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Summary

Caloric restriction (CR) protects against many cerebral patholog-

ical conditions that are associated with excitotoxic damage and

calcium overload, although the mechanisms are still poorly

understood. Here we show that CR strongly protects against

excitotoxic insults in vitro and in vivo in a manner associated with

significant changes in mitochondrial function. CR increases

electron transport chain activity, enhances antioxidant defenses,

and favors mitochondrial calcium retention capacity in the brain.

These changes are accompanied by a decrease in cyclophilin D

activity and acetylation and an increase in Sirt3 expression. This

suggests that Sirt3-mediated deacetylation and inhibition of

cyclophilin D in CR promote the inhibition of mitochondrial

permeability transition, resulting in enhanced mitochondrial

calcium retention. Altogether, our results indicate that enhanced

mitochondrial calcium retention capacity underlies the beneficial

effects of CR against excitotoxic conditions. This protection may

explain the many beneficial effects of CR in the aging brain.
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Introduction

Mechanisms that increase longevity and, perhaps most importantly,

promote longer health spans (lower or delayed incidence of age-related

diseases) have always attracted attention. The most effective interven-

tion known to date to prevent age-related decline and promote better

health spans in a wide variety of organisms, ranging from yeast to

primates, is caloric restriction (CR). This dietary intervention typically

consists of a 20–40% reduction in caloric intake without micronutrient

limitation relative to an ad libitum diet. CR benefits in vertebrates include

the prevention of metabolic, cardiac, vascular, proliferative, and neuro-

logical diseases (Fontana & Partridge, 2015).

Perhaps the most striking group of age-related diseases prevented by

CR is in the brain. A large number of neurological disorders are age-

related, and CR has been demonstrated to effectively prevent these

disorders (Amigo & Kowaltowski, 2014). CR also improves age-related

declines in memory and learning abilities observed in elderly animals

(Stewart et al., 1989; Witte et al., 2009). Although the mechanisms by

which CR exerts its effects are poorly understood, mitochondria, as

master regulators of cellular metabolism, are believed to play an

important role in the cellular adaptations that take place with the diet.

While some initial work suggested that CR increases mitochondrial mass,

conflicting results have cast doubts over the validity of this observation

(Hancock et al., 2011; Lanza et al., 2012). However, mitochondrial

function may be upregulated independently of increases in mass: CR has

been shown to promote deacetylation of a large number of mitochon-

drial proteins in a tissue-specific manner, mainly through the deacetylase

Sirt3, suggesting it can act as a molecular trigger to promote oxidative

phosphorylation under fasting or CR conditions (Lombard et al., 2007).

In the brain, increases in mitochondrial activity may change the

susceptibility to excitotoxicity, a pathological process associated with

many age-related neurological conditions such as stroke, Alzheimer’s

disease and Parkinson’s disease, in which excessive activation of

postsynaptic receptors results in cell death (Nicholls, 2009). This

neurodegenerative process involves the binding of glutamate or gluta-

mate analogues to NMDA and AMPA receptors, resulting in pathological

increases in cytosolic calcium levels and a rapid decrease in ATP levels

due to the activation of ionic balance restoration pathways. Mitochon-

dria are the main site for ATP production in neurons and contribute

toward cellular calcium buffering by accumulating this ion in a

membrane potential-dependent manner. Indeed, interventions that

increase mitochondrial calcium buffering capacity protect against

excitotoxicity and related conditions (Schinzel et al., 2005; Li et al.,

2009).

Interestingly, while intermittent fasting (a dietary intervention that

consists in offering food ad libitum on alternate days) has been found to

be neuroprotective under excitotoxic conditions (Bruce-Keller et al.,

1999; Contestabile et al., 2004; Sharma & Kaur, 2005), the effects of CR

on excitotoxicity have not been well explored to date. Furthermore,

mechanistic insights toward possible neuroprotective effects of this diet

are still scarce. The aim of this study was to determine the effects of CR

on excitotoxicity and dissect the molecular mechanisms involved.

Results

CR protects against excitotoxicity in vivo

Intermittent fasting has been shown to protect against excitotoxic

damage (Contestabile et al., 2004; Sharma & Kaur, 2005), but the

effects of CR on excitotoxicity have not been evaluated. Because CR and

intermittent fasting can present very distinct hypothalamic effects (Froy

& Miskin, 2010), we sought to evaluate whether CR also affected this

form of neuronal damage. Male Swiss mice maintained for 14 weeks on

a CR diet were injected with kainic acid, a glutamate analogue which

causes brain damage, seizures, and neuronal cell death due to

overactivation of glutamate receptors in the hippocampus. We found

that CR animals displayed a striking resistance to kainic acid-induced

seizures, presenting far less seizures over time (Fig. 1A) and completely

avoiding the occurrence of more intense state 4 seizures (Fig. 1B). These

results demonstrate that the CR diet can strongly protect against

excitotoxicity.
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CR brains present enhanced antioxidant activity

Excitotoxic cell death involves oxidative imbalance (Nicholls, 2009). To

explore how CR affects brain redox state, we used Sprague Dawley rats,

which allowed us to obtain larger tissue samples. We observed an

increase in the activity of antioxidant enzymes such as glutathione

peroxidase 1 (Fig. 2A) and glutathione reductase (Fig. 2B) in whole-brain

homogenates from animals fed a CR diet relative to AL. SOD activity in

mitochondrial fractions was also higher in CR samples (Fig. 2C).

Together, these results indicate that the redox capacity of CR brains is

largely enhanced, preparing these organs for oxidative damage condi-

tions such as excitotoxicity.

Caloric restriction enhances mitochondrial electron transport

Mitochondria play a key role in both excitotoxic cell damage and

redox maintenance (Nicholls, 2009). Furthermore, CR has been widely

shown to alter mitochondrial bioenergetics in a wide variety of tissues,

including the brain (Lin et al., 2014). Based on this and the enhanced

SOD activity observed in mitochondria (Fig. 2C), we investigated

whether CR promoted changes in mitochondria which could account

for the protection against excitotoxicity observed. We did not detect

changes in isolated mitochondrial respiration using either complex I or

complex II substrates (Fig. 3A,B). However, we found that CR brains

present higher activities of complexes I+III (Fig. 3C) and complex IV

(Fig. 3D). We also assessed mitochondrial mass in the cerebral tissue

using two methods: While we did not detect any changes in the

activity of the matrix enzyme citrate synthase (Fig. 3E) with CR, we

observed an increase in the concentration of cardiolipin, a lipid found

specifically in the inner mitochondrial membrane (Fig. 3F). Next, we

measured the levels of a panel of mitochondrial proteins (Fig. 3G):

NDUFS3 (a complex I component) and UQCRC2 (complex III), ATPB (b-
units of the ATP synthase), Drp-1 (a protein involved in mitochondrial

fission), Mfn-2 (a protein involved in mitochondrial fusion), and Sirt3

(a mitochondrial deacetylase from the sirtuin family) were normalized

against Hsp60, a mitochondrial protein with no described bioenergetic

role (Fig. 3H). We found a significant increase in UQCRC2, Drp-1, and

Mfn-2. Similarly to what has been described for other tissues (Shi

et al., 2005; Palacios et al., 2009), CR increased the levels of Sirt3,

whereas ATPB and NDUFS3 did not show significant changes. These

results indicate that CR affects brain mitochondria by increasing the

levels of specific proteins and mitochondrial electron transport chain

activity.

Serum from CR animals stimulates mitochondrial activity and

protects against glutamate-induced cell death

Treating cultured cells with serum from CR animals has been shown to

reproduce many of the effects observed in the animals, providing an

excellent model to study CR in vitro (de Cabo et al., 2003; Cerqueira

et al., 2012). Indeed, when primary cerebellar granule neurons (CGNs)

were incubated for 24 h with serum from CR rats and then acutely

challenged with glutamate to promote excitotoxicity, they showed

increased protection against the insult relative to cells incubated in AL

serum (Fig. 4A). This result shows that the protective effects of CR

against excitotoxicity occur directly on neurons, and do not require the

presence of glia or involve changes in the metabolism of the excitatory

stimulant.

Fig. 1 Caloric restriction protects against in vivo excitotoxicity. (A) Time course of seizure appearance in AL and CR animals after 25 mg kg�1 kainic acid i.p. injection.

(B) Number of state 4 seizures measured using Racine’s scale. Results are shown as mean � SEM.

Fig. 2 Antioxidant activity is higher in

brains from CR animals. The activity of

antioxidant enzymes was assayed in whole-

brain homogenates (A, B) or mitochondrial

fractions (C). (A) Enzymatic activity of

glutathione peroxidase (Gpx-1). (B)

Enzymatic activity of glutathione reductase

(GR). (C) Enzymatic activity of superoxide

dismutase in mitochondrial fractions (SOD

mit). Results are shown as mean � SEM.

**P < 0.01; ***P < 0.001 two-tailed,

unpaired Student’s t-test.
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Cellular conditions such as these are ideal to analyze the mitochon-

drial effects of CR on excitotoxicity in a real-time manner. Figure 4B

shows a typical oxygen consumption flux analysis trace from cells treated

with each serum. We found that CR serum consistently increased basal

and glutamate-stimulated respiratory rates in CGNs (Fig. 4B,C), but did

not alter mitochondrial coupling (as indicated by equal rates in the

presence of oligomycin, Fig. 4B). Similarly to the in vivo situation, we

found no changes in citrate synthase activity (Fig. 4D) and an increase in

the levels of Sirt3 in cultured neurons treated with CR serum (Fig. 4E).

These results indicate that the metabolic and protective effects induced

Fig. 3 CR induces mitochondrial changes

in the brain. (A) Oxygen consumption in

isolated brain mitochondria. Rates are

shown in the presence (state 3) and

absence (state 4) of ADP, both with

substrates of complex I and complex II.

Uncoupled rates were determined after

addition of CCCP. (B) Respiratory control

rates determined as the ratio state 3/state

4. (C) Enzymatic activity of complex I + III in

mitochondrial samples. (D) Enzymatic

activity of complex IV in mitochondrial

samples. (E) Citrate synthase activity in

whole-brain homogenates. (F) Cardiolipin

determination in whole-brain

homogenates. (G) Western blot of

mitochondrial samples using antibodies

against different mitochondrial proteins:

NDUFS3 (complex I), UQCRC2 (complex III),

ATPB (complex V), Drp-1, Mfn-2, Sirt3, and

Hsp60. (H) Quantification of bands from G

using Hsp60 as loading control. Results of

CR samples are shown as percentage of AL

samples. Results are shown as

mean � SEM. *P < 0.05 two-tailed,

**P < 0.01, two-tailed unpaired Student’s

t-test.
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by CR can be mimicked by CR serum and suggest the existence of

circulating metabolites in these animals able to induce these changes.

Furthermore, they demonstrate that enhanced mitochondrial activity

occurs in situ, both under basal and excitotoxic conditions.

CR promotes CypD deacetylation and inhibition, enhancing

calcium retention capacity in brain mitochondria

Increased mitochondrial activity during excitotoxicity may be related to

changes in calcium buffering by these organelles, which can accumulate

large quantities of calcium in a membrane potential-driven manner,

thereby decreasing deleterious levels of this ion in the cytoplasm. The

amount of calcium that can be accumulated is limited by the occurrence

of mitochondrial permeability transition (MPT), an event in which the

inner mitochondrial membrane becomes permeant to solutes under

1500 Da, causing the disruption of the proton gradient and oxidative

phosphorylation, in addition to the release of pro-apoptotic factors

(Halestrap, 2009). Increased mitochondrial calcium buffering capacity

has been shown to delay MPT and to protect against excitotoxic stimuli

(Schinzel et al., 2005; Li et al., 2009). Based on this knowledge, we

evaluated the capacity of isolated brain mitochondria from CR and AL

animals to take up and accumulate calcium. Figure 5A shows typical

calcium uptake traces in which calcium was added at equal intervals until

the accumulation capacity was saturated, and no uptake (seen as a

decrease in the measured extramitochondrial calcium levels) could be

observed. We found that brain mitochondria from CR rats showed two

significant changes in calcium handling: (i) They presented higher

capacity to accumulate calcium (calcium retention capacity, CRC), as

indicated by the larger number of calcium additions to reach saturation

(Fig. 5A, quantified in 5B); (ii) CR mitochondria had faster calcium

uptake rates following the first calcium addition. CRC can be increased

using cyclosporin A (CsA), which inhibits peptidyl prolyl isomerase

cyclophilin D (CypD), the best characterized MPT regulator. Interestingly,

CsA did not increase CRC in CR brain mitochondria, but enhanced both

CRC and calcium uptake rates in mitochondria from AL animals to levels

comparable to those of CR mitochondria (Fig. 5A–C).

Enhanced CRC and insensitivity to CsA are mitochondrial traits

observed in CypD-deficient mice (Basso et al., 2005; Nakagawa et al.,

2005; Schinzel et al., 2005). We therefore hypothesized that CR could

be decreasing the levels of CypD. However, we did not observe any

changes in the protein levels of CypD in CR brain mitochondria relative

to AL (Fig. 5D). Interestingly, despite the lack of a change in CypD

levels, the peptidyl prolyl isomerase activity of CypD was lower in

mitochondria from CR brains (Fig. 5E). CypD is a target of many

posttranslational modifications which affect its activity, including

deacetylation by Sirt3, a modification which is associated with

decreased CypD activity (Wei et al., 2013; Bochaton et al., 2015). As

we observe an increase in Sirt3 in CR, we evaluated acetylation levels

by immunoprecipitating CypD from CR and AL brain mitochondria and

blotting with an antibody against acetylated lysines. CypD from CR

mitochondria showed lower acetylation levels compared with AL

(Fig. 5F). Our results therefore indicate that CR increases CRC in brain

mitochondria by decreasing the activity of CypD through deacetylation,

possibly mediated by Sirt3.

Discussion

Excessive glutamate spilling due to neuronal death or deficient neuro-

transmitter clearance produced by energy deficits results in overactiva-

tion of postsynaptic receptors and excitotoxicity, a process that

participates in neurodegeneration in many diseases. In excitatory

neurons, the activation of NMDA receptors produces an increase in

intracellular sodium and calcium that triggers a cascade of events

resulting in neuronal death. Mitochondria play a pivotal role in

Fig. 4 Serum from CR animals protects

against excitotoxicity and increases

mitochondrial respiration in vitro.

Cerebellar granule neurons were treated

for 24 h with either AL (white bars/symbols)

or CR serum (black bars/symbols) and their

bioenergetic properties studied. Metabolic

parameters were determined as indicated in

the Experimental procedures section. (A)

Cell death after glutamate challenge. (B)

Typical experiment measuring oxygen

consumption rates (OCR) using the

Seahorse XF Analyzer. Drugs were injected

at indicated time points. (C) OCR

quantification under basal conditions and

after glutamate stimulation. (D) Citrate

synthase activity. (E) Western blot for Sirt3

using actin as loading control. Results are

shown as mean � SEM. *P < 0.05 two-

tailed, paired Student’s t-test.
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excitotoxicity, acting as high-capacity calcium buffers; cell death occurs

when this buffering capacity is overwhelmed (Nicholls, 2009).

CR has been shown to improve lifespan and health span and to

protect against many brain pathologies, although the molecular mech-

anisms involved are far from clear. Here we show that CR is also effective

in preventing direct excitotoxic damage (Figs 1 and 4). Our data show

that mitochondria in the brains of CR animals have enhanced electron

transport capacity, accompanied by higher levels of some electron

transport proteins and proteins involved in mitochondrial morphology

and dynamics (Fig. 3). Interestingly, the increase in ETC. enzyme

activities does not seem to affect the respiratory rates of isolated

mitochondria. It is well established that the control of ATP turnover and

substrate oxidation in isolated mitochondria is widely distributed among

the different components of oxidative phosphorylation and that the

regulation exerted by each component is dependent on the conditions

chosen (Brand & Nicholls, 2011). Thus, we cannot rule out that (i)

respiration is increased in vivo and/or (ii) that the higher ETC. enzyme

activities observed in CR brain mitochondria only become evident in

specific circumstances, such as bioenergetic dysfunction.

Importantly, the results presented here and by others suggest that the

term ‘mitochondrial mass’ should be used with caution. Cells seem to be

able to regulate independently many different mitochondrial features. In

our case, CR increases the levels of cardiolipin in the brain, while the

activity of citrate synthase remains constant. Moreover, some, but not

all, mitochondrial proteins are enriched in a per mitochondrion basis

after CR (Fig. 3).

Some of the metabolic adaptations that CR induces in the brain seem

to be mediated by molecule(s) present in the bloodstream. Indeed, CR

serum promotes mitochondrial adaptations in primary neurons analo-

gous those observed in vivo, namely protection against glutamate

excitotoxicity (Fig. 4). Previous reports in other tissues indicate that

metabolic effects observed with CR can be partly reproduced in vitro

using serum from animals subjected to the diet (de Cabo et al., 2003).

These results support the notion that the metabolic remodeling that

takes place with CR can be triggered by circulating molecules. A possible

candidate is adiponectin, which is elevated in CR animals (Cerqueira

et al., 2012). Adiponectin protects against excitotoxicity both in vivo

(Jeon et al., 2009) and in vitro (Qiu et al., 2011), and removing it from

the serum abrogates the activation of the oxidative phosphorylation-

regulating eNOS pathway promoted by CR in vascular cells (Cerqueira

et al., 2012).

Oxidative phosphorylation directly affects mitochondrial calcium

transport properties because the uptake of this ion is energetically

driven by the electrochemical gradient. Despite this, and the knowl-

edge that mitochondrial calcium transport is centrally involved in

excitotoxicity and many age-related diseases, the effects of CR on

brain mitochondrial calcium uptake have not been explored to date.

Hofer et al. (2009) demonstrated that susceptibility to MPT in heart

mitochondria from aged rats maintained under CR was lower. Our

results in brain mitochondria show similarly that CR promotes sizable

increases in both the rate and the accumulation capacity for calcium

(Fig. 5). As a result, under excitotoxic conditions, CR neurons possess

a largely enhanced ability to buffer cytosolic calcium levels,

which explains the strong resistance toward excitotoxic damage

conferred by this dietary intervention both in vitro and in vivo (Figs 1

and 4).

The difference in CRC and uptake rates between CR and AL brain

mitochondria is abrogated in the presence of cyclosporin A (Fig. 5),

indicating a role for CypD in the adaptation of brain mitochondria to CR.

Indeed, CypD activity was strongly decreased by CR, while, interestingly,

protein levels were unchanged (Fig. 5). This suggests that a posttrans-

lational modification of CypD occurs in a manner regulated by dietary

interventions. Because CR increased the levels of the mitochondrial

deacetylase Sirt3 (Figs 3 and 4), and CypD is activated by acetylation

(Wei et al., 2013; Bochaton et al., 2015), we hypothesized that CypD

may be less active in CR due to deacetylation, as confirmed by

Fig. 5 Calcium retention capacity is increased in brains from CR animals. Calcium uptake in brain mitochondria from AL or CR animals was monitored using Calcium Green-

5N as described in Experimental procedures. (A) Representative traces. Each peak corresponds to a 100 lM calcium addition. (B) Representative traces in the presence of

5 lM cyclosporin A (CsA). (C) Quantification of calcium retention capacity (CRC). (D) Western blot against cyclophilin D (CypD) using Hsp60 as loading control. (E) Peptidyl

prolyl isomerase activity from brain AL or CR mitochondrial fractions. (F) Immunoprecipitation of mitochondrial samples from AL and CR brains with anti-CypD antibody and

blotting using anti-CypD and anti-acetylated lysine antibodies. The negative control (- CypD) was performed without anti-CypD. Results are shown as mean � SEM.

*P < 0.05; ***P < 0.001 two-tailed, unpaired Student’s t-test.
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immunoprecipitation followed by blotting for acetylation (Fig. 5F). Our

results are in line with studies showing that the overexpression of

mutated forms of CypD that mimic constitutive acetylated or de-

acetylated states, respectively, decrease and increase CRC in MEFs

(Bochaton et al., 2015). Also, expression of Sirt3 in cultured mouse

cortical neurons is increased in response to excitotoxic NMDA and exerts

a protective role (Kim et al., 2011). Moreover, Sirt3 knockout mice are

more susceptible to excitotoxicity; their brain mitochondria are more

prone to MPT and CypD acetylation levels are higher (Cheng et al.,

2015). Finally, CR-induced expression of Sirt3 had been previously

described in other tissues, including white and brown adipose tissues (Shi

et al., 2005) and skeletal muscle (Palacios et al., 2009). Interestingly,

although acetylation and deacetylation have been implicated in many

regulatory processes in mitochondria (Cimen et al., 2010; Kong et al.,

2010; Qiu et al., 2010; Ozden et al., 2014; Tao et al., 2014; Liu et al.,

2015; Traba et al., 2015), a recent report (Weinert et al., 2015) has

challenged the importance of this modification as a significant regulatory

mechanism, because protein acetylation is a rare event, with a median

occupancy of acetylation sites on mitochondrial proteins as low as

0.11%. These authors also measured acetylation in response to fasting

and found no significant changes in whole tissue acetylation in brain.

However, as pointed out in a comment on the paper by Lombard et al.

(2015), low-level acetylation can still have significant important biolog-

ical consequences when associated with activation of specific proteins,

as is the case for CypD. Thus, we propose a mechanism to explain our

data in concert with previous observations where CR induces the

expression of Sirt3 in mitochondria, which in turn promotes oxidative

phosphorylation and inhibits CypD through deacetylation, thereby

increasing CRC and protecting against calcium overload in situations

such as excitotoxicity.

Overall, we demonstrate that CR is a highly effective intervention

to prevent excitotoxic neuronal cell death by enhancing antioxidant

capacity, mitochondrial respiratory rates, preventing MPT and thus

enhancing calcium accumulation capacity, resulting in lower cell

death. These properties may be central to the mechanism through

which this dietary intervention promotes its many beneficial neuro-

logical effects.

Experimental procedures

Animals, caloric restriction, and serum collection

All experiments were conducted in agreement with the National

Institutes of Health guidelines for humane treatment of animals and

were reviewed and approved by the local animal care and use committee

(protocol 17/2013). Adult Swiss mice (2 months of age) and Sprague

Dawley rats (2 months of age) were fed either ad libitum (free access to

AIN-93-M diet prepared by Rhoster, Campinas, SP, Brazil) or 40% CR

using a diet supplemented with vitamins and micronutrients to avoid

malnutrition. CR feedings were adjusted weekly by weight based on AL

food consumption measured 1 week earlier. Food was offered to CR

mice every day at 10:00 am. The animals were lodged five individuals per

cage and given water ad libitum. The night before sacrificing the

animals, food was removed from the control group, which was

otherwise fed ad libitum. To collect serum, animals were anesthetized

using a mixture of ketamine and xylazine and the blood was collected

from the cava vein in heparin-treated tubes and centrifuged. Sera from

animals within the same treatment regimen were pooled, aliquoted, and

kept at �20 °C until use.

Kainic acid treatment

Two-month-old Swiss male mice were kept on a 40% CR diet for

14 weeks. Forty-eight hours before the experiment, animals were

housed in individual cages, and food was removed after 24 h. Kainate

administration was performed intraperitoneally using a concentration of

25 mg kg�1 and seizure appearance was followed for 2 h using Racine’s

table.

Cardiolipin quantification

To extract the phospholipids from whole-brain homogenates, 500 lL of
sample was incubated with 1 mL 1 M KCl, 1 mL methanol, and 2 mL

chloroform and incubated for 30 min under vigorous shaking. After-

ward, 1 mL of chloroform and 0.5 mL of methanol were added and the

emulsion was centrifuged at 800 g for 20 min. The lower organic phase

was separated and nitrogen-dried. Lipids were dissolved in 100 lL
chloroform:isopropanol (1:1). Cardiolipin quantification was performed

by thin-layer chromatography. Total lipid extracts (100 lg) were applied

on a Kieselguhr silica matrix pretreated with 1.8% boric acid in ethanol.

Plates were baked for 1 h at 100 °C and developed in chloroform:

methanol:NH4OH (28% solution):H2O (60:37.5:3:1). Spots were visual-

ized by iodine staining and analyzed by densitometry using bovine heart

cardiolipin as standard.

Mitochondrial isolation

Brain mitochondria from overnight fasted rats were isolated by differ-

ential centrifugation as previously described (Tahara et al., 2009). The

final pellet was resuspended in experimental medium (75 mM D-

mannitol, 25 mM sucrose, 5 mM KH2PO3, 20 mM Tris–HCl, 0.5 mM

EDTA, 100 mM KCl, and 0.1% BSA free of fatty acids) supplemented

with 1 mM EGTA.

Enzymatic activities

Glutathione peroxidase and glutathione reductase activities were mea-

sured as described by Mantha et al. (1993). Superoxide dismutase

activity was measured in mitochondrial fractions as previously described

(Weydert & Cullen, 2010). Electron transport chain activities were

measured as described in Spinazzi et al. (2012).

Oxygen consumption in isolated mitochondria

Oxygen consumption was measured in experimental medium supple-

mented with 1 mM EGTA using an Oroboros system. Pyruvate plus

malate (5 mM each) were used as substrates for complex I, whereas

rotenone (2 lM) plus succinate (5 mM) for complex II. State 4 was

determined after the addition of 0.5 lg mL�1 oligomycin and uncoupled

respiration determined after titration of CCCP until maximal respiration

was achieved (1–2 lM).

Western blotting and antibodies

Mitochondrial fractions were resolved by SDS–PAGE using 10 or 12%

gels and transferred to nitrocellulose membranes. Detection of specific

proteins was achieved using the following antibodies and dilutions:

NDUFS3 (1:5000), UQCRC2 (1:5000), and ATPB (1:5000; Mitosciences,

Eugene, OR, USA); Mfn-2 (1:5000), Drp-1 (1:5000), acetylated lysine

CR increases mitochondrial CRC, I. Amigo et al.78
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(1:1000), and Sirt3 (1:2000; Cell Signaling, Denvers, MA, USA);

cyclophilin D (1:5000) and Hsp60 (1:5000; Abcam, Cambridge, UK).

Calcium retention capacity and calcium uptake rates

Mitochondria (200–400 lg) were suspended in a cuvette containing

2 mL of experiment buffer supplemented with 1 mM succinate, 2 lM
rotenone, 1 lM MgCl2, 1 mM ATP, and 0.1 lM Calcium Green 5N.

Fluorescence was monitored using a F-2500 Hitachi (Chiyoda, Tokyo,

Japan) Fluorimeter at 30 °C with a 506-nm excitation and 532-nm

emission wavelengths. Calcium additions (100 lM) were made every

100 s. Uptake rates were determined as the slope of the first calcium

addition. Saturating concentrations of calcium and EGTA were subse-

quently added at the end of each experiment to obtain maximum

fluorescence and minimum fluorescence, respectively. Calcium concen-

trations were calculated at each time point using the formula

[Ca2+] = Kd 9 (F – Fmin)/(Fmax – F). The Kd was empirically determined

using the first addition of 100 lM.

Cyclophilin D activity

Prolyl peptidyl isomerase activity of cyclophilin D was determined

colorimetrically in mitochondrial fractions (10–15 lg per assay) using

the synthetic peptide N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide as previ-

ously described (Fortes et al., 2001). Conversion of the Ala-Pro bond

from cis to trans by cyclophilin renders the peptide susceptible to

enzymatic cleavage by chymotrypsin, releasing the chromogenic dye p-

nitroanilide. The reaction was carried out in Hepes-K+ buffer pH 8.0 and

monitored measuring the absorbance change at 390 nm for 2 min.

Background activity (i.e. formation of p-nitroanilide in the absence of

mitochondria) was subtracted from all samples.

Immunoprecipitation

Mitochondrial homogenates (0.75 mg) were incubated with or without

anti-cyclophilin D antibody (5 lg) at 4 °C for 3 h under gentle agitation;

50 lL of protein A-agarose (Sigma-Aldrich, St. Louis, MO, USA) were

added to each sample and incubated overnight under the same

conditions. The next day, samples were washed 5–6 times in IP buffer

(phosphate buffer pH 8.0, 0.5% Triton X-100, 0.1 mM NaCl), treated

with 30 lL of Laemli buffer, and heated at 100 °C for 5 min. The

resulting supernatants were then resolved in a 12% SDS–PAGE and

incubated with antibodies raised against anti-cyclophilin D (Mitosciences,

1:5000, made in mouse) and anti-acetyl-lysine (Cell Signaling, 1:1000,

made in rabbit). To circumvent the problems associated with antibody

stripping and to prevent false positives, we developed the cyclophilin D

signal using a mouse HRP-conjugated secondary antibody followed by

ECL detection, and the acetylated lysine signal using a rabbit 680

infrared antibody and an Odyssey Imaging system.

Cerebellar granule cell cultures and glutamate treatment

Primary cerebellar granule neurons were obtained from P6 Sprague

Dawley rats. Cerebella from five male pups were removed and pooled

together in 18 mL of dissection medium (PBS, 1% BSA, 5 mM glucose)

and treated with 0.006% trypsin for 10 min at 37 °C. Trypsin was

inactivated by adding 2 mL of fetal bovine serum to a final concen-

tration of 10%. Cerebella were centrifuged for 5 min at 200 g, and

the supernatant was discarded. The pellet was resuspended in 3–4 mL

of fresh dissection medium and mechanically minced using fire-

polished Pasteur pipettes of different widths. The medium was

completed to 10 mL, filtered through a 70-lm-diameter nylon filter

and centrifuged as before. The resulting pellet was resuspended in

Neurobasal medium with B27, glutamax, and 25 mM KCl and seeded

in poly-lysine-coated plates to a final density of 100 000 cells per well.

Partial medium changes were performed at DIV3 (day in vitro 3) and

DIV5. On DIV7, the medium was replaced with media supplemented

with ad libitum (AL) or CR serum to a final volume of 300 lL and a

final serum concentration of 10%. Acute glutamate treatment was

performed at DIV8, replacing the culture medium with Locke’s solution

(134 mM NaCl, 25 mM KCl, 4 mM NaHCO3, 5 mM Hepes, 2.3 mM

CaCl2, 5 mM glucose) for 30 min at 37 °C, after which cells were put

back in their conditioned media with a 20% added volume of fresh

medium. Cell death was assayed 24 h later using lactate dehydroge-

nase assay as described below.

Oxygen consumption measurements in attached cells

Cerebellar granule cells were obtained as described above and seeded in

Seahorse XF24 V7 plates. On DIV8 (day in vitro), the medium was

partially replaced with fresh medium with serum from either AL or CR

animals to a final concentration of 10%. Oxygen consumption rates

(OCR) were determined using a Seahorse XF24 equipment on DIV9. One

hour prior to the experiment, the medium was replaced with DMEM

without bicarbonate and pyruvate and supplemented with KCl to a final

concentration of 25 mM. The first injector was loaded with 100 lM
glutamate, the second with 1 lg mL�1 oligomycin, the third with

0.5 mM 2-dinitrophenol (DNP), and the fourth with 1 lM rotenone plus

1 lM antimycin A. At the end of each experiment, cells were washed

twice with PBS and protein content was determined in each well to

normalize OCR values. Nonmitochondrial respiration (i.e. the OCR after

the addition of rotenone plus antimycin) was subtracted from all

measurements. The proton leak was calculated as the percentage of

basal respiration that was not inhibited by oligomycin.

Cell death measurements

Cell death was measured by determining lactate dehydrogenase (LDH)

activity in the medium. Aliquots (50 lL) of cell media were assayed using

100 lL of a reaction mixture containing 4.2 mM sodium pyruvate,

0.75 mM NADH, and 9.45 mM NaHCO3. The reaction was monitored

using a plate reader following the decrease in absorbance at 340 nm.

Data from each well was normalized by maximal activity after perme-

abilization with 0.2% Triton X-100.

Data analysis and statistics

Results were compared using two-tailed Student’s t-tests, either paired

or unpaired as indicated in the figure legends.
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