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Abstract Alterations in mitochondrial bioenergetics have

been associated with brain aging. In order to evaluate the

susceptibility of brain cortex synaptosomes and non-sy-

naptic mitochondria to aging-dependent dysfunction, male

Swiss mice of 3 or 17 months old were used. Mitochon-

drial function was evaluated by oxygen consumption,

mitochondrial membrane potential and respiratory com-

plexes activity, together with UCP-2 protein expression.

Basal respiration and respiration driving proton leak were

decreased by 26 and 33 % in synaptosomes from

17-months old mice, but spare respiratory capacity was not

modified by aging. Succinate supported state 3 respiratory

rate was decreased by 45 % in brain cortex non-synaptic

mitochondria from 17-month-old mice, as compared with

young animals, but respiratory control was not affected.

Synaptosomal mitochondria would be susceptible to

undergo calcium-induced depolarization in 17 months-old

mice, while non-synaptic mitochondria would not be

affected by calcium overload. UCP-2 was significantly up-

regulated in both synaptosomal and submitochondrial

membranes from 17-months old mice, compared to young

animals. UCP-2 upregulation seems to be a possible

mechanism by which mitochondria would be resistant to

suffer oxidative damage during aging.
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Abbreviations

CNS Central nervous system

COX Cytochrome c oxidase

EDTA Ethylenediaminetetraacetic acid

FCCP Carbonyl cyanide

p-trifluoromethoxyphenylhydrazone

FSC Forward side scatter

MPT Mitochondrial permeability transition

NMDA N-methyl-D-aspartate

RCR Respiratory control rate

ROS Reactive oxygen species

SSC Side scatter

TMRE Tetramethylrhodamineethyl ester

UCP Uncoupling protein

VDAC Voltage-dependent anion channel

Introduction

Mitochondria present at the presynaptic terminals are

capable of producing most of the ATP required to maintain

ion homeostasis and phosphorylation reactions [1].

At the postsynaptic level, a high amount of energy produc-

tion is required, mainly for reversing ion influxes underlying

action potential signaling [2]. Additionally, at the pre-synaptic

terminals, energy is also required for vesicle trafficking and

neurotransmitters pumping into synaptic vesicles [3].

Mitochondria have the ability to buffer cytoplasmic

Ca2?; their localization in neurons can therefore influence

local regulation of Ca2?-mediated synaptic plasticity [4, 5].

The presence and correct functioning of mitochondria at

synapses with high energy and Ca2?-buffering demands is
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necessary for a proper neuronal function [6, 7]. In addition,

mitochondrial swelling can block the axonal trafficking,

contributing to neuronal metabolic disruption [8]. Impair-

ment of the synaptic function in neurodegenerative disease

has been associated with disruption of mitochondrial traf-

ficking, distribution and function [9].

Synaptosomal subcellular preparations provide an accurate

model to test mitochondrial function in the nervous system

[10]. Mitochondria inside the synaptosomes supply ATP to

the cytoplasm and plasma membrane and preserve metabo-

lism, plasma membrane excitability, receptors and ion chan-

nels functioning and machinery for the exocytosis and

reuptake of neurotransmitters [11]. Synaptosomes are acces-

sible tomany of the techniques employed for the evaluation of

bioenergetic parameters including mitochondrial membrane

potential and respiratory rates, as well as mitochondrial Ca2?

uptake [11]. Regarding calcium homoestasis, Brown et al.

[12] have shown that rat cortex non-synaptic mitochondria

can accumulate significantly more Ca2? than the synaptic

mitochondria before undergoing MPT.

The aging process has been associated with a reduction

in the bioenergetic capacity, increased active oxygen spe-

cies generation and impairment of calcium homoestasis.

Mitochondria are considered the main intracellular

source of oxygen free radicals generation and also the main

target of free radicals-mediated damage. Accumulation of

oxygen radicals-induced oxidative damage during aging

leads to significant changes in brain mitochondrial function

[13]. It has been previously established that during aging

and neurodegenerative diseases, dysfunctional synaptic

mitochondria might not satisfy the high energy demands

required at the synapses leading to impaired neurotrans-

mission and cognitive failure [14].

Recent studies from our laboratory have shown that

synaptic mitochondria seem to be more susceptible than

non-synaptic mitochondria to suffer mitochondrial respi-

ratory dysfunction and alterations in calcium homoestasis

in 14-months old animals [15].

The aim of this study was to evaluate alterations in

mitochondrial function in synaptosomes and non-synaptic

mitochondria obtained from 3- and 17-months old mice.

Mitochondrial physiology will be analyzed by respiratory

rate measurements, mitochondrial membrane potential

response to calcium insult, activity of mitochondrial res-

piratory complexes and UCP-2 expression.

Materials and methods

Animals

Male Swiss mice of 3 or 17 months old were used. All

efforts were made to minimize animal discomfort and to

reduce the number of animals used. Animal handling and

treatment, as well as all experimental procedures were

reviewed in accordance with the guidelines of the National

Institute of Health (USA), and with the 6344/96 regulation

of the Argentinean National Drug Food and Medical

Technology Administration. Moreover, the present study

had the legal ethical accreditation from Ethics Committee

for Laboratory Animal Handling of the School of Phar-

macy and Biochemistry from Universidad de Buenos Aires

where the protocol was performed.

Isolation of subcellular fractions

Animals were killed by decapitation and the brains were

immediately excised. Brains were weighed, cerebral cortex

was dissected and homogeneized in a medium consisting of

0.23 M mannitol, 0.07 M sucrose, 5 mM HEPES and

1 mM EDTA (MSHE), pH 7.4, and homogenized at a ratio

of 1 g brain/5 ml homogenization medium. Homogenates

were centrifuged at 600 g for 10 min to discard nuclei and

cell debris and the supernatant was centrifuged at 8000 g

for 10 min. The resulting pellet was washed and resus-

pended in the same buffer.

Further mitochondrial purification and synaptosomal

fraction separation were performed by Ficoll gradient [16]

with modifications. The crude mitochondrial fraction was

resuspended in MSHE buffer and layered on Ficoll gradi-

ents containing steps of 13, 8 and 3 % Ficoll [17]. The

gradients were centrifuged at 11,500 g for 30 min. After

centrifugation, the original sample appears separated in two

fractions: a pellet in the bottom of the tube corresponds to a

fraction of heavy mitochondria, which are mainly non-sy-

naptic and the fraction occurring at 8 % contains synap-

tosomes. All the procedure was carried out at 0–2 �C.
Submitochondrial membranes were obtained from mito-

chondria by twice freezing, thawing and homogenizing by

passing the suspension through a 15/10 hypodermic needle

[18]. Protein content was assayed by using the Folin phenol

reagent and bovine serum albumin as standard [19].

The operations were carried out at 0–2 �C. Mitochondrial

yield was estimated in approximately 30–45 mg mitochon-

drial protein/g brain tissue, both for non-synaptic and

synaptosomal fraction. This estimation was based on the

determination of the activity of monoamine oxidase both in

total homogenates and in mitochondrial or synaptosomal

fractions. Non-synaptic mitochondria were less than 5 %

contaminated with synaptosomal components, according to

acetylcholinesterase activity determinations [15].

Mitochondrial respiration

A two-channel respirometer for high-resolution respirom-

etry (Oroboros Oxygraph, Paar KG, Graz, Austria) was
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used. Oxygen consumption rate of intrasynaptosomal

mitochondria was determined in synaptosomal fractions

from 3 or 17 months-old mice. The reaction medium

consisted of 120 mM NaCl, 3.5 mM KCl, 1.3 mM CaCl2,

0.4 mM KH2PO4, 15 mM D-glucose, 10 mM pyruvate,

0.4 % (w/v) fatty acid-free bovine serum albumin and

10 mM HEPES, pH 7.4. The addition of a high Ca2?

concentration is supposed to damage mitochondria outside

the synaptosomes but does not harm real synaptic mito-

chondria localized inside synaptosomes, allowing the

measurement of oxygen uptake only from synaptosomes.

Maximal respiration was achieved after addition of 4 lM
FCCP; respiration driving proton leak was determined after

addition of 4 lg/ml oligomycin, an inhibitor of ATP syn-

thase; respiration driving ATP synthesis was calculated as

the basal respiration minus respiration driving proton leak

and spare respiratory capacity was estimated as a per-

centage ratio between maximum and basal respiration [20].

In non-synaptic mitochondria from 3 or 17 months-old

animals, mitochondrial respiratory rates were measured in

a reaction medium containing 0.23 M mannitol, 0.07 M

sucrose, 20 mM Tris–HCl (pH 7.4), 1 mM EDTA, 4 mM

MgCl2, 5 mM phosphate and 0.2 % bovine serum albumin

at 30 �C, using malate 6 mM and glutamate 6 mM or

succinate 7 mM to measure state 4 respiration and adding

1 mM ADP to measure state 3 respiration. The respiratory

control ratio (state 3 respiration/state 4 respiration) was

determined [21].

Flow cytometry analysis

Flow cytometry analysis was performed based on Forward

angle light scatter (FSC) which is proportional to particle

size, and wide angle or side scatter (SSC) scatter that gives

information about relative granularity or internal complex-

ity. The light scattering properties of the synaptosomal and

mitochondrial fractions were determined in comparison with

size standards indicating that particles range in size from

less than 1 lm to more than 6 lm (data not shown).

Synaptosomes are among the largest particles in a crude

synaptosomal preparation, while the major contaminants

known to be present are small structures and include free

mitochondria, myelin, lysosomes, and membrane fragments.

In addition, immediately after isolation, the two subcellular

fractions (synaptosomes and non-synaptic mitochondria)

were routinely stained with the fluorophore 10 N-nony-

lacridine orange (NAO), in order to detect mitochondrial

positive particles by flow cytometry. This fluorescent dye

binds tightly to the acidic phospholipid cardiolipin, which is

found exclusively in mitochondrial and bacterial membranes

[22]. Both subcellular fractions analyzed showed 65 % of

NAO-positive particles, revealing the presence of mito-

chondria either free or inside the synaptosomes.

The analysis by flow cytometry parameters presents

several advantages as stated by Choi et al. [20]. This

method enables the selection of synaptosomal particles by

SSC and FSC parameters for data analysis, by excluding

extraneous objects such as broken synaptosomes or non-

synaptic material. This last advantage is particularly

important in experiments using synaptosomes because

these preparations also contain broken membranes and

empty synaptosomes, visible by electron microscopy, that

do not interfere with the entrapped fluorescence probe

methods used in this assay.

Mitochondrial membrane potential

Mitochondrial transmembrane potential was determined as

follows: isolated synaptosomes or non-synaptic mitochon-

dria (25 lg/ml) were incubated at 37 �C for 20 min in MSH

buffer supplemented with 5 mM malate, 5 mM glutamate,

1 mM phosphate and 4 mM MgCl2 in the presence of

500 nM TMRE, a potentiometric probe that can be used for

direct measurement of trans-membrane potential in cells and

isolated mitochondria from different sources. The fluores-

cence changes were determined by cytometric measure-

ments. Fresh samples were prepared for each experiment

and were protected from light until acquired by the

cytometer. Auto-fluorescence of the preparations was mea-

sured as a probe loading control, and 0.5 lM of the depo-

larizing agent FCCP was used as a positive control [23].

Histogram differences in TMRE fluorescence were quanti-

fied in three independent experiments as the number of

events which drop under the median value of the distribution

using a common marker (M1). A higher amount of events

with low fluorescence would reflect mitochondrial mem-

brane depolarization. Quantification of results was shown as

bar graph in which data were expressed as the percentage of

control of TMRE fluorescence. The RCR was not affected

by the concentration of the potentiometric probe used.

Evaluation of respiratory complexes activity

NADH-cytochrome c reductase activity (complex I ? III)

was measured in the two subcellular fractions by following

spectrophotometrically the reduction of cytochrome c at

30 �C at 550 nm (e = 19.6 mM-1 cm-1) in a reaction

medium containing 100 mM phosphate buffer (pH 7.4),

0.2 mM NADH, 0.1 mM cytochrome c and 0.5 mM KCN.

Enzyme activity was expressed in nmoles cytochrome

c reduced per minute per mg of protein. Succinate cyto-

chrome c reductase activity (complex II ? III) was simi-

larly determined and expressed, except that NADH was

substituted by 20 mM succinate. Cytochrome oxidase

activity (complex IV) was assayed spectrophotometrically

at 550 nm by following the rate of oxidation of 50 lM
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ferrocytochrome c [24]. The activity was expressed as

nmoles ferrocytochrome c oxided per minute per mg of

protein.

UCP-2 expression

Uncoupling proteins (UCP) are a heterogeneous family of

proteins that play an important role in partially dissipating

the proton electrochemical gradient across the inner mito-

chondrial membrane and uncoupling respiratory chain

function from ATP synthesis [25]. Expression of UCP-2

isoform was analyzed by Western blot. Samples were

obtained in the presence of protease inhibitors (1 lg/ml

pepstatin, 1 lg/ml leupeptin, 0.4 mM phenylmethylsulfonyl

fluoride and 1 lg/ml aprotinin). Submitochondrial mem-

branes (80 lg) were separated by SDS-PAGE (12 %),

blotted onto a nitrocellulose membrane (Bio-Rad, München,

Germany) and probed primarily with rabbit polyclonal

antibodies (dilution 1:500) to UCP-2 residue C-terminal

(ABCAM Inc., USA). Then, the nitrocellulose membrane

was incubated with a secondary goat anti-rabbit antibody

conjugated with horseradish peroxidase (dilution 1:5000),

followed by development of chemiluminescence with the

ECL reagent (Santa Cruz Biotechnology) for 2–4 min.

Voltage-dependent anion channel (VDAC) was used as

loading control. Densitometric analysis of UCP-2 and

VDAC bands was evaluated through NIH Image J 1.47b

software and expressed as the ratio of UCP-2/VDAC. All

experiments were performed in triplicate.

Drugs and chemicals

ADP, antimycin, CaCl2, Catalase, Cytochrome c, EDTA,

FCCP, Folin reagent, free fatty acid BSA, Glutamic Acid,

Hepes, KCN, Malic Acid, Mannitol, MgCl2, NADH, NaN3,

SDS, Succinate, Sucrose, Trizma Base and Tween were

purchased from Sigma Chemical Co. (St. Louis, Missouri).

UCP-2 antibody was purchased from Abcam Inc., Cam-

bridge, USA. Other reagents were of analytical grade. Goat

VDAC antibody was obtained from Molecular Probes Inc,

USA. APS, 2-mercaptoethanol, bisacrylamide, Laemmli

Buffer, TEMED were acquired from Bio Rad (Laboratories

Inc, Research Foundation, Oklahoma, USA). Other reagents

were of analytical grade.

Statistics

Results are expressed as mean values ± SEM. Data were

evaluated for normality distribution by Kolmogorov–

Smirnov test in order to follow a posterior parametric or

nonparametric statistical testing. The analysis of the results

was performed using unpaired Student t test or ANOVA

followed by post hoc Tukey tests in order to analyze if

differences between groups were significant. Graph Pad

InStat software was used and a difference was considered

to be statistically significant when p\ 0.05.

Results

Mitochondrial respiration

Mitochondrial respiration was determined in synaptosomes

and non-synaptic mitochondria from 3 or 17-months old

mice by different experimental approaches.

Oxygen consumption rates for brain cortex synaptosomes

are shown in Table 1. Significant decrements were observed

in basal respiration (26 %) and respiration driving proton

leak (33 %) in synaptosomes from 17-months old mice. Even

when spare respiratory capacity was not modified by aging, a

tendency to decrease was found in respiration driving ATP

synthesis and in maximal respiration in aged mice.

Oxygen consumption rates for brain cortex non-synaptic

mitochondria are shown in Table 2. When we evaluated

malate-glutamate dependent respiratory rates, no differ-

ences were observed in oxygen consumption rates in non-

synaptic mitochondria between 3 and 17 months old mice.

When we used succinate as substrate, state 3 respiratory

rate was decreased by 45 % in brain cortex non-synaptic

mitochondria from 17-month-old mice, as compared with

young animals, but respiratory control was not affected.

Flow cytometry analysis

Thecharacterizationof synaptosomal particleswas performed

by drawing a data analysis gate on forward scatter to measure

markers of interest for viablemitochondria such as cardiolipin

and voltage gradient positive particles in a selected size range

[26]. The results showed that synaptosomes are among the

largest particles in the crude synaptosomal preparation from

young (Fig. 1a, b) as well as from old (Fig. 2a, b) mice. Fig-

ures 1c and 2c show fluorescence histograms illustrating

specific NAO labeling of the smallest particles (R2) in the

preparation, while the largest particles (R1) in the preparation

are shown in Figs. 1d and 2d. The size standards calibration

indicates that these particles were around 6 lm in diameter.

Comparison of the NAO histograms for the synaptosomal

preparations from young and old mice reveals that the fluo-

rescence % intensity in the larger particles ismuchgreater (99

and 98 % respectively) than in the smallest particles (2.5 and

1 % respectively). Similar analysis was performed for TMRE

labeling in synaptosomal preparations from young and old

mice, indicating as well that the fluorescence % intensity in

the larger particles ismuch greater (99 and 98 % respectively)

than in the smallest particles (17 and 2.8 % respectively)

(Figs. 1e, 2e, 1f, 2f).
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Mitochondrial membrane potential

In this study, mitochondrial response to calcium-induced

MPT was evaluated by mitochondrial membrane potential

determinations.

Results of mitochondrial membrane potential determina-

tions for synaptosomes and non-synaptic mitochondria are

shown in Figs. 3 and 4, respectively. Specifically, Fig. 3

shows a typical experiment presenting the dot-blot of the

synaptosomal population gated as R1 with specific SSC and

FSC parameters, and the corresponding histograms for the

different experimental conditions: control, Ca2? and FCCP

incubations of synaptosomes from 3 months (A) and from

17-months old mice (B). For each histogram, a common

Fig. 1 Brain cortex synaptosomal fraction from young mice, labeled

with NAO and TMRE. a–b Contour plot of forward angle scatter vs

side angle scatter. Gates were drawn to include smallest particles

(R2), and largest particles (R1). Both gates were drawn to include

20,000 particles. c and e Histogram plots of NAO and TMRE

fluorescence falling within R2 (smallest particles). d and f Histogram

plots of NAO and TMRE fluorescence falling within R1 (largest

particles). Unshaded area indicates autofluorescence, while shaded

area indicates levels of NAO and TMRE fluorescence. Marker 1

indicates the percentage of viable mitocondria inside the smallest and

largest synaptosomal particles

Table 1 Respiration rate

parameters of brain cortex

synaptosomal fractions from 3-

or 17-months old animals

Age

3-month 17-month

Basal respiration (ng at O/min.mg protein) 69.9 ± 6.5 51.4 ± 2.2*

Respiration driving ATP synthesis (ng at O/min.mg protein) 12.7 ± 0.7 9.4 ± 0.3

Respiration driving proton leak (ng at O/min.mg protein) 60.9 ± 5.8 40.6 ± 1.5*

Maximum respiration (ng at O/min.mg protein) 82.9 ± 7.1 67.1 ± 2.2

Spare respiratory capacity (%) 119.1 ± 4.9 130.8 ± 3.9

Values represent the mean ± SEM

Subcellular fractions were prepared from a pool of 4 mice cerebral cortexes. Assays were performed in

three independent experiments

* p\ 0.05, different from 3-month animals

Table 2 Malate-glutamate and succinate dependent oxygen con-

sumption by brain cortex non-synaptic mitochondria from 3- or

17-months old animals

Substrates Age (months) O2 uptake (ng at

O/min.mg protein)

State 4 State 3 RCR

Malate-glutamate 3 16 ± 2 57 ± 7 3.8 ± 0.6

17 14 ± 3 40 ± 8 3.0 ± 0.1

Succinate 3 9 ± 1 38 ± 2 4.7 ± 0.8

17 5 ± 1 21 ± 2* 4.2 ± 0.7

Values represent the mean ± SEM

Subcellular fractions were prepared from a pool of 4 mice cerebral

cortexes. Assays were performed in three independent experiments

* p\ 0.05, different from 3-month animals
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marker (M1) was set at the median value of the events of

TMRE fluorescence and the corresponding percentage of

events which drop under the median value was calculated.

Autofluorescence corresponding to unloaded (no probe)

synaptosomes are shown in the insets. Bar quantification of

TMRE fluorescence for synaptosomes is shown in Fig. 3c.

Mitochondrial membrane potential was not significantly

affected by aging, but was decreased by 35 % by calcium

addition in synaptosomes from 17-months old mice.

Mitochondrial membrane potential results obtained for

non-synaptic mitochondria from 3 or 17-months old animals

are shown in Fig. 4. Specifically, a typical experiment is

presented, as described before, containing the dot-blot of the

mitochondrial population and the gated R1 population with

the histograms for the different conditions (control, Ca2?

and FCCP) corresponding to non-synaptic mitochondria

from 3-months old (A) and 17-months old (B) animals. Bar

quantification of TMRE fluorescence for non-synaptic

mitochondria is shown in Fig. 4c. Mitochondrial membrane

potential was not disturbed after 100 lM calcium incubation

in either brain cortex non-synaptic mitochondria from young

or old animals (Fig. 4c).

The mitochondrial uncoupler FCCP was used as positive

control for mitochondrial depolarization. A significant

mitochondrial depolarization (60–70 %) was observed

after FCCP treatment both in synaptosomes (Fig. 3c) and

non-synaptic mitochondria (Fig. 4c) of cerebral cortex

from 3 or 17-months old animals.

Respiratory complexes activity

Activity of complex I–III was not affected in synaptosomal

membranes from 17-months old animals, but was signifi-

cantly increased by 25 % in non-synaptic submitochondrial

membranes from 17-months old animals, as compared with

3-months old mice (Table 3). Activity of complex II–III was

54 % increased in synaptosomes but remained unchanged in

non-synaptic submitochondrial membranes in cerebral cortex

from 17-months old animals (Table 3). Complex IV activity

was increased in 17-months old animals both in cerebral

cortex synaptosomes and in non-synaptic submitochondrial

membranes by 63 and 38 % respectively (Table 3).

UCP-2 protein expression

UCP-2 protein expression was determined both in synap-

tosomal membranes and in submitochondrial membranes

from 3 or 17-months old mice, by Western blot. Figure 5a

shows Western blot analysis of UCP-2 protein expression

in both subcellular fractions from 3- or 17-months old

animals. VDAC was used as loading control. Results of the

quantification of the UCP-2 and VDAC protein expression,

obtained after densitometric analysis showed that the ratio

of UCP-2/VDAC protein expression was 61 and 171 %

increased in synaptosomal and submitochondrial mem-

branes from 17-months old mice, as compared with young

animals (Fig. 5b).

Fig. 2 Brain cortex synaptosomal fraction from old mice, labeled

with NAO and TMRE. a, b Contour plot of forward angle scatter vs

side angle scatter. Gates were drawn to include smallest particles

(R2), and largest particles (R1). Both gates were drawn to include

20,000 particles. c and e Histogram plots of NAO and TMRE

fluorescence falling within R2 (smallest particles). d and f Histogram

plots of NAO and TMRE fluorescence falling within R1 (largest

particles). Unshaded area, indicates autofluorescence, while shaded

area indicates levels of NAO and TMRE fluorescence. Marker 1

indicates the percentage of viable mitocondria inside the smallest and

largest synaptosomal particles
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Discussion

During the aging process and age-associated neurodegen-

erative disorders, mitochondrial dysfunction has emerged

as a key factor in the progressive decline of physiological

brain function. It is probable that during aging, the brain

bioenergetic state could be reflected in brain function

alterations due to the age-related changes in energy pro-

duction, demand and consumption.

This study was performed in two different subcellular

fractions of brain cortex from 3 or 17 months old mice:

synaptosomes and non-synaptic mitochondria. Important to

note is that brain cortex synaptosomal fraction contains only

mitochondria from neuronal origin, whereas non-synaptic

Fig. 3 Mitochondrial membrane potential (Dwm) measured by

changes in TMRE fluorescence in synaptosomes from 3 or 17-months

old mice. a, b Typical dot-blot of the synaptosomal population and

the histograms of gated events (R1) versus relative fluorescence

intensity (FL-1) corresponding to different experimental conditions:

unloaded, 100 lM Ca2? and 0.5 lM FCCP for 3-months (a) or

17-months old mice (b). Samples without probe used for

autofluorescence are shown in the insets. Each histogram represents

a typical experiment, which was performed in triplicate. Bar

quantification of TMRE fluorescence is shown in panel (c); bars

represent mean values ± SEM from 3 independent experiments;
*p\ 0.01 significant difference between control (unloaded) and

Ca2?-incubated samples; *p\ 0.001, significant difference between

control and FCCP-incubated samples
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mitochondrial fraction contains mitochondria from glia and

astrocytes. Even though non-synaptic mitochondria become

from different cell types, there are no important differences in

their respiratory function [27]. Particularly, the synaptosomal

fraction was characterized by a detailed flow cytometry

analysis based on mitochondrial markers: cardiolipin content

and proton gradient, associating both to the particle size. This

analysis showed that synaptosomes are among the largest

particles. Comparison of the NAO and TMRE histograms for

the synaptosomal preparations from young and old mice

reveals that the fluorescence intensity in the larger particles is

much greater than in the smallest particles.

Fig. 4 Mitochondrial membrane potential (Dwm) measured by

changes in TMRE fluorescence in non-synaptic mitochondria from

3 or 17-months old mice. a, b Typical dot-blot of the mitochondrial

population and the histograms of gated events (R1) versus relative

fluorescence intensity (FL-1) corresponding to different experimental

conditions: unloaded, 100 lM Ca2? and 0.5 lM FCCP for 3-months

(a) or 17-months old mice (b). Samples without probe used for

autofluorescence are shown in the insets. Each histogram represents a

typical experiment, which was performed in triplicate. Bar quantifi-

cation of TMRE fluorescence is shown in panel (c); bars represent

mean values ± SEM from 3 independent experiments; *p\ 0.01

significant difference between control (unloaded) and Ca2?-incubated

samples; #p\ 0.001, significant difference between control and

FCCP-incubated samples
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In the present work, oxygen consumption rates were

impaired in synaptosomes from 17 months-old mice

mainly observed as a decrease in basal respiration and a

tendency to decrease in ATP generation (oligomycin-sen-

sitive mitochondrial respiration), as compared with young

animals. The decrease in proton leak (oligomycin-insensi-

tive mitochondrial respiration) in synaptosomes from

17-months old mice could be associated with UCP activity.

Aging has been linked to alterations in UCP-2 and -3 gene

expression in different tissues [28]. UCP-2 is associated

with a mild uncoupling of oxidative phosphorylation; its

upregulation can modulate state 4 respiration by decreasing

electrochemical proton gradient and thereby reducing the

amount of superoxide generation. According to our values

of spare respiratory capacity, it seems that the ability of the

synaptosome to adjust oxygen consumption in response to

intracellular ATP demands was preserved during aging.

Our results could be in agreement with recent observations

by Stauch et al. [29] showing that while differences can be

observed in coupling and electron flow during aging,

mitochondrial capacity for substrate oxidation, ATP turn-

over and proton leak were not found to be significantly

different between ages in the synaptic mitochondria. The

results obtained for synaptosomal oxygen consumption can

be related to the fact that the activity of complexes II–III

and IV was 54 and 63 % increased in synaptosomes from

17 months old animals, as compared with young mice.

In addition, the analysis of the respiratory activity of

non-synaptic mitochondria in the presence of malate-glu-

tamate substrates showed that state 3 oxygen consumption

was not affected by aging. Also, the activity of complex

I-III was significantly increased by 25 % in non-synaptic

submitochondrial membranes from 17-months old animals,

as compared with 3-months old mice. On the contrary,

when succinate was added as respiratory substrate, respi-

ratory state 3 rate was decreased by aging in non-synaptic

mitochondria, being complex II–III activity unchanged.

Thus, it seems that in non-synaptic mitochondria partial

energy deficiency during aging could be compensated by

the increased activity of complex I–III. Besides, increased

activity of cytochrome oxidase (COX) was found in both

synaptosomal and non-synaptic mitochondrial fractions. In

contrast, some authors have shown a progressive decline in

COX activity during aging [30, 31]. However, several

reports are in agreement with our results. For instance,

protein expression of COX subunits I, II/III, and IV

exhibited an age-related increase from 2 months up to

24 months in rat cerebral cortex [32]. Also, increased

expression of mitochondrial-encoded genes in complexes I,

III, IV, and V of the respiratory chain has been described in

12- and 18-month-old C57BL6 mice compared to 2-month-

old mice [33]. Recently, Cuadrado-Tejedor et al. [34] have

analyzed the age-related mitochondrial changes in a

transgenic model of Alzheimer’s disease and found that

mitochondrial dysfunction in 7-month-old mice was asso-

ciated with an increase in COX activity. On the other hand,

Fig. 5 UCP-2 protein expression in synaptosomes and non-synaptic

mitochondria from 3 or 17-months old mice. a Western blot analysis

of UCP-2 protein expression in synaptosomal and non-synaptic

mitochondrial membranes from 3- or 17-months old animals. VDAC

was used as loading control. Results are representative of three

independent studies. b Bars represent UCP-2/VDAC ratio obtained

after densitometric analysis. Data (mean ± SEM) are expressed as a

% of the control group (set at 100 %). Asterisk correspond to

significant differences between 3 and 17-months old animals

(**p\ 0.01, ***p\ 0.001)

Table 3 Activity of enzyme complexes of mitochondrial respiratory

chain in non-synaptic (NS) mitochondria and in synaptosomal

preparations from 3- or 17-months old animals

Enzymatic activity (nmol/min.mg protein)

Complex I–III Complex II–III Complex IV

Synaptosomes

3 months 117 ± 13 26 ± 3 35 ± 4

17 months 131 ± 11 40 ± 4* 57 ± 7*

NS mitochondria

3 months 124 ± 7 28 ± 2 13 ± 2

17 months 155 ± 11* 23 ± 2 18 ± 2*

Values represent the mean ± SEM

Subcellular fractions were prepared from a pool of 4 mice cerebral

cortexes. Assays were performed in three independent experiments

* p\ 0.05
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Villa et al. (2006, 2009, 2012) showed that the energetic

metabolism in the frontal cerebral cortex is poorly affected

by aging; respiratory chain complexes activities were not

significantly affected during aging, except at 18 months in

synaptic mitochondria [35–37].

Synaptic mitochondria and non-synaptic mitochondria

respond differentially regarding Ca2? handling [6]. A higher

cyclophilin D content in synaptic mitochondria than in non-

synaptic mitochondria could contribute to the differential

mitochondrial Ca2? buffering capacity, as reported by Naga

et al. [38]. This is in accordance with Brown et al. [12] who

showed that mitochondria isolated from rat cortical synap-

tosomes are more prone to undergo MPT in response to

Ca2? insult as compared to non-synaptic mitochondria.

Also, reactive oxygen species production and mitochondrial

membrane potential dissipation induced by 100 and 200 lM
Ca2?overload appeared to be higher in synaptic mitochon-

dria than in non-synaptic mitochondria [39].

In the present study, even when no significant statistical

differences were found, mitochondrial membrane potential

was slightly diminished by aging both in synaptosomes and

non-synaptic mitochondria. Accordingly, Choi et al. [20]

have reported that synaptosomes from aged mice maintained

membrane potential as effectively as those from young mice.

However, after calcium overload, mitochondrial membrane

potential was significantly decreased in brain cortex synap-

tosomes from 17-months old mice, but was not affected in

synaptosomes from young animals. In non-synaptic mito-

chondria, membrane potential was rapidly recovered after

calcium insult both in young and old animals.

As discussed before, aging has been related with the

different gene expression of UCP-2 in various tissues [28].

In our study, an increased UCP-2 protein expression was

observed both in synaptosomes and in non-synaptic mito-

chondria from 17-months old animals as compared with

young mice. UCP-2 upregulation would provide a regula-

tory physiological mechanism by which a mild electron

leakage with a slight decrease in energy production could

allow the maintenance of low oxygen free radical genera-

tion. Our future studies will be conducted to evaluate

oxygen free radical generation by synaptosomes and non-

synaptic mitochondria during aging.

Conclusions

This study shows the response of synaptosomes and non-

synaptic mitochondria to aging. With aging, overall mito-

chondrial bioenergetics function seems to be preserved in

both synaptosomes and non-synaptic mitochondria. How-

ever, a decreased mitochondrial membrane potential was

observed after calcium overload in synaptosomes from

aged mice. UCP-2 upregulation by aging is a possible

mechanism by which mitochondria became resistant to

oxidative damage both in synaptosomes and non-synaptic

mitochondria.
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