 mV and membrane
currents were digitized by Digidata 1322A and acquired using MultiClamp
700B amplifier with pCLAMP 9.2 (Axon instruments). Master 8 (AMPI) was
used to generate trains of high-frequency stimulation. Extracellular recording
solution contained (in mM): 145 NaCl, 3 KCI, 10 HEPES, 2 CaCl,, 8 glucose,
and 2 MgCl, 2 ATP-Na, ([pH 7.3], 300 mOsm). Patch pipettes (Sutter Instru-
ment) with resistance of 4-8 mega-ohms were tip-filled and then backfilled
with internal solution containing (in mM): 146.5 K-gluconate, 7.5 KCI, 9 NaCl,
1 MgCI2, 10 HEPES, and 0.2 EGTA ([pH 7.2], 300 mOsm). 1 uM TTX and
50 uM picrotoxin were added to the extracellular solution to record miniature
AMPA currents at holding potential. Data were analyzed by MiniAnalysis
(Synaptosoft).

Calcium Imaging and Data Analysis

Calcium imaging was performed using Fluo-4 NW dye (Invitrogen) in modified
Tyrode’s solution (in mM: 10 HEPES, 10 glucose, 3 KCI, 145 NaCl, 1.2 CaCly,
1.2 MgCl,, 0.5 kynurenic acid, and 2.5 Probenecid, [pH 7.4]) at 37°C. Kynur-
enic acid (Sigma-Aldrich) was added to reduce glia calcium wave, to block
postsynaptic response, and to prevent recurrent excitation during stimulation.
Probenecid (Invitrogen) was applied for inhibition of Fluo-4 NW extrusion.
For imaging presynaptic boutons, neurons were transfected with DsRed-
monomer-synaptophysin. Time-lapse images for single bouton were collected
around 70 x 30 pixels resolution (12 bit) and taken at 20 Hz to meet Nyquist
sampling rate for 10 Hz stimulation. Calcium images were analyzed using
“Plot Z-axis Profile” function of Imaged (NIH). The changes in fluorescent
intensity of Fluo-4 NW over baseline (AF/Fg) were averaged and plotted.
Peak values of intracellular [Ca®*] levels (AF/Fo) were calculated by averaging
20 frames of calcium images during last 10 stimuli. OriginPro was used for
sigmoid fitting for initial rising phases, linear fitting for steady state plateaus,
and single exponential decay fitting for decay phases.

Supplemental Data

Supplemental Data include Supplemental Experimental Procedures, one
table, ten figures, Supplemental References, and four movies and can be
found with this article online at http://www.cell.com/cgi/content/full/132/1/
137/DC1/.
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