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Background: Mitochondrial dynamics play a role in maintaining energy production and metabolism in mammalian cells.
Results: Wnt-5a signaling stimulated mitochondrial dynamics in neurons, triggering the fission-fusion process through calcium
mobilization.
Conclusion: Wnt-5a signaling controls mitochondrial morphology and dynamics in postsynaptic regions.
Significance: Noncanonical Wnt-5a signaling modulates mitochondrial dynamics in normal neurons, and it is a new therapeu-
tic target for brain disease.

The Wnt signaling pathway plays an important role in devel-
opmental processes, including embryonic patterning, cell spec-
ification, and cell polarity. Wnt components participate in the
development of the central nervous system, and growing evi-
dence indicates that this pathway also regulates the function of
the adult nervous system. In this study, we report that Wnt-5a, a
noncanonical Wnt ligand, is a potent activator of mitochondrial
dynamics and induces acute fission and fusion events in the
mitochondria of rat hippocampal neurons. The effect of Wnt-5a
was inhibited in the presence of sFRP, a Wnt scavenger. Simi-
larly, the canonical Wnt-3a ligand had no effect on mitochon-
drial fission-fusion events, suggesting that this effect is specific
for Wnt-5a alone. We also show that the Wnt-5a effects on mito-
chondrial dynamics occur with an increase in both intracellular
and mitochondrial calcium (Ca2�), which was correlated with an
increased phosphorylation of Drp1(Ser-616) and a decrease of Ser-
637 phosphorylation, both indicators of mitochondrial dynamics.
Electron microscope analysis of hippocampal tissues in the CA1
region showed an increase in the number of mitochondria present
in the postsynaptic region, and this finding correlated with a
change in mitochondrial morphology. We conclude that Wnt-5a/
Ca2� signaling regulates the mitochondrial fission-fusion process
in hippocampal neurons, a feature that might help to further
understand the role of Wnt-related pathologies, including neuro-
degenerative diseases associated with mitochondrial dysfunction,
and represents a potentially important link between impaired met-
abolic function and degenerative disorders.

Wnt proteins play essential roles in development and physi-
ological processes by regulating vital cell functions, including
proliferation, differentiation, synaptogenesis, apoptosis, cell
survival, adhesion, migration, polarity, synapse formation, and
neuronal plasticity (1– 4). The best documented intracellular
Wnt signaling pathway is the canonical Wnt/�-catenin signal-
ing pathway, characterized by an increase and stabilization of
cytoplasmic �-catenin levels, which translocates to the nucleus
and co-activates transcription of Wnt target genes associated
with Tcf/Lef transcription factors (1, 5). In contrast, several
Wnts activate the �-catenin-independent pathways (nonca-
nonical pathways), known as the planar cell polarity (Wnt/PCP)
and the Wnt/Ca2� pathways, and the binding of the Wnt ligand
to Wnt receptor leads to a short lived increase in the concen-
tration of certain intracellular signaling molecules, including
inositol 1,4,5-triphosphate, 1,2 diacylglycerol, and Ca2� levels.
Wnt ligands also act through monomeric GTPases and c-Jun
N-terminal kinase (JNK) (6, 7). In the central nervous system
(CNS), Wnts have been implicated in the maintenance of syn-
aptic plasticity, memory, and modulation of long term potenti-
ation in mouse hippocampal slices (8 –10).

The mitochondria are strategically localized at particular
subcellular sites both for providing energy supply and for par-
ticipating in intracellular signaling; a close association between
the endoplasmic reticulum (ER)4 and the mitochondrial surface
appears to be necessary for the propagation and regulation of
ER-Ca2� released into the mitochondria (11). Among other
contributions, the mitochondria play a role in cell survival and
death-promoting signals in many processes such as apoptosis
and cellular necrosis (12). Therefore, the mitochondria are
highly dynamic organelles that constantly change shape and
numbers in response to different stimuli and can sense the lev-
els of calcium gradients. The central player in mitochondrial

* This work was supported in part by Grants PFB 12/2007 from the Basal
Centre for Excellence in Science and Technology and FONDECYT 1120156
(to N. C. I.) and FONDECYT 11130529 (to C. S. A.).

1 Predoctoral fellow from Comisión Nacional de Investigación Cientifica y
Tecnológica.

2 Recipient of the Alzheimer’s Australia and NHMRC Early Career, Postdoctoral
Research Fellowship at the University of New South Wales, Sydney, Australia.

3 To whom correspondence should be addressed: CARE Biomedical Center,
Pontificia Universidad Católica de Chile, Av. Alameda 340, Santiago, Chile.
Tel.: 56-2-26862724; Fax: 56-2-26862959; E-mail: ninestrosa@bio.puc.cl.

4 The abbreviations used are: ER, endoplasmic reticulum; CaMKII, Ca2�/cal-
modulin dependent kinase II; DIV, day in vitro; ROS, reactive oxygen spe-
cies; ANOVA, analysis of variance; TMRM, tetramethylrhodamine methyl
ester.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 52, pp. 36179 –36193, December 26, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

DECEMBER 26, 2014 • VOLUME 289 • NUMBER 52 JOURNAL OF BIOLOGICAL CHEMISTRY 36179



division is the highly conserved, dynamin-related protein (Drp1
in mammals), which belongs to a large family of GTPases that
self-assemble to regulate mitochondrial membrane structure
(13, 14). There are several types of molecular bridges that medi-
ate mitochondrial contacts, such as the mitochondrial fusion
protein mitofusin 2 (15). These physical contacts are persistent
and maintained under dynamic conditions, suggesting that the
ER-mitochondrial interface is vital for the dynamic related
events (16, 17).

Several extracellular signals, including change in cytosolic
calcium, levels of glucose, synaptic activity, neurotransmitters,
and growth factors, have been reported to regulate positioning,
mitochondrial transport, and dynamics, moving these organ-
elles to energy-demanding sites such as synapses, dendritic
spines, and axons (18, 19). Wnt signaling activates mitochon-
drial biogenesis, which in turn produces elevated levels of reac-
tive oxidative species (ROS) and oxidative damage (20). This
effect on mitochondrial function and ROS generation may
likely be responsible for some of the major biological conse-
quences of altered Wnt signaling (21). Soluble frizzled related
protein 5 (sFRP5) deficiencies stimulate the oxidative capacity
of adipocytes with increased mitochondrial activity, mediated
in part by PGC-1� and the mitochondrial transcription factor A
(22). Other ligands such as Wnt-3a also increased oxygen con-
sumption and the expression of mitochondrial genes. Taken
together, these findings support a model of adipogenesis in
which sFRP inhibits Wnt signaling to suppress oxidative metab-
olism and stimulate adipocyte growth during obesity (23). Wnt
signaling also regulates mitochondrial physiology and insulin
sensitivity (20). Regulation of mitochondrial division is critical
for normal cellular function. Excess division is linked to numer-
ous diseases, including neurodegeneration and diabetes (24,
25).

Previously, we have shown that activation of the Wnt signal-
ing pathway with Wnt-5a induces rapid changes in the cluster-
ing of the post-synaptic density protein (PSD-95) (26). Wnt-5a
modulates the trafficking and retention of GABAA receptors on
the hippocampal neuronal surface, as well as the amplitude of
GABA-evoked currents; these results are mediated by the
activation of Ca2�/calmodulin-dependent protein kinase II
(CaMKII), an important serine/threonine-specific protein
kinase that is regulated by the Ca2�/calmodulin complex,
which is stimulated by Wnt-5a and frizzled homologs (27).
Wnt-5a-mediated signaling has been shown to stimulate den-
dritic spine morphogenesis in hippocampal neurons and the
amplitude of NMDA spontaneous miniature currents (28).
Herein, we investigate the role of the noncanonical Wnt-5a on
mitochondrial fission-fusion dynamics in rat hippocampal neu-
rons, and our results indicate that the Wnt-5a signaling path-
way modulates mitochondrial fission-fusion and mitochondria
traffic in rat hippocampal neurons toward the somato-den-
dritic region, and the post-synaptic CA1 region in particular.

EXPERIMENTAL PROCEDURES

Reagents—Recombinant Wnt-5a and sFRP2 were purchased
from R&D Systems; FK506 was from Sigma; Gö6976 was from
Calbiochem. Antibody Drp1 was purchased from BD Biosci-
ences, and p-Drp1 (serine 616 and serine 637) was purchased

from Cell Signaling Technology, Inc. (Danvers, MA); pPKC was
from Abcam; PKC and GAPDH were from Santa Cruz Biotech-
nology, Inc. (Santa Cruz, CA). Lipofectamine 2000 was from
Invitrogen. Alexa-conjugated secondary antibodies Fluo3-AM,
Rhod2-AM, Mitotracker-Orange, and the TMRM probe were
purchased from Molecular Probes (Carlsbad, CA).

Animals and Ethical Standards—Experiments were per-
formed on Sprague-Dawley rat fetuses (E18) and 2-month-old
C57BL/6J mice. All mice and rats were housed in the University
Facility. The experimental procedures were approved by the
Bioethical and Biosafety Committee of the Faculty of Biological
Sciences of the Pontificia Universidad Católica de Chile.

Primary Cultured Rat Hippocampal Neurons—Rat hip-
pocampal cultures were prepared from Sprague-Dawley rats at
embryonic day 18. At 2 days in vitro (DIV), cultured neurons
were treated with 2 �M cytosine arabinoside (Invitrogen) for
24 h to eliminate most of the glial cells. This method resulted in
highly enriched neuronal cultures (�95% neurons) (26, 27). Pri-
mary hippocampal neurons were cultures with Neurobasal
medium supplemented with 1% B27 from Invitrogen until 14
DIV.

Hippocampal Slices—Hippocampal slices were prepared
from brains of 2-month-old C57BL/6J mice as described previ-
ously (10, 28). Briefly, the animals were anesthetized with iso-
flurane and then sacrificed. Brains were surgically extracted,
and transverse slices of the hippocampus (350 �m) were cut
under cutting solution (85 mM NaCl, 75 mM sucrose, 3 mM KCl,
1.25 mM NaH2PO4, 25 mM NaHCO3, 10 mM glucose, 3.5 mM

MgSO4, 0.5 mM CaCl2, 3 mM sodium pyruvate, 0.5 mM sodium
ascorbate, pH 7.4) with a Leica VT 1000s vibratome. Slices were
incubated in cold artificial cerebrospinal fluid (126 mM NaCl, 3
mM KCl, 1.25 mM NaH2PO4, 25 mM NaHCO3, 10 mM glucose, 2
mM MgSO4, 2 mM CaCl2, 3 mM sodium pyruvate, 0.5 mM

sodium ascorbate, pH 7.4) and were maintained oxygenated
(95% O2, 5% CO2) until the treatment.

Electron Microscopy from CA1 Hippocampal Slices—Rat hip-
pocampal slices were used for electron microscopy analysis
according to standard procedures (29 –31). Briefly, hippocam-
pal slices were treated and directly fixed in 3% glutaraldehyde in
50 mM cacodylate buffer (pH 7.2) for 3 days at room tempera-
ture. Then they were treated with 1% osmium tetroxide in caco-
dylate buffer for 90 min and then with 1% aqueous uranyl ace-
tate, dehydrated in acetone, and embedded in Epon resin. The
Epon-embedded lamina of hippocampal slices was cut in small
pieces and included in the resin. Areas to be examined by elec-
tron microscopy (CA1 region of the hippocampus) were
selected from 1-�m sections stained with toluidine blue for
light microscopy. Ultrathin sections were cut on a Reichert
Ultramicrotome (Newark, DE), placed on 300-mesh copper
electron microscopy grids, stained with uranyl acetate and lead
citrate, and examined using a Phillips Tecnai 12 transmission
electron microscope (Philips Electron Optics, Holland) at 80
kV, from the facility of our faculty. Digital images obtained were
analyzed by ImageJ (National Institutes of Health), and the
quantitative analysis was performed with n � 3 using GraphPad
Prism 5.01 (GraphPad Software, La Jolla, CA).
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Generation of Control Media and Wnt Ligand-conditioned
Media—Control and Wnt ligands conditioned media were pre-
pared from L Cells (ATCC CRL-2648), L Wnt-3a (ATTC CRL-
2814) cells, and L Wnt-5a (ATTC CRL-2814) cells. Cells were
grown until 90% confluence, approximately, and the culture
medium was replaced by Neurobasal medium without supple-
ment or antibiotics. After 60 h of incubation, the media were
recovered, centrifuged, quantified, and sterile-filtered and
stored at 4 °C until use. Conditioned media were diluted 1:5 for
use in cultured neurons. Recombinant Wnt-5a was used at 300
ng/ml (26, 28).

Mitochondrial Length Measurements—Hippocampal neu-
rons were transfected with the plasmid mito-GFP for 30 min at
37 °C using Lipofectamine2000 and photographed under con-
focal microscopy. Mitochondrial length was made in ImageJ
software (National Institutes of Health), using Feret’s diameter
tool. Neurons were treated with recombinant Wnt-5a. For
comparative purposes, mitochondria were classified into three
different categories, with length ranging from less than 0.21 to
0.54 �m (small), 0.55 to 1.59 �m (normal), and 1.6 to 10 �m
(long) (32). Quantification of the neuronal population that
underwent mitochondrial fission in response to Wnt-5a incu-
bation was made considering the population of neurons treated
with Wnt-5a, which presented a higher proportion of small
mitochondria compared with the population of neurons that
exhibit baseline mitochondria undergoing division. A mini-
mum of 10 micrographs were made for each treatment and
subsequently scored and quantified.

Three-dimensional Image Reconstruction—Mitochondrial
network images obtained from the ELYRA S.1 super-resolu-
tion structured illumination microscope (SR-SIM) (Zeiss,
Oberkochan, Germany) were reconstructed in three-dimen-
sional isosurface using Imaris software, Facility of University of
Concepción, Chile. Serial images (z stacks) were collected with
a step of 0.2 �m to obtain between 21 and 24 images. Z-projec-
tion was performed with those images to reconstruct 4.2- and
4.8-�m thickness from the whole neuron. Sphericity of each
reconstructed mitochondria was determined as described (31).

Determination of Mitochondrial Potential in Live Hippocam-
pal Neurons—Mitochondria membrane potential was deter-
mined using the mitochondrial dye, TMRM. 15 DIV hippocam-
pal neurons were labeled with TMRM (20 nM) for 30 min in
KRH buffer supplemented with 5 mM glucose and 0.02% plu-
ronic acid, and all procedures and experiments were made at
37 °C. Fluorescence changes in intensity were recorded using a
confocal microscope (Carl Zeiss 5 LSM); region of interest fluo-
rescence was used as a measure of mitochondrial potential; the
signals from control neurons and neurons treated with differ-
ent stimuli were compared using identical settings for laser
power and detector sensitivity for each separate experiment.
We analyzed TMRM intensity changes in 10 –15 cells on aver-
age for each experiment. Estimation of fluorescence intensity of
TMRM was presented as the pseudo-ratio (�F/Fo), which was
calculated using the following formula: �F/Fo � (F � F

base
)/

(Fbase � B), where F is the measured fluorescence intensity of
the indicator; Fbase is the fluorescence intensity before the stim-
ulation, and B is the background signal determined from the
average of areas adjacent to the cells (33, 34).

Hippocampal Neuron Transfection—Hippocampal neurons
were transfected using Lipofectamine 2000 (Invitrogen), 11
DIV days after seeding onto coverslips in 24-well culture plates
at a density of 6 � 104 cells per well. Primary hippocampal
neurons were transfected with mito-GFP. Neurons were incu-
bated for 2 h at 37 °C, and then the media were replaced with
Neurobasal/B27 growth medium until 14 DIV when the exper-
iments were performed.

Immunofluorescence in Primary Hippocampal Neuron Cultures—
Hippocampal neurons were plated onto polylysine-coated cov-
erslips (30,000 neurons/cover). Cells were rinsed twice with
PBS supplemented with 10 �M CaCl2 and 100 �M MgCl2
(PBSCM) and fixed with a freshly prepared solution of 4% para-
formaldehyde and 4% sucrose in PBS for 20 min and permeabi-
lized for 5 min with 0.2% Triton X-100 in PBS. After several
rinses with PBSCM, cells were incubated in 1% BSA in PBSCM
(blocking solution) for 30 min at room temperature, followed
by an overnight incubation at 4 °C with the Drp1 primary anti-
body. Cells were washed with PBSCM and then incubated with
Alexa-conjugated secondary antibodies for 30 min at 37 °C (35).

Analysis of Drp-1 by Western Blotting—Hippocampal neu-
rons and slices were lysed in ice-cold lysis buffer (10 mM Tris-
HCl (pH 7.8), 100 mM NaCl, 10 mM EDTA, 0.5% Nonidet P-40,
and 0.5% sodium deoxycholate) supplemented with protease
and phosphatase inhibitors. Homogenates were maintained in
ice for 30 min and then centrifuged at 15,000 � g for 10 min at
4 °C. The supernatant was recovered, and protein concentra-
tion was determined by the BCA protein assay kit (Pierce). Pro-
teins were resolved in SDS-PAGE (10% polyacrylamide), trans-
ferred to a PVDF membrane, and incubated with primary
antibodies. The reactions were followed by incubation with sec-
ondary antibodies peroxidase-labeled (Thermo Fisher Scien-
tific, Inc., Rockford, IL). Primary antibodies used were as fol-
lows: anti-Drp1 (1:1000); anti-phospho-Drp1 Ser-616 (1:1000);
anti-phospho-Drp1 Ser-637 (1:1000); anti-PKC (1:1000); anti-
phospho-PKC (1:20,000), and anti-GAPDH (1:5000) (26)

Mitochondrial and Intracellular Calcium Imaging in Hip-
pocampal Neurons—For in vivo cell imaging, neurons were
seeded at a density of 1 � 105 cells in 25-mm coverslips and
used for the experiments after 14 DIV. Hippocampal cells were
loaded with 1 �M Fluo-3 (Molecular Probes, Carlsbad, CA) for
30 min at 37 °C to measure total calcium. For mitochondrial
calcium, the neurons were labeled with visible wavelength cal-
cium-sensitive dye Rhod-2 (1 �M) at 4 °C for 3 min followed by
30 min at 37 °C. Subsequently, the cultures were washed three
times with Neurobasal media and imaged with a DSU IX81
Spinning Disk Confocal Microscope (Olympus, Center Valley,
PA). After a basal measurement of Rhod-2 or Fluo-3 in Tyrode’s
buffer (135 mM NaCl, 5 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 10
mM Hepes, 5.6 mM glucose (pH 7.3)) for 3 min, Wnt-5a-condi-
tioned medium was added with a micropipette to cells and
recorded for 10 min. Rhod-2 �ex/em � 549/578 nm; Fluo-3
�ex/em � 488/526 nm. Estimation of fluorescence intensity of
Fluo-3 and Rhod-2 was presented like the pseudo-ratio (�F/Fo)
indicated by �F/Fo � (F � Fbase)/(Fbase), where F is the mea-
sured fluorescence intensity of the indicator; Fbase is the fluo-
rescence intensity before the stimulation (33).
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Statistical Analysis—Results are expressed as means � S.E.
Data were analyzed by one-way ANOVA, followed by Bonfer-
roni’s post hoc or Student’s t test. p � 0.05 was considered as
statistically significant. Statistical analysis was performed using
GraphPad Prism 5.01 (GraphPad Software, La Jolla, CA).

RESULTS

Wnt-5a Increases the Population of Hippocampal Neurons
with Small Mitochondria in a Time-dependent Manner—Mito-
chondria form a dynamic interconnected network, integrated
with other cellular compartments, and under normal physio-
logical conditions, the mitochondria perform a diverse range of
functions, including the production of ATP, ROS, and lipid bio-
synthesis, and play a central role in metal metabolism and reg-
ulation of intracellular calcium homeostasis (36). The regula-
tion of mitochondrial dynamics is vital in neurons, which
includes the transport and localization of mitochondria where
it is required to generate high levels of energy. We performed a
time course experiment to evaluate whether Wnt-5a modulates
mitochondrial dynamics in cultured hippocampal neurons.

Neurons were transfected with mitoGFP and on 15DIV were
stimulated with Wnt-5a (Fig. 1). Results indicated that around
30% of control neurons have small mitochondria at the begin-
ning of the experiments (Fig. 1A, white arrow). Then cultured
neurons were treated with Wnt-5a for several time intervals
(5–30 min), and under these conditions the Wnt ligand stimu-
lates mitochondrial division. More specifically, the number of
hippocampal neurons, whose population of mitochondria had a
length ranging from 0.21 to 0.54 �m, was higher than the cor-
responding population observed in control neurons (Fig. 1A,
white arrowhead), after Wnt-5a treatment for 5 and 30 min
(Fig. 1, white arrowhead). In Wnt-5a treated neurons, we
observed a 2-fold increase in the number of hippocampal neu-
rons containing small mitochondria compared with the control
(Fig. 1B), and this increase was maintained until 30 min of stim-
ulation. The morphological distribution of the increased num-
ber of small mitochondria determined after 30 min of Wnt
ligand incubation suggests that these mitochondria are prefer-
entially concentrated in the thinner dendritic processes of neu-
rons (Fig. 1A, compare with the inset). Images obtained from

FIGURE 1. Wnt-5a ligand activity increases the population of hippocampal neurons, which possess mitochondria in dynamic process. Hippocampal
neurons were transfected with mito-GFP (green) and stimulated with Wnt-5a at 15 DIV at 37 °C. A, micrographs show a representative control neuron with a
magnification of mitochondria from dendritic processes. Neurons were treated with Wnt-5a ligand for 5 and 30 min, and the inset labels dendritic processes
where mitochondria show normal morphology (white arrows) and fission mitochondria (white arrowheads). B, quantification of baseline population of neurons
showing small mitochondria (0.21 to 0.54 �m) as an indicator of mitochondrial dynamics compared with neurons treated with Wnt-5a ligand at 5 and 30 min.
The data suggest that Wnt-5a induces an increase in the number of neurons with a higher proportion of small mitochondria distributed preferentially in thinner
dendritic processes (zoom of micrographs). Results are the mean � S.E., n � 3 experiments, one-way ANOVA test, post hoc Bonferroni’s test; *, p 	 0.05.
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control and Wnt-5a-treated neurons indicates that the trans-
fection procedures alone did not affect the integrity or viability
of the neurons and mitochondria, confirming that the effects of
induction of mitochondrial fission observed at different times
are due to the specific action of Wnt-5a.

Wnt-5a Induces Morphological Changes Related to the Fis-
sion and Fusion Process in Hippocampal Neurons—To study
the change in mitochondrial dynamics in the population of
neurons analyzed, we stimulated primary neuronal cultures
with a canonical ligand Wnt-3a and a noncanonical ligand as
Wnt-5a, and we then quantified the length and morphology of
the mitochondria stained with Mitotracker and photographed
in a confocal fluorescence microscope in a time-dependent
procedure (see “Experimental Procedures”). Mitochondria
showed morphological changes related to the fission and fusion
process and were classified as small (0.21– 0.54 �m), normal
(0.55–1.59 �m), and large (1.6 –10 �m) (Fig. 2A, panel a). Mito-

chondrial dynamics were specific for the Wnt-5a ligand. When
we used sFRP2, a soluble scavenger, for this ligand (37), the
effect was not observed. Moreover, the canonical ligand
Wnt-3a did not show changes in the morphology of mitochon-
dria (Fig. 2A, panel b). In particular, the subpopulation of mito-
chondria with normal length rapidly decreased at 30 min after
stimulus and then recovered at 120 min (Fig. 2B, panel a, black
square). On the contrary, the small subpopulation of mitochon-
dria increased rapidly in number 30 min after treatment and
began to decrease at 60 min after stimulus (Fig. 2B, panel a,
white circle). Large mitochondria decreased after 30 min, and
this type of mitochondria reached the maximum at 120 min
(Fig. 2B, panel a, gray triangle). However, hippocampal neurons
cultured under the same conditions were stimulated with a
canonical Wnt-3a ligand that activated the Wnt/�-catenin
pathway, and no significant change was observed in mitochon-
drial morphology as compared with small mitochondria stim-

FIGURE 2. Wnt-5a signaling induces mitochondrial dynamics in hippocampal neurons. A, hippocampal neuron cultures from 15 DIV were labeled with
Mitotracker. Photographs show subpopulations of mitochondria analyzed as follows: small, 0.21– 0.54 �m; medium; 0.55–1.59 �m; and large, 01.6 –10 �m
(panel a). Neurons were treated with different Wnt ligands and Wnt-5a plus sFRP2 at 37 °C, and representative micrograph shows the morphology of mito-
chondria under different stimulus (panel b). B, different subpopulations of mitochondria were quantified in neurons stimulated with Wnt-5a in time course
experiments (small, 0.21– 0.54 �m; white circle, medium; 0.55–1.59 �m, black square; large, gray triangle) (panel a). Then the hippocampal neurons were
stimulated with Wnt-5a ligand (white circle), Wnt-3a (black triangle), Wnt-5a plus sFRP2 (black circle), and control hippocampal neurons (gray circle), and small
mitochondria were analyzed and plotted (panel b). C, hippocampal neurons stimulated with Wnt-5a ligand for 15 and 120 min, three-dimensional iso-surface
images of mitochondria were generated with the Imaris software, using a 55% threshold level and 10 serial images of 0.1 �m, the reconstructed images show
the control neurons and neurons treated with Wnt-5a. The analysis was performed by ANOVA. Basal condition was established as the mean of T0 obtained for
each condition with Bonferroni’s test. Results are the mean � S.E. n � 4 to quantify mitochondrial subpopulations. One-way ANOVA test, post hoc Bonferroni’s
test; *, p 	 0.05.
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ulated with Wnt-5a (Fig. 2B, panel b, Wnt-3a, black triangle
versus Wnt-5a, white circle). We also preincubated the cultured
neurons with sFRP2 (37). We found that the effect of Wnt-5a on
mitochondrial dynamics under these conditions was abolished
(Fig. 2B, panel b, black circle). Our mitochondrial network
images obtained with super-resolution confocal microscopy
from 15 DIV control show a normal population of mitochon-
dria (Fig. 2C, control neurons). 15 min after Wnt-5a treatment,
the morphology of mitochondria was small and rounded (Fig.
2C); however, after 120 min of Wnt-5a stimulation, mitochon-
dria recovered their normal morphology, and fused mitochon-
dria are also observed (Fig. 2C). These data suggest that Wnt-5a
produces a balance of opposing events, to maintain the overall
morphology and metabolic stability of neuronal mitochondria.

Wnt-5a Induces Mitochondrial Dynamics in Hippocampal
Neurons without Altering the Membrane Potential—Mitochon-
drial distribution and dynamics are influenced by physical con-
nections between the mitochondrial outer membrane and
intracellular membranes (plasma membrane, peroxisomes,
auto-phagosome, lysosomes, and mitochondrion-associated
membranes; which is necessary for the ER-mediated sequestra-
tion and handling of cytosolic calcium by mitochondria (12, 17).
Mitochondrial structure and function are regulated by division
and fusion events, which are influenced by the potential of the
mitochondrial membranes. The following experiments evalu-
ate the membrane potential of mitochondria and calcium reg-
ulation by the Wnt-5a on mitochondrial dynamics. In that
sense, mitochondrial dynamic studies were performed with an
indicator of mitochondrial membrane potential such as the
TMRM probe (Fig. 3). It is also apparent that Wnt-5a treatment
determines clear morphological alterations in the mitochon-
dria; in fact, our results indicated that mitochondria suffer mor-
phological alterations after Wnt-5a treatment, which at the
beginning corresponds to mitochondrial fission and later on to
fusion processes. Control mitochondria show normal mor-
phology (Fig. 3A, control neurons and inset). Afterward, this
process continues for 30 min when the mitochondria enter the
fission process (Fig. 3A, 30 min and inset show small mitochon-
dria); many mitochondria recover their normal morphology at
180 min of treatment, whereas others begin the process of
fusion (Fig. 3A, 180 min and inset), and the process continues
until 240 min (Fig. 3A and inset show large mitochondria).
Quantification of this process shows a rapid increase in the
subpopulation of small mitochondria under Wnt-5a stimulus
(Fig. 3B, panel a, white circle). This process was abolished with
sFRP2 (Fig. 3B, panel a, black circle), and canonical ligands such
as Wnt-3 show no activity on mitochondrial dynamics (Fig. 3B,
panel a, black triangle). The number of large mitochondria
increases after 4 h of incubation with the Wnt ligand (Fig. 3B,
panel a, inset). Then, we quantify the large subpopulation of
mitochondria; this population shows a significant increase in
the number of fused mitochondria during stimulation with
Wnt-5a, up to 240 min of stimulation, and this process was not
observed in neurons incubated with the Wnt-3a ligand (Fig. 3B,
panel b). All the processes analyzed with TMRM dye show nor-
mal membrane potential throughout the experiment time (Fig.
3B, panel c). We conclude that Wnt-5a signaling modulates
mitochondrial dynamics, affecting the normal organelle pro-

cesses by mechanisms that probably involve changes in calcium
(see below). Our data provide the first in vivo evidence that the
mitochondrial fission-fusion process occurs without altering
the mitochondrial membrane potential during the whole
experimentation time, and it is stimulated by the presence of
Wnt-5a.

Wnt-5a Activates Wnt/Ca2� Signaling Pathway in Hip-
pocampal Neurons Inducing an Increase in Intracellular and
Mitochondrial Ca2� Levels—Wnt-5a is able to activate nonca-
nonical Wnt signaling pathways in hippocampal neurons (26).
It has been described that Wnt-5a induced an increase in intra-
cellular Ca2� levels, and whether this ligand induces Ca2�

changes in cellular organelles, such as the mitochondria, which
regulates Ca2� levels inside the cell, remains unclear (28).
Therefore, we evaluated cytosolic Ca2� levels using the Fluo3-
AM, a Ca2� probe (Fig. 4A). Addition of Wnt-5a triggered a
significant and rapid increase in cytosolic Ca2� levels, 2-fold
above the basal line at 195 s of incubation with the ligand in the
soma of neurons (Fig 4A, panels a and b, top graph), and 20%
over the control at the level of the neurites (Fig. 4A, panels a and
b, bottom graph). To evaluate whether these changes in Ca2�

levels induced by Wnt-5a also alter mitochondrial Ca2� levels,
we loaded neurons with Rhod2-AM, a cell permeant labeled
Ca2� indicator (Fig. 4B, panel a, shows neurites at basal time
and after 550 s of stimulus). After Wnt-5a stimulation, neuronal
neurites showed a significant increase of around 2.5-fold over
the control in mitochondrial Ca2� levels at 300 s of stimulus
(Fig. 4B, panel b). Wnt-5a activity on neuritic calcium was also
evaluated in the presence of sFRP2, and this treatment abol-
ished the Wnt-5a-dependent effects over mitochondrial cal-
cium levels (Fig 4B, panels b and c, gray circle). To further con-
firm whether mitochondrial Ca2� changes induced by Wnt-5a
are related to the fission events described above for this ligand,
we evaluated mitochondrial fission in live cell experiments in
hippocampal neurons loaded with Rhod2-AM. After a basal
line (120 s), where long mitochondria were observed in binary
color (Fig. 4C, one white arrow and yellow arrow), the neurons
were stimulated with Wnt-5a, and fission events were observed
in several points along neurites (see 240 –360-480 up to 600 s)
(Fig. 4C, see arrows). Interestingly, these mitochondrial mor-
phological changes (Fig. 4C, white arrow) were associated with
an increase in Ca2� levels as observed in the yellow spots (imag-
ing in pseudo color) (Fig. 4C, yellow arrow), where mitochon-
dria demonstrated fission processes in response to Wnt-5a.
These changes in Ca2� homeostasis suggest that Ca2� is likely
to be functionally important in the control of mitochondrial
dynamics specifically in hippocampal neurons in a Wnt-5a-de-
pendent manner.

Wnt-5a Induces Drp1 Translocation to the Mitochondria in
Hippocampal Neurons—Mammalian dynamin-related protein
1 (Drp1) is a GTPase that plays a key role in regulating mito-
chondrial fission. This protein is regulated by post-translational
modifications, such as phosphorylation on Ser-616 and Ser-
637. These modifications lead to the activation of Drp1, and its
translocation from the cytosol to the mitochondria, to induce
fission events (38, 39, 42, 58). The phosphorylation on Ser-637
inhibits Drp1 GTPase activity and mitochondrial fission (6, 68),
and dephosphorylation of this residue by calcineurin promotes
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Drp1 translocation to the mitochondria and mitochondrial fis-
sion (13). To evaluate whether Wnt-5a modulates Drp1 activi-
ties, we analyzed both phosphorylation and translocation to the
mitochondria in response to Wnt-5a treatment. Hippocampal
neurons were stained with MitoTracker-Orange to detect
mitochondria and immunostained with a specific antibody
against total Drp1. The resulting micrographs show represent-
ative neurites in a time course of Drp1 mitochondria associa-
tion until 120 min of stimulus (Fig. 5A, panel a, magnification in

square). The Drp1 overlapping with mitochondria was ana-
lyzed using Mander’s coefficient (40, 41) and indicates that
Wnt-5a induces a significant increase in Drp1 translocation at
15 min and until 60 min (Fig. 5A, panel b). This effect was
correlated with a 50% increase in the phosphorylation of Ser-
616 in Drp1 in response to Wnt-5a treatment neurons at 5–15
min compared with the control (Fig. 5B, panel a, black bar).
When we evaluate the state of phosphorylation of Ser-637 in
Drp1, this phosphorylation significantly decreased, already

FIGURE 3. Wnt-5a induces mitochondrial fission-fusion in hippocampal neurons without changes in mitochondrial membrane potential. A, primary
cultures of rat embryo hippocampal neurons 15 DIV were labeled with TMRM dye to detect mitochondrial membrane potential and treated for 4 h with Wnt-5a;
the representative micrographs are shown in the inset to show morphology of mitochondria. B, quantification of small mitochondria was made in presence of
Wnt-5a (white circle), Wnt-5a plus sFRP (black circle), or Wnt-3a (black triangle) in time course experiments. Inset shows the large population of mitochondria that
appear over time under the stimulus of Wnt-5a (white circle) as compared with the control neurons (gray triangle) (panel a). The graph shows the large
mitochondrial population under the activity of Wnt-5a in a time course experiment (white circle) compared with Wnt-3a (light gray circle) and control neurons
(gray triangle) (panel b). Mitochondrial micrographs were made in the Carl Zeiss LSM confocal microscope. Quantification of mitochondrial membrane
potential was measured with TMRM dye under Wnt-5a stimulus until 240 min at 37 °C (panel c). Results are representative for n � 3– 4 experiments. One-way
ANOVA test, post hoc Bonferroni’s test; *, p 	 0.05.

Wnt-5a Stimulates Mitochondrial Dynamics

DECEMBER 26, 2014 • VOLUME 289 • NUMBER 52 JOURNAL OF BIOLOGICAL CHEMISTRY 36185



20 –25%, after 15 min of stimulation with Wnt-5a and remained
low until 60 min after stimulation with Wnt-5a (Fig. 5B, panel b,
gray bar). Mitochondria are highly dynamic structures, able to
change their morphology in response to different stimulus,
such as Ca2� (35, 42). Our results indicate that Wnt-5a stimu-
lates Wnt/Ca2� signaling, events correlated with phosphoryla-
tion and dephosphorylation on Drp1 to induce or initiate the
phenomenon of mitochondrial dynamics in mature hippocam-
pal neurons.

Activation of the Wnt/Ca2� pathway leads to activation of
various calcium-dependent enzymes as calcium/calmodulin-
dependent protein kinase II (CaMKII), protein kinase C (PKC),
and calcineurin. Previously in our laboratory, we have shown
that Wnt-5a through CaMKII activation was able to induce the
clustering and insertion of GABAA receptor in the post-synap-
tic region (27). Recently, it was shown that activation of the
noncanonical Wnt/PKC pathway induces the formation of
aggregates of mitochondria in HEK cells, but it is unknown

FIGURE 4. Live cell imaging measurement of total intracellular and mitochondrial Ca2� levels in hippocampal neurons in response to Wnt-5a. A,
representative pseudo-color images of total calcium levels measured at the soma (upper micrograph) and dendrites (lower micrograph) of hippocampal
neurons loaded with the Fluo-3 probe, under time-dependent treatment with Wnt-5a (panel a). Graphs show the intracellular Ca2� changes induced by Wnt-5a
in neuronal soma and dendrites (panel b). B, hippocampal neurons were loaded with Rhod-2 probe to measure the levels of mitochondrial Ca2� in dendritic
zone (panel a). Quantification represents an average of total regions of interest of individual dendritic network for mitochondrial calcium (panel b). C, pseudo-
color images obtained from time-lapse experiments in hippocampal neurons loaded with Rhod2-AM. Representative neurite shows mitochondrial dynamics,
a long time after Wnt-5a treatment. White arrows indicate those dividing mitochondria under Wnt-5a stimulus; yellow arrows show mitochondria that present
calcium overload and fission events at the same time, in response to Wnt-5a. Results are the mean � S.E. n � 3 independent experiments, one-way ANOVA test,
post hoc Bonferroni; ***, p 	 0.001.
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whether this pathway can regulate the activation of Drp1
through its phosphorylation. To test whether the effects
observed with Wnt-5a are specific and carried out through acti-
vation of these enzymes, hippocampal neurons were incubated
in the presence of sFRP2 (Fig. 5C, panel a), the calcineurin
inhibitor FK506 (Fig 5C, panel b), or the specific inhibitor for
PKC-dependent Ca2�, Gö6976 (Fig. 5C, panel c); subsequently,

we evaluated the phosphorylation levels of Ser-616 and Ser-637
of Drp1. Hippocampal neurons were incubated with Wnt-5a
previously co-incubated for 30 min with sFRP2 (1 �g/ml). The
levels of Ser-616 of Drp1 were significantly reduced in the pres-
ence of sFRP2 and reached basal levels when they were incu-
bated with Wnt-5a/sFRP2, indicating that the increased phos-
phorylation of Ser-616 Drp1 is a specific effect of the ligand

FIGURE 5. Wnt-5a induces changes in the phosphorylation state of Drp1 protein in hippocampal neurons. A, confocal images show representative
neurites from 15 DIV hippocampal neurons loaded with Mitotracker Orange (red) and that co-localized with Drp1 protein (green) from time course treatment
with Wnt-5a (panel a), measured by Mander’s coefficient (panel b). B, hippocampal neurons were treated until 120 min with Wnt-5a, and total p-Drp levels in
Ser-616 (black bar) and Ser-637(gray bar) epitopes were detected by Western blot (panel a and graph in panel b). C, hippocampal neurons were co-incubated
with Wnt-5a and sFRP2 by 30 min (panel a) or preincubated with the FK506 calcineurin inhibitors (panel b) and PKC inhibitors Gö6976 (panel c) by 30 min, and
then the neurons were stimulated with Wnt-5a ligand by others for 30 min. The total and p-Drp1 levels (Ser-616 and Ser-637) and pPKC levels were detected
by Western blot. The results were normalized to total Drp1 and loading control GAPDH. Representative blots show p-Drp1 (Ser-616) followed by Wnt-5a
stimulation, p-Drp-1 (Ser-637) in hippocampal neurons stimulated with Wnt-5a, p-Drp1 (Ser-616) followed by Wnt-5a plus sFRP2 treatment, p-Drp1 (Ser-637)
followed by Wnt-5a plus FK506 treatment, and p-Drp1 (Ser-616) followed by Wnt-5a plus Gö6976 treatment are shown. Results are the mean � S.E. n � 3
independent experiments, analyzed with Student’s t test; *, p 	 0.05.
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Wnt-5a (Fig. 5C, panel a, see blot and graph). Previously, we
determined that Wnt-5a ligand generated increased nitric
oxide (NO) levels in hippocampal neurons (43), which were
decreased to below basal levels of the control in the presence of
calcineurin inhibitor FK506 (49); this phosphatase activates
neuronal NOS through its dephosphorylation and induces the
production of NO. To assess whether calcineurin activates
Drp1 through its dephosphorylation at Ser-637, we analyzed
the levels of phosphorylation of this residue in the presence of
FK506. Neurons were preincubated for 30 min with 2.5 �M

FK506 and then stimulated with Wnt-5a. The levels of Drp1
Ser-637 were significantly higher than those observed in the
presence of the Wnt-5a ligand, indicating that activation of
Drp1 at Ser-637 would be mediated by activation of calcineurin
as one of the effects of Wnt-5a (Fig. 5C, panel b, see blot and
graph). Subsequently, we assessed whether Ser-616 Drp1 acti-
vation would be regulated by the PKC signaling pathway; there-
fore, neurons were preincubated for 30 min with the specific
inhibitor of the PKC-dependent Ca2�, 200 nM Gö6976, and
then were stimulated with Wnt-5a. The data indicate that in the
presence of Gö6976, the levels of Drp1 Ser-616 were signifi-
cantly decreased to baseline control levels, indicating that acti-
vation of Drp1 Ser-616 was induced by Wnt-5a, and it would be
regulated by the activation of the PKC signaling pathway by
Wnt-5a (Fig. 5B, panel c: see blot and graph).

Wnt-5a Signaling Increases Mitochondrial Fission Events in
the Hippocampal CA1 Region—The mitochondria play an
important role in maintaining synaptic function through their
ability to regulate synaptic Ca2� levels and the energy demand
required for this process (44, 45). For this reason, mitochon-
drial position at the synapse and its trafficking to both pre- and
postsynaptic regions are essential for its optimal function at the
synapses (46, 47). To determine whether Wnt-5a-dependent
fission events observed in the mitochondria are related to its
ability to position themselves at the synapse, we performed
electron microscopy analysis of the hippocampal CA1 region of
the rat brains to detect whether morphological changes agree
with fission events in a highly metabolic area and examined the
presence and number of mitochondria at the pre- and postsyn-
aptic regions (Fig. 6A, representative micrographs of CA1
region). Time course stimulation of hippocampal slices of the
CA1 region with Wnt-5a induced a significant increase (�45%)
in the number of mitochondria present in the presynaptic ter-
minal at 60 min of treatment (Fig. 6B, panel a). In addition, the
number of mitochondria at the post-synaptic region presents a
6-fold increase at 60 min and a 3-fold increase at 120 min of
incubation as compared with slide control (Fig. 6B, panel b).
These changes are correlated with a decrease in mitochondrial
area at these time points with Wnt-5a treatment in the postsyn-
aptic terminal and suggest that the change in mitochondrial

FIGURE 6. Wnt-5a induces mitochondrial dynamics on CA1 region of the hippocampus of rat brain. A, micrographs from electron microscopy show
representative slices of CA1 region of hippocampus treated with Wnt-5a in a time course experiment (M, mitochondria) (panel a). B, number of mitochondria
in pre- (panel b) and postsynaptic terminals (panel c), respectively, was quantified in response to Wnt-5a treatment; the area of mitochondria from the
postsynaptic terminals was measured (panel d), and the percentage of post-synaptic zones containing mitochondria after Wnt-5a stimulus was quantified and
compared with baseline (panel e). Quantitative analysis was performed with n � 3, one-way ANOVA, post hoc Bonferroni; *, p 	 0.05; **, p 	 0.005; ***, 	 0.0005.
Bar, 500 nm.
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morphology could correspond to the fission of mitochondria
(Fig 6B, panel c). Then, we quantified the number of postsyn-
aptic terminals having mitochondria after stimulation with
Wnt-5a, and this percentage of terminals increases to 10% at 60
min when compared with the control without stimulus (Fig. 6B,
panel d). We also evaluated in these hippocampal slices, stim-
ulated with Wnt-5a, the phosphorylation of Ser-616 in Drp1
protein (Fig. 7) using Western blotting. We observed a signifi-
cant increase in this modification at 60 min when slices were
incubated with Wnt-5a, indicating that, at this time point of
treatment, mitochondria are going through fission events (Fig.
7A, panel a). At the same time, preincubation with sFRP2 abol-
ished the Wnt-5a effect over mitochondrial fission, because
p-Drp1(Ser-616) significantly decreases to control levels fol-
lowing co-incubation of Wnt-5a plus sFRP2 (Fig. 7A, panel b).
The noncanonical Wnt/Ca2� signaling cascade induces the
release of Ca2� from the endoplasmic reticulum, which then
induces the activation of CaMKII (Fig. 7B, panel a) (49), which
could be responsible for the phosphorylation of Drp protein,
observed after stimulation with Wnt-5a. Results obtained using
a CaMKII inhibitor, such as KN93, determined a decreased in
Drp1 Ser-616 phosphorylation with respect to control levels

(Fig. 7B, panel b). Under these experimental conditions, we did
not observe neuronal cell death in the treated hippocampal
slices, evaluated using the Hoechst staining (data not shown). It
is well known that mitochondria have differential distributions
in pre- and post-synaptic regions. In fact, mitochondria selec-
tively reside at the presynaptic region for long time periods
rather than at the postsynaptic region (46). Because most of the
synaptic effects described for Wnt-5a are at the postsynaptic
level (26, 28), all the experiments examined show that the num-
ber of postsynaptic regions increase significantly the mitochon-
dria numbers (5-fold over control).

DISCUSSION

Wnt signaling is highly conserved among species and regu-
lates numerous cellular processes, including cell proliferation,
differentiation, cell fate decisions, and migration, all of which
play crucial roles during embryonic development and in the
adult nervous system (1). Wnt signaling also regulates the for-
mation and function of neuronal circuits by controlling neuro-
nal differentiation, axon outgrowth and guidance, dendrite
development, synaptic function, and neuronal plasticity and
may be reactivated or suppressed in aging or disease (48). In

FIGURE 7. Noncanonical Wnt/Ca2� signaling cascade induces the activation of CaMKII. A, CA1 hippocampal slices were treated for until 120 min with
Wnt-5a, and p-Drp1(Ser-616) levels were detected by Western blot and normalized to total Drp1 and to the loading control GAPDH (panel a). Hippocampal
slices were incubated with Wnt-5a and co-incubated with Wnt-5a plus 250 nM sFRP2 for 60 min, as a control of the specificity of Wnt-5a effect over p-Drp1 levels
(panel b). B, pCaMKII was evaluated under Wnt-5a stimulus, and the inhibitor KN93 was used (panel a). Under the same condition, the phosphorylation of
Drp1-Ser-616 was evaluated (panel b). The experiments were made in triplicate. *, p 	 0.05; **, p 	 0.005; ***, 	 0.0005.
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addition, deregulation of Wnt signaling has been associated
with the pathogenesis of several neurodegenerative diseases,
including Alzheimer disease (49, 50). Here, we describe that a
noncanonical Wnt pathway activated by Wnt-5a controls mito-
chondrial dynamics in cultured hippocampal neurons and the
CA1 region in the adult rat brain. The first studies were directed
to determine the population of neurons exhibiting a change in
the dynamics of mitochondria, positioning or movement of
mitochondria within the different compartments of the neu-
rons. These changes are essential to preserve the proper mor-
phology and functioning of neurons. Mitochondria recruit-
ment is critical for subcellular compartment exchange, control
of shape, number, and movements of mitochondria to delivery
from the site of biogenesis to the sites where energy is in high
demand (11). In the brain, neuronal mitochondria supply copi-
ous amounts of ATP and modulate Ca2� homeostasis, neces-
sary for controlling neurotransmitter release, neurogenesis,
and neuronal plasticity. In addition, mitochondria provide the
tricarboxylic acid intermediates that serve as an intermediate
for the synthesis of GABA and glutamate neurotransmitters
(51). Neurons are sensitive to changes in mitochondrial dynam-
ics, due to higher energy demand required to maintain optimal
synaptic neurotransmission by generating adequate amounts of
ATP and buffering Ca2� (52).

Mitochondria are dynamic organelles specially in neurons
that are continuously moving, fusing, and dividing in response
cellular demands, and evidence suggests that the balance
between the rates of fission and fusion contributes to mito-
chondrial morphology, quality control in mDNA content,
influence in neuronal survival, response to stress, and death
while maintaining calcium mitochondrial homeostasis (52, 53).
Mitochondrial shape and function and cellular homeostasis is
regulated by the balance between fission and fusion events in
the neurons (54). The complexity of cellular signaling pathways
involved in this process is under constant study. Several signal-
ing pathways that regulate intracellular calcium levels are
involved in regulating the mobility of different pools of mito-
chondria; the motility of mitochondria is mediated by kinesin in
a calcium-dependent manner (55), and mitochondrial Rho
GTPase (Miro1) is a calcium sensor for localization of mito-
chondria at synapses (56, 57), including its relationship with
PINK1 and Parkin to arrest mitochondrial motility (58).

This work shows that the noncanonical Wnt/Ca2� signaling
pathway through Wnt-5a induces an increase in mitochondrial
dynamics in both fission and fusion processes and motility
especially at the post-synaptic region. These changes were cor-
related with an increase in Ca2� levels in those mitochondria
that present fission events, without producing deleterious
effects or apoptosis in neurons, as had been previously
described for this process (59). The increase in mitochondrial
Ca2� induced by Wnt-5a and the consequent fission of those
mitochondria could be physiologically relevant in neurons,
because it has been described that the traffic and movement of
mitochondria are modulated by Ca2�-mediated changes inside
neurons, through reduction of the mobility of mitochondria
that produce a redistribution of this organelle to the synapses
(56). Although most measurements were conducted in cultured
cells, our data also show that mitochondrial size is relevant for

this positioning especially at the post-synaptic region, as was
shown in experiments in the CA1 region of the hippocampus
treated with Wnt-5a and analyzed with electron microscopy,
where we showed an increase in the number of mitochondria
into dendritic spines, indicating that the pathway also functions
in vivo. These morphological changes of mitochondria, related
to fission processes, have been attributed to the phosphoryla-
tion of the fission protein Drp1 by CaMKI� (42, 61). Interest-
ingly, there are several downstream proteins from the Wnt-5a
signaling that could also be mediating the fission events
through phosphorylation of Drp1, such as, CaMKII, protein
kinase C (PKC), and calcineurin (61, 62).

The mammalian Drp1 protein plays a key role in regulating
mitochondrial fission and shifts the balance between opposing
processes that occur rapidly, indicating that modifications of
these proteins may regulate mitochondrial membrane dynam-
ics. Drp1 undergoes a number of steps to mediate mitochon-
drial fission, including translocation from the cytoplasm to the
mitochondrial outer membrane, higher -order assembly into
spirals, GTP hydrolysis associated with a conformational
change and membrane deformation, and ultimately disassem-
bly (63, 64). All these features suggested that an increased mito-
chondrial fission rate is required for the specific function of
synapses or neuronal plasticity. Determination of protein levels
of Drp1in mature neurons compared with immature neurons
indicated an increase in the levels of the fission protein (46);
moreover, overexpression of Drp1 produces an increase of den-
dritic spines (18). A molecular link between Drp1 and cell death
was first suggested by the fact that Drp1-containing fission foci
also contain pro-apoptotic members of the Bcl-2 family, such as
BAK and BAX protein (64). In fact, mitochondrial fission is
necessary for the execution of apoptosis. Indeed, suppression of
Drp1 activity reduces mitochondrial fission and inhibits mito-
chondrial translocation of BAX, which is essential for the exe-
cution of apoptosis. Conversely, the priming of mitochondrial
fragmentation by Drp1 overexpression augments the extent of
apoptosis (66). However, dephosphorylation of Drp1 in Ser-637
has been shown to promote translocation of the cytosolic Drp1
to mitochondria and the concurrent fission events (62). In our
experiments, mitochondrial dynamics begin with a fission
process, produced by Drp1 phosphorylation in Ser-616, fol-
lowed by Drp1 phosphorylation at Ser-637, which generates
changes in mitochondrial morphology, to finally activate mito-
chondrial fusion under Wnt-5a stimulation. Throughout this
dynamic process, neurons did not present apoptotic nuclei dur-
ing the exposure time with the Wnt-5a ligand.

Over the last few years, compelling evidence has accumu-
lated highlighting the relevance of the Wnt/Ca2� pathway in
several neuronal processes (2). In the Wnt/Ca2� pathway,
Wnt-5a can activate both PKC and CaMKII through the release
of intracellular Ca2� from internal stores (11, 28). Considering
that the endoplasmic reticulum is the main cellular Ca2�

reserve, the observed increase in Ca2� release triggered in the
cell soma and dendrites suggests that Ca2� certainly comes
from the endoplasmic reticulum. In fact, it must be considered
that Wnt-5a induces endoplasmic reticulum-Ca2� efflux
through the inositol triphosphate receptor and ryanodine
receptors. The abolishment of mitochondrial dynamics achieved
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by the use of endoplasmic reticulum and Ca2�-specific inhibi-
tors, directed against inositol triphosphate receptor and ryano-
dine receptor in the presence of Wnt-5a (67), offers further
support to the notion that the endoplasmic reticulum-related
Ca2� release is dependent on downstream Wnt-5a/Ca2� sig-
naling. Our result through live cell imaging indicates that the
division and further fusion of mitochondria along neuronal
projections is strictly associated with the endoplasmic reticu-
lum in the presence of Wnt-5a. These finding are consistent
with the idea that mitochondrial fission-fusion is an endoplas-
mic reticulum-regulated mechanism, which could be modu-
lated through extracellular signals such as the Wnt-5a ligand.

Neurons are highly dependent on mitochondrial function for
their normal energy supply. The migration and positioning of

mitochondria in neurons facilitates energy distribution
throughout neuronal projections and to sites of high energy
demand such as the synapses (36, 68). This is crucial to main-
tain optimal cellular bioenergetics. During development, the
formation of dendritic and axon branching provides basal traf-
ficking into dendrites and axons independent of synaptic activ-
ity. However, the number of mitochondria present in the den-
drites is increased by synaptic activity (36, 60, 65). Our results
indicate that Wnt-5a can induce and/or regulate the remodel-
ing of the postsynaptic region, as shown by our electron micros-
copy analysis. Our previous study indicates that Wnt-5a
induces and increases the number of synaptic terminals, specif-
ically at the postsynaptic region (26, 28). Therefore, our results
provide new insights into Wnt signaling mechanisms in mature

FIGURE 8. Wnt-5a ligand activates Wnt/Ca2� pathway and induces mitochondrial dynamics in post-synaptic regions. The synaptic architecture of the
post-synaptic region is important for synaptic transmission; remodeling modifications and signaling pathways are fundamental for synaptic transmission and
plasticity, and therefore the synaptic processes require an amount of energy. A, activation of the noncanonical Wnt signaling pathway through Wnt-5a ligand
results in the release of intracellular calcium with the consequent activation of kinases (CaMKII and PKC) and phosphatases (calcineurin), calcium-dependent,
followed by the modulation (phosphorylation-dephosphorylation steps) of Drp-1 protein and its accumulation on mitochondria, initiating the processes of
mitochondrial fission and mobilization to sites of energy demand. B, increased mitochondrial dynamics involve fission-fusion process and mobilization of
mitochondria to the dendritic spines in the post-synaptic region. The normal function of mitochondria ensure adequate energy levels for different cell
processes, such as postsynaptic transduction. Wnt-5a has proven to be able to activate the Wnt/Ca2� pathway in the post-synaptic terminals of the CA1 region
in rat hippocampus, and this activation appears now to be linked with an increased mitochondrial fission event plus the mobilization of small mitochondria to
the required dendritic spine sites.
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neurons and are the first to identify an additional pathway
involved in the movements of mitochondria within the neurons
and mitochondrial dynamics process. Future work in this field
will eventually allow us to develop novel therapeutic agents that
preserve mitochondrial dynamic function and may be useful for
the treatment of neurodegenerative disease in which mito-
chondrial function is severely compromised.

In conclusion, our studies indicate that Wnt-5a induces a
significant increase of the numbers of mitochondria in the post-
synaptic region. These results indicate that Wnt/Ca2� signaling
activation through Wnt-5a induces an increase in total calcium
into the neuron followed by an increase in mitochondrial cal-
cium, with a concomitant phosphorylation and dephosphory-
lation of Drp1 protein, which initiates the movement of fission
mitochondria toward the postsynaptic region (Fig. 8).
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