10766 • The Journal of Neuroscience, October 15, 2008 • 28(42):10766 –10771

Brief Communications

Exercise-Induced Synaptogenesis in the Hippocampus Is
Dependent on UCP2-Regulated Mitochondrial Adaptation
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Mitochondria are essential organelles in neurons providing appropriate energetic needs to maintain resting and action potentials as well
as to modulate synaptic plasticity. Although neuronal events underlie various behavioral events, the behavior itself, such as voluntary
exercise, feeds back to affect neuronal morphology and function as well as glial morphology and function. The hippocampal formation is
a main site of synaptic plasticity induced by voluntary exercise. Here we show that voluntary exercise induces uncoupling protein 2
(UCP2) mRNA expression and mitochondrial oxygen consumption in coupled as well as uncoupled respiratory states in the hippocampus. These changes in mitochondrial metabolism coincided with an increase in mitochondrial number and dendritic spine synapses in
granule cells of the dentate gyrus and the stratum radiatum of the CA1 region and were dependent on UCP2 expression, because in UCP2
knock-out mice such changes were not observed. Together, these observations reveal that a mitochondrial mechanism related to UCP2
function is essential for appropriate bioenergetic adaptation of neurons to increased neuronal activity and synaptic plasticity in response
to exercise.
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Introduction
Exercise is a behavioral intervention widely known to promote
brain plasticity (Cotman and Berchtold, 2002). Regular exercise
in rodents promotes hippocampal plasticity, increasing neurogenesis (van Praag et al., 1999a), long-term potentiation (van
Praag et al., 1999b), and angiogenesis (Lopez-Lopez et al., 2004).
These effects are coupled to mechanisms that increase energy
demand in this brain area. Indeed, exercise enhances glucose
uptake (Lopez-Lopez et al., 2004). These mechanisms must be
coupled to oxidative energy transformation, dependent on mitochondrial respiration and the supply of energy substrates.
Uncoupling proteins (UCPs) are involved in mitochondrial
processes and were first described as regulators of heat production in peripheral brown adipose tissue. One of these mitochondrial proteins, UCP2, is found in the CNS and has been implicated in various neuronal mechanisms (Andrews et al., 2005a).
We and others have shown that UCP2 is involved in neuroprotection in mice models of Parkinson’s disease (Andrews et al.,
2005b; Conti et al., 2005), epilepsy (Diano et al., 2003), and stroke
(Mattiasson et al., 2003) as well as in normal functioning of the
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nigrostriatal dopamine system (Andrews et al., 2006) and the
arcuate nucleus melanocortin system (Coppola et al., 2007; Andrews et al., 2008). Induction of UCP2 expression in the brain by
cellular stress increases the overall production of ATP, perhaps as
a result of stimulation of mitochondrial proliferation, while decreasing superoxide production and associated damage (Bechmann et al., 2002; Diano et al., 2003, Andrews et al., 2005b, 2008).
Despite the important role that the mitochondria play in neuronal functions, there is a paucity of information regarding the
potential direct role of this organelle in neuronal function and
plasticity in the adult brain. An elegant study by Li et al. (2004)
provided in vitro evidence that there is a dynamic mitochondrial
response to neuronal activation and that this process is associated
with synaptic plasticity, especially synaptogenesis and spine formation. The objective of our present study was to reveal whether
there may be an in vivo correlate of such a mitochondrial process
and, if so, whether this mechanism may be regulated by UCP2.
We studied exercise-induced changes in the hippocampus in
wild-type (UCP2wt) and UCP2 knock-out (UCP2ko) animals.

Materials and Methods
Animals. Adult (3– 4 months old) male and female mice were used in this
study. UCP2ko mice were generated as described previously (Zhang et
al., 2001) and were kindly provided by Dr. Bradford Lowell (Beth Israel
Deaconess Medical Center and Harvard Medical School, Boston, MA).
Mice were maintained in a 12 h light/dark cycle with water and food
provided ad libitum, housed in rat cages (to accommodate the running
wheel; n ⫽ 4 per cage) equipped with a freely running wheel for 4 weeks.
Sedentary (sed) controls were also maintained in rat cages but without
the running wheel. Ten animals were analyzed for each readout. All
procedures were approved by the Institutional Animal Care and Use
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Committee of Yale University. Wheel running activity was monitored at
random times during the dark and light cycle.
Semiquantitative reverse transcription-PCR. Frozen hippocampus tissue was thawed into Trizol. RNA and cDNA were prepared as described
previously (Diano et al., 2003). Reverse transcription-PCR was performed as described previously (Horvath et al., 2003) using primers for
UCP2 (forward, 5⬘-CTACAAGACCATTGCACGAGAGG-3⬘; reverse,
5⬘-AGCTGCTCATAGGTGACAAACAT-3⬘), UCP4 (forward, 5⬘-GTGAAGGTCCAGATGCAAATG-3⬘; reverse, 5⬘-CATTCTCAGCCACGAGGG-3⬘), and UCP5 (forward, 5⬘-TGGGGTAGTGTCAGGAGTGATTTC-3⬘; reverse, 5⬘-AATGATGTTCCAGGGTCCAAGTC-3⬘).
Specificity of amplification was confirmed by sequencing bands from test
reactions. Amplification threshold values were measured, and endpoint
reaction samples were run on 1% agarose gels in ethidium bromide to
confirm the size and intensity of bands detected. UCP1 and UCP3 mRNAs were not assessed, because these transcripts have not been found in
the brain (Andrews et al., 2005a).
Mitochondrial isolation and respiration measurements. The hippocampus was rapidly dissected and homogenized in the isolation
buffer (215 mM mannitol, 75 mM sucrose, 0.1% fatty acid-free BSA, 20
mM HEPES, and 1 mM EGTA, pH adjusted to 7.2 with KOH). The
homogenate was spun at 1300 ⫻ g for 3 min, the supernatant was
removed, and the pellet was resuspended with isolation buffer and
spun again at 1300 ⫻ g for 3 min. The two sets of supernatants from
each sample were topped off with isolation buffer and spun at
13,000 ⫻ g for 10 min. The supernatant was discarded, and the step
was repeated. After this second spin at 13,000 ⫻ g, the supernatant
was discarded, and the pellets were resuspended with isolation buffer
without EGTA and spun at 10,000 ⫻ g for 10 min. The final synaptosomal pellet was resuspended with 50 l of isolation buffer without
EGTA. Protein concentrations were determined with a BCA protein
assay kit (Pierce). Mitochondrial respirations were assessed using a
Clark-type oxygen electrode (Hansatech Instruments) at 37°C with
pyruvate and malate (5 and 2.5 mM) as oxidative substrates in respiration buffer (215 mM mannitol, 75 mM sucrose, 0.1% fatty acid-free
BSA, 20 mM HEPES, 2 mM MgCl, and 2.5 mM KH2PO4, pH adjusted to
7.2 with KOH). With the addition of oligomycin, uncoupled proton
conductance was measured. Total respiration capacity was also measured after the addition of the photonophore carbonyl cyanide
4-(trifluoromethoxy) phenylhydrazone (FCCP). For analysis of ADPdependent, coupled respiration, ADP was added after the addition of
oxidative substrates.
Electron microscopy. Vibratome sections (50 m thick) were cut from
blocks of tissue containing the hippocampus and washed in 0.1 M phosphate buffer (PB). Sections were osmicated (15 min in 1% osmium tetroxide in PB) and dehydrated in increasing ethanol concentrations. During the dehydration, 1% uranyl acetate was added to the 70% ethanol to
enhance ultrastructural membrane contrast. Dehydration was followed
by flat embedding in Araldite. Ultrathin sections were cut on a Leica ultra
microtome, collected on Formvar-coated single-slot grids, and analyzed
with a Tecnai 12 Biotwin (FEI) electron microscope.
Quantitative synaptology and counting of mitochondria. The analysis of
synapse number was performed in an unbiased manner (Pinto et al.,
2004; Horvath and Gao, 2005; Diano et al., 2006) and is presented as
number of synapses per cubic micrometer of tissue.
Mitochondrial number was determined using the optical dissector
method on electron micrographs (Diano et al., 2003; Coppola et al.,
2007). Sections to be sampled were randomly selected, and smaller grid
areas (100 m 2) were chosen from within each section in a similar systematic random manner. Within each area, an optical section was established between the surfaces of the tissue section, thus creating a threedimensional sampling area of known dimensions. All mitochondrial
planes within this area were counted, provided that they did not cross
three of the borders of the sampling boxes considered as exclusionary
borders. The counts obtained from these sampling boxes were determined and represent the number of mitochondria per unit volume of the
structure of interest.
Statistical analysis. An F test analysis revealed a significant nonhomogeneity of variances between groups. The Kruskal–Wallis one-way non-
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Figure 1. Mitochondrial respiration in sedentary (n ⫽ 10 of each genotype) and exercised
(n ⫽ 10 of each genotype) UCP2wt and UCP2ko mice. a, State 2 respiration after addition of
palmitate/malate in the respiration buffer. b, State 3 respiration induced by ADP. c, State 4,
representing respiration after addition of oligomycin, an H ⫹-transporting ATP synthase inhibitor. d, FFA-induced mitochondrial respiration. e, Total uncoupling activity after addition of
FCCP. In the histograms, the y-axis units are nanomoles of O2 per minute per milligram of
protein. *p ⬍ 0.05; **p ⬍ 0.01. Error bars represent SEM.
parametric ANOVA was selected for multiple statistical comparisons.
The Mann–Whitney U test was used to determine significance of differences between groups. p ⬍ 0.05 was considered statistically significant.

Results
Exercise-induced hippocampal mitochondrial respiration is
dependent on UCP2
We first explored whether voluntary exercise in mice, which
induces hippocampal cell activation (Czurkó et al., 1999),
could promote mitochondrial adaptation. First we determined that exercise induces increased UCP2 gene expression
in wild-type mouse hippocampus (120 ⫾ 10% compared with
sedentary values; p ⬍ 0.05). No changes were observed in
UCP4 (93 ⫾ 5%) or UCP5 (91 ⫾ 12%) mRNA expressions,
and no effect was detected on either UCP4 or UCP5 gene
expression in UCP2ko animals (data not shown). When UCP2
expression was analyzed in a gene trap knock-out line in which
LacZ is inserted in the UCP2 gene (Horvath et al., 2002), we
observed the most dense ␤-galactosidase-labeled nuclei in the
granule layer of the dentate gyrus (DG), whereas few labeled
cells could also be found in the pyramidal layer of the CA3 and
CA1 regions (data not shown).
Next we studied the effects of exercise on mitochondrial
respiration of wild-type and UCP2 knock-out mice. Voluntary
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Figure 2. Mitochondrial number in the cell body of neurons from the dentate gyrus and CA1 of sedentary (n ⫽ 10 of each genotype) and exercised (n ⫽ 10 of each genotype) UCP2wt and UCP2ko
mice. Top, Representative electron microscopic images of neuronal cell bodies with mitochondria marked in red. Bottom left, Histogram representing a quantitative analysis of mitochondrial number
in cell bodies of CA1 pyramidal neurons. Bottom right, Histogram representing mitochondrial number in DG neurons. Scale bars, 1 m. *p ⬍ 0.05; **p ⬍ 0.01. Error bars represent SEM.

exercise, which was not significantly different ( p ⬎ 0.05) between wild-type (3487 ⫾ 246 m/d; mean ⫾ SEM) and UCP2
knock-out mice (3195 ⫾ 176 m/d; mean ⫾ SEM), induced
elevations in oxygen consumption in all states of mitochondrial respiration in wild-type but not in knock-out mice (Fig.
1): state 2 [UCP2wt: sed, 34.46 ⫾ 2.13; exercised (exe),
47.38 ⫾ 2.64; UCP2ko: sed, 38.24 ⫾ 2.55; exe, 36.25 ⫾ 5.13
nmol O2 䡠 min ⫺1 䡠 mg ⫺1 protein], state 3 (mitochondrial respiration coupled to ATP production; UCP2wt: sed, 179.31 ⫾
5.52; exe, 219.32 ⫾ 11.03; UCP2ko: sed, 185.18 ⫾ 5.25; exe,
183.05 ⫾ 10.77 nmol O2 䡠 min ⫺1 䡠 mg ⫺1 protein), state 4 (base
uncoupled respiration; UCP2wt: sed, 32.59 ⫾ 2.31; exe,
45.02 ⫾ 2.77; UCP2ko: sed, 30.95 ⫾ 2.40; exe, 34.11 ⫾ 2.25
nmol O2 䡠 min ⫺1 䡠 mg ⫺1 protein), free-fat acid (FFA)-induced
uncoupled respiration (UCP2wt: sed, 216.43 ⫾ 8.80; exe,
264.14 ⫾ 13.31; UCP2ko: sed, 213.15 ⫾ 9.71; exe, 220.71 ⫾
14.05 nmol O2 䡠 min ⫺1 䡠 mg ⫺1 protein), and FCCP-induced
oxygen consumption (UCP2wt: sed, 257.41 ⫾ 13.46; exe,

346.78 ⫾ 30.15; UCP2ko: sed, 250.91 ⫾ 13.06; exe, 279.94 ⫾
20.86 nmol O2 䡠 min ⫺1 䡠 mg ⫺1 protein).
Exercise increases cell body mitochondrial number in
hippocampal neurons dependent on UCP2
Because we determined that exercise increases mitochondrial
respiration and was dependent on UCP2, we further explored
whether exercise could alter mitochondria number. Compared with sedentary controls, 4 weeks of voluntary exercise
increased the number of cell body mitochondria in neurons of
the CA1 region by 67% (sedentary, 0.29 ⫾ 0.03; exercise
0.49 ⫾ 0.05 mitochondria/m 2 cytoplasm area; p ⬍ 0.001)
and of the DG by 99% (sedentary, 0.29 ⫾ 0.03; exercise, 0.57 ⫾
0.06 mitochondrion/m 2 cytoplasm area; p ⬍ 0.001) in
UCP2wt mice (Fig. 2). As seen with mitochondrial respiration,
exercise did not increase the number of mitochondria in the
hippocampal cell bodies of UCP2ko mice either in the CA1
region (sedentary, 0.39 ⫾ 0.03; exercise, 0.45 ⫾ 0.04 mito-
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Figure 3. Spine synapse counts of neurons from the dentate gyrus and CA1 of sedentary (n ⫽ 10 of each genotype) and exercised (n ⫽ 10 of each genotype) UCP2wt and UCP2ko mice. Top,
Representative electron microscopic images of spine synapses marked in blue. Bottom left, Histogram representing a quantitative analysis of spine synapse number in CA1 pyramidal neurons.
Bottom right, Histogram representing spine synapse number in DG neurons. Scale bars, 1 m. *p ⬍ 0.05; **p ⬍ 0.01. Error bars represent SEM.

chondria/m 2 cytoplasm area; p ⬎ 0.05) or in the DG (sedentary, 0.40 ⫾ 0.04; exercise, 0.44 ⫾ 0.05 mitochondria/m 2
cytoplasm area; p ⬎ 0.05) (Fig. 2). Interestingly, in sedentary
animals, the number of mitochondria in these neuronal populations was higher in UCP2ko mice than in UCP2wt mice
(CA1: 135.24 ⫾ 6.64%, p ⬍ 0.05; DG: 139.43 ⫾ 10.98, p ⬍
0.05). Note that the respiration measurements were analyzed
from synaptosomal preparations, which contain high level of
mitochondria from axon terminals. We suggest that similar to
our recent findings in specific hypothalamic neuronal populations (Andrews et al., 2008), UCP2-mediated increase in
mitochondria number is present in both the perikarya and
axon terminals.
Exercise-induced hippocampal synaptogenesis is coupled to
UCP2 expression
Because exercise has been proposed to induce synaptic plasticity
(Cotman and Berchtold, 2002), we also assessed the number of
spine synapses on dendritic spines of granule cells in the DG and

pyramidal cells of the stratum radiatum of the CA1 region in
UCP2wt and UCP2ko mice (Fig. 3). Exercise increased the number of synapses in UCP2wt mice in both the CA1 [121.25 ⫾
5.44% (sed, 1.66 ⫾ 0.09; exe, 2.10 ⫾ 0.11 spine synapses/m 3);
p ⬍ 0.05] and DG [144.08 ⫾ 8.53% (sed, 1.10 ⫾ 0.11; exe, 1.59 ⫾
0.14 spine synapses/m 3); p ⬍ 0.01]. UCP2ko mice, after exercise, presented a paradoxical response with a decreased number
of synapses in the CA1 [68.70 ⫾ 3.63% (sed, 2.04 ⫾ 0.15; exe,
1.40 ⫾ 0.05 spine synapses/m 3); p ⬍ 0.001] and DG [75.63 ⫾
7.51% (sed, 1.73 ⫾ 0.17; exe, 1.31 ⫾ 0.10 spine synapses/m 3);
p ⬍ 0.05]. Similar to the results on mitochondria number, sedentary UCP2ko showed a higher number of synapses than sedentary UCP2wt mice (CA1: 122.87 ⫾ 7.59%, p ⬍ 0.05; DG:
156.58 ⫾ 9.99%, p ⬍ 0.001).

Discussion
This study revealed that voluntary exercise in mice increases
mitochondrial respiration, mitochondria number, and spine
synapse density in the dentate gyrus and the CA1 region of the
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hippocampus, all of which are dependent on UCP2. In addition, UCP2ko mice manifested decrease in the number of synapses in both the CA1 and DG neurons in response to voluntary exercise, emphasizing the critical role for this
mitochondrial protein in bioenergetic adaptation of neurons
to increased cellular activity.
In certain species, the brain is responsible for ⬃10% of the
total energy expenditure, whereas in humans this value rises to
20%. The brain is a tissue with high metabolic rate; it has been
shown that ⬃90% of all of the brain’s energy is used to maintain basal neuronal resting and action potentials (Attwell and
Laughlin, 2001). Thus, slight increases in overall neuronal activity can generate a great increase in brain energy consumption. Physical exercise in rodents increases neuronal activity in
the hippocampus (Czurkó et al., 1999). This occurs with a
concomitant increase in the mechanisms of energy supply and
energy usage by neurons and glial cells. Some authors have
shown that exercise increases angiogenesis, an important
mechanism by which tissue can be better supplied with nutrients and thus increase the metabolic capacity (Lopez-Lopez et
al., 2004). Also, exercise-induced increases in mitochondrial
activity and number have been described in muscle, an important adaptation to the high metabolic demand placed on this
tissue during physical exercise (Irrcher et al., 2003). Our results showed similar mechanisms in hippocampal neurons
with exercise inducing mitochondrial respiration and number, which in turn is likely to contribute to an overall increase
in ATP production (Diano et al., 2003; Andrews et al., 2005a).
Our data reinforce the role of uncoupling proteins in promoting brain plasticity and their participation in physiological
and pathological adaptations of the brain. Moreover, because
exercise protects the brain against a myriad of injuries, and
because of our finding that exercise-induced both mitochondrial and synaptic plasticity were dependent on UCP2 expression, these data can be taken together with previously published findings to strengthen the assertion that UCP2 is
important in neuroprotection (Bechmann et al., 2002; Diano
et al., 2003; Mattiasson et al., 2003; Andrews et al., 2005b).
Indeed, these data highlight the role of UCPs as possible new
targets of brain therapies with likely implications for many
brain pathologies that are associated with energy deficits such
as Parkinson’s disease, schizophrenia, epilepsy, Alzheimer’s
disease, and many others.
Interestingly, we showed that in response to exercise, UCP2ko
mice exhibited a decrease in the number of spine synapses on
dendritic terminals of hippocampal neurons. This is consistent
with the possibility that exercise-induced neuronal activation
triggers increased free radical production, a process that is not
counteracted by UCP2 in these transgenic animals (Andrews et
al., 2005a,b, 2008). In absence of appropriate mitochondrial uncoupling, a physiological stimulus such as exercise that normally
promotes positive brain plasticity can, in fact, result in a deleterious effect, perhaps because of increased production of free radicals. UCP2 has been shown to be a radical scavenger (Echtay et
al., 2002; Produit-Zengaffinen et al., 2007; Giardina et al., 2008),
which is one of the likely mechanisms via which UCP2 can exert
a protective effect on cellular and synaptological adaptations to
increased workload on hippocampal neuron triggered by increased voluntary exercise.
Together, our results reveal a new mechanism of exerciseinduced brain plasticity through a mitochondria-dependent
pathway related to the expression of UCP2.
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