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Abstract The carnitine/acylcarnitine transporter is a

transport system whose function is essential for the mito-

chondrial b-oxidation of fatty acids. Here, the presence of

carnitine/acylcarnitine carrier (CACT) in nervous tissue

and its sub-cellular localization in dorsal root ganglia

(DRG) neurons have been investigated. Western blot ana-

lysis using a polyclonal anti-CACT antibody produced in

our laboratory revealed the presence of CACT in all the

nervous tissue extracts analyzed. Confocal microscopy

experiments performed on fixed and permeabilized DRG

neurons co-stained with the anti-CACT antibody and the

mitochondrial marker MitoTracker Red clearly showed a

mitochondrial localization for the carnitine/acylcarnitine

transporter. The transport activity of CACT from DRG

extracts reconstituted into liposomes was about 50 % in

respect to liver extracts. The experimental data here

reported represent the first direct evidence of the expres-

sion of the carnitine/acylcarnitine transporter in sensory

neurons, thus supporting the existence of the b-oxidation

pathway in these cells.
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Introduction

The mitochondrial carnitine/acylcarnitine carrier (CACT)

is a transport system belonging to the mitochodnrial carrier

protein family. It is widely acknowledged that this trans-

porter is located in the inner mitochondrial membrane

where it plays the role of providing mitochondria with fatty

acids as fuel for the b-oxidation pathway, thus represents

an essential component for energy metabolism [1–3].

CACT together with carnitine transferase enzymes (CPTs)

constitute a cyclic pathway called ‘‘carnitine shuttle’’

which allows acyl groups translocation into the mito-

chondrial matrix in the form of acylcarnitines. CACT

catalyses an antiport reaction responsible for acylcarnitines

entry into mitochondria coupled to efflux of free carnitine.

This process leaves unaltered the carnitine concentration in

both cytosol and mitochondria [1, 2, 4]. The essential role

of this function is demonstrated by the occurrence of a

severe syndrome caused by defects of the CACT gene

called secondary carnitine deficiency. This pathology is

characterized by seizures and muscle weakness; patients
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with CACT deficiency suffer from hypoketotic hypogly-

caemia and hyperammonemia due to the deficient fatty acid

oxidation, a condition which is generally not compatible

with life [2, 5]. Fatty acids were firstly thought to be the

primary energy source in muscles and liver [6] then

transport of L-carnitine has also been evidenced in neurons

of cerebral cortex [7, 8]. It was also reported that fatty acid

metabolism within discrete hypothalamic region can

function as a sensor of nutrient availability that can inte-

grate multiple nutritional and hormonal signals [9]. Indeed,

the enzyme of the carnitine shuttle system, carnitine pal-

mitoyl transferase 1 (CPT1), localized in the outer mito-

chondrial membrane, has been revealed in neuronal cells.

In these cells the enzyme CPT1 plays a relevant role in

modulating neuronal signals [10]. Furthermore, the enzyme

pathway of the carnitine biosynthesis has been revealed in

neurons [11]. However, the ‘‘carnitine shuttle’’ also needs

the CACT presence. There are some evidences of carnitine

transport both in plasma and mitochondrial membranes of

neurons [8, 12] and of the presence of low levels of CACT

mRNA as assessed by Northern blot analysis in human

brain [13]. Even though a mitochondrial carnitine trans-

porter was reported to be present in neurons [8], at present,

no ‘‘direct’’ evidence of the expression of CACT protein in

the central nervous tissue at the single cell level and no

data on CACT expression or transport in peripheral ner-

vous tissues are available. Here, the presence and the sub-

cellular localization of the CACT was investigated in

sensory neurons purified from rat dorsal root ganglia

(DRG).

Materials and Methods

Western Blotting

The animal experiments were performed according to the

European Community guidelines for care and use of ani-

mals. Three adult male Sprague-Dawley rats (age of

6–8 months) were anaesthetized by isoflurane before

decapitation and the DRG were gently pulled by their roots

and harvested from all accessible levels using fine forceps.

The DRG obtained from each rat were maintained sepa-

rated and immersed in lysis buffer containing 100 mM

PIPES, 5 mM MgCl, 20 % (v/v) glycerol, 0.5 % (v/v)

Triton X-100, 5 mM EGTA, and the protease inhibitor

Phenylmethanesulfonyl fluoride (Sigma–Aldrich). Liver,

and selected nervous tissues from the same three rats were

also collected and immersed in the lysis buffer. Each tissue

was homogenized at 4 �C, using a 2 ml Potter–Elvehjem

Tissue Grinders with PTFE Pestle, and then, after 15 min

at 4 �C, centrifuged at 10,0009g for 10 min at 4 �C. The

supernatants (lysates) were subjected to analysis of protein

content using a commercially available protein assay kit

(Bio-Rad, UK). 10 lg of proteins were resolved on sodium

dodecyl sulfate–polyacrylamide gel (SDS-page: 17 %

acrylamide/0.23 % bis-acrylamide) and electrophoretically

transferred to nitrocellulose membranes (Schleicher and

Schuell, PROTRAN BA 85 cellulosenitrat). Residual

binding sites on the membrane were blocked by incubation

with 3 % BSA in a buffer solution composed of NaCl

150 mM, 50 mM Tris–HCl, Tween 20 0.05 % pH 7, for

10 min and then incubated with a rabbit polyclonal anti-

CACT (dilution 1:1,000) in 0.5 % BSA solution for 1 h at

room temperature (RT). The anti-CACT antibody was

produced in our laboratory injecting the purified recombi-

nant CACT in rabbit and resulted specific for rat and

human CACT [14, 15]. This antibody did not recognize

neither protein extracts from rat kidney brush border

membranes containing the carnitine transporter OCTN2

(organic cation transporter novel 2) nor the over-expressed

OCTN2 (Indiveri et al. unpublished results; see also the

Western Blot paragraph in the Results section). The blots

were washed three times in washing buffer (150 mM NaCl,

50 mM Tris–HCl pH 7) and were then incubated with an

anti-rabbit IgG-coupled horseradish peroxidise antibody,

dilution 1:10,000 (cod. 31460; Pierce, Rockford, IL, USA),

for 1 h at RT. A mouse monoclonal ß-actin antibody

(Santa-Cruz,UK) was used for the loading control. The

reactive bands were visualized using an enhanced chemi-

luminescence reagent kit (Amersham ECL system)

according to the manufacturer’s instructions. The amount

of reaction was estimated by the Bio-Rad Chemi Doc and

quantitative evaluations were carried out by densitometric

analysis using the Bio-Rad Quantity One Analysis

Software.

Immunohistochemistry

Dissociated sensory neurons, from one male Sprague–

Dawley rat (age of 6–8 months) for each cellular assay,

were prepared as previously reported [16]. The neurons

were cultured on glass coverslips coated with laminin

at 37 �C with 5 % CO2 for 3 days with addition of NGF

1 lg/ml to promote neurites outgrowth. Neurons were

stained with anti-bIII-tubulin to identify the neuronal soma,

with anti-CACT to verify its cellular localization and with

MitoTracker (MtT) Red (M7512, CMXRos, Invitrogen) to

identify mitochondria [17]. Before cell fixation the culture

medium was replaced with 500 ll of MitoTracker solution

(40 nM MitoTracker Red CMXRos, diluted from a con-

centrated DMSO solution into PBS containing 2 % BSA)

and incubated for 20 min at RT in the dark. After PBS

washing, the cells were incubated with 4 % (w/v) PFA/

PBS solution for 30 min at RT. After three further PBS

washes, the cells were permeabilised in 0.02 % Triton
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X-100/PBS for 20 min. The cells were then incubated with

5 % normal goat serum (NGS) or normal horse serum

(NHS) (Vector Labs Inc.) for 1 h at RT to block non-

specific binding sites. The blocking solution was replaced

with PBS containing primary monoclonal mouse anti-bIII-

tubulin antibody (Cell Signaling Technology) at 1:1,000

dilution or auto-produced primary polyclonal rabbit anti-

CACT [14, 15] at 1:500 dilution for 24 h at 4 �C. The cells

were finally incubated with secondary Fluorescein horse

anti-mouse or with Fluorescein (Alexafluor 488) goat anti-

rabbit antibodies at 1:100 dilution (Vector Lab Ltd, UK)

for 1 h at RT. The cover slips were mounted with Vecta-

shield on glass microscope slides. Confocal images were

captured with a Leica TCS SP5 confocal microscope (Le-

ica Microsystems, Mannheim, Germany) using 40X

(N.A. = 1.25) or 63X (N.A. = 1.32) oil immersion

objectives, a 100 mW Argon laser (488 and 543 nm lines)

and a 50 mW diode (405 nm) as in [18, 19]. Confocal

images were analyzed using the software Fiji [20].

Reconstitution into Liposomes and Transport Activity

Measurement of CACT

The DRG obtained from one rat, as described in the wes-

tern blotting section, were collected and placed in a Petri

dish containing Ham’s F12 medium at room temperature.

The surrounding connective tissue and nerve roots of the

DRG were removed under the microscope. The intact DRG

were homogenized, using a 2 ml Potter–Elvehjem Tissue

Grinders with PTFE Pestle in 250 mM sucrose/1 mM

EGTA/20 mM Tris–HCl pH 7 at 4 �C. 200 ll of the

obtained homogenates (20–30 mg protein/ml) were added

with 100 ll of a buffer containing 9 % Triton X-100 (mass/

vol) 150 mM NaCl/3 mM DTE/30 mM PIPES pH 7 (final

concentrations: 3 % Triton X-100/50 mM NaCl/1 mM

DTE/10 mM PIPES pH 7) and incubated on ice for

10 min to solubilize membranes. The suspension was then

centrifuged at 10,0009g for 15 min at 4 �C and the

supernatants (extracts) were collected. The same procedure

was performed on rat liver. 100 ll of the DRG and liver

extracts, containing about 15 mg protein/ml, were recon-

stituted into liposomes in the presence of cardiolipin

(except where differently indicated) to obtain proteolipo-

somes in which the membrane protein such as CACT is

functionally inserted in the lipid bilayer as in [21]. The

procedure of proteoliposome formation, i.e. the reconsti-

tution, consists in slowly removing the detergent from

mixed micelles of phospholipids, detergent and protein by

repeated chromatography on hydrophobic resin [22]. To

charge proteoliposomes with internal substrate, 15 mM

carnitine was added during the reconstitution procedure

and removed, after the proteoliposomes formation, from

the external space by gel filtration on Sephadex G-75 resin.

The DRG pool from one rat was used for one reconstitution

and transport assay. This is a suitable model for measuring

the activity of CACT [23]. Transport activity was measured

as [3H]carnitineout/carnitinein homoexchange. Transport at

25 �C was started by adding, at time 0, 0.1 mM [3H] car-

nitine in a buffer containing 20 mM Tris–HCl pH 7.0 to

proteoliposomes containing 10 mM internal unlabeled

carnitine, and stopped by the addition of 1.5 mM N-eth-

ylmaleimide at 10, 30 and 60 min. In controls, the inhibitor

was added together with the labeled substrate at time 0,

according to the inhibitor stop method [21]. Finally, the

external labeled substrate was removed by chromatography

on Sephadex G-75 columns and radioactivity into the

proteoliposomes was measured. The experimental values

were corrected by subtracting control values. The transport

assay was performed three times to obtain statistical sig-

nificant results.

Results

Western Blot

To evaluate the presence of the CACT polypeptide in the

nervous system, and to compare the relative amount of

protein in several brain areas and in the dorsal ganglia,

western blot analyses were performed using a polyclonal

anti-CACT antibody raised in rabbit, which is specific for the

CACT of rat and human [15, 16]. Moreover, this protein was

investigated in cortex, cerebellum, brain stem, spinal cord

and DRG. A liver extract was used as a positive control.

As expected, the CACT was clearly detected in the liver

extract (Fig. 1). The protein was also present in all the

Fig. 1 Western blot analysis of CACT expression. Analysis of the

level of CACT expression, normalized on b-actin, in liver, cortex,

cerebellum, spinal cord, brain stem and DRG. Results are referred to

the control, i.e., expression level of CACT in liver, which is taken as

1.0. Statistical data were obtained from three experiments from which

the following mean ± SD were calculated: cortex 0.35 ± 0.035*;

cerebellum 0.60 ± 0.057*; spinal cord 0.37 ± 0.050*; brain stem

0.84 ± 0.085; DRG 0.83 ± 0.028*. (*) Significantly different from

the control (liver) as determined by Student’s t test (p \ 0.05)
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nervous tissue extracts analyzed. CACT expression was

higher in liver compared to the nervous tissues analyzed

and among these tissues the protein resulted to be more

expressed in brain stem and DRG. By quantitative analysis

of CACT expression in three different experiments, aver-

age amounts of 35, 60, 37, 84 and 83 % with respect to the

control (liver), were found in cortex, cerebellum, spinal

cord, brain stem and DRG, respectively. These findings

clearly demonstrate the presence of CACT in the nervous

tissue and, interestingly, evidence that in brain stem and

DRG the protein amount was higher than in cerebral cortex

and cerebellum. The CACT antibody used did not give any

cross reaction with the OCTN2 protein (see Methods sec-

tion), as expected from the very low sequence identity

between the two proteins (*16 %), as calculated using the

ClustalW software.

Immunohistochemistry

Immunostaining with bIII tubulin revealed that our DRG

preparations contain sensory neurons with the morphology

of healthy cells (not shown). Immunostaining with anti-

CACT showed a robust expression of the protein in sensory

neurons (Fig. 2a). Neurons were also stained with Mito-

Tracker Red to reveal mitochondria localization. The

staining showed the presence of mitochondria in the soma

and along the neurites (Fig. 2b). The merged images

clearly showed co-localization of CACT with mitochondria

(Fig. 2c), which appeared more evident in the neurites

(inset 2c). To allow a better appreciation of CACT mito-

chondrial localization, a three dimensional reconstruction

of the mitochondria localized in the neurites of another

sensory neuron from a different DRG preparation is also

reported (Supplementary Figure 1 and Supplementary

Movie).

Reconstitution into Liposomes and Transport Activity

Measurement of CACT

To evaluate the functionality of CACT in DRG, time

courses of carnitine transport was measured in proteo-

liposomes reconstituted with either rat liver or DRG

extracts. This method is suitable for measuring transport

activity since it allows to drastically reduce interferences

due to other transporters and enzymes. Furthermore, spe-

cific conditions were used to discriminate CACT from

OCTN2 transport activity: (1) 0.5 mg/ml cardiolipin,

which strongly stimulates CACT not OCTN2 [22, 23], was

used; in this condition the activity of CACT in cell extracts

is much higher than that of OCTN2; (2) transport was

Fig. 2 Subcellular localization of CACT in sensory neurons. Maxi-

mum-intensity projections of confocal lasers scanning image stacks of

two sensory neurons. CACT was labeled with a polyclonal antibody and

visualized with an Alexa Fluor 488 conjugated anti-rabbit antibody (a).

Mitochondria were stained with the specific dye MitoTracker Red

CMXRos (b). In c an overlay of the two images and counterstaining of

nuclei with Hoechst is represented. The orange/yellow color denotes

co-localization of red and green fluorescence signals. To allow a better

appreciation of the mitochondrial structure, a higher magnification of

the images is shown in the insets (Color figure online)
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measured in a solution buffered at pH 7.0 lacking NaCl,

since OCTN2 has low activity at pH 7.0 and is Na?

-dependent [23]; (3) N-ethylmaleimide was used as stop-

ping reagent [24, 25] since it specifically inhibits CACT,

and allows to subtract background radioactivity. As shown

in Fig. 3 in proteoliposomes reconstituted with DRG

extracts the accumulation of labeled substrate into the

vesicles increased with the time, reaching the radioactivity

equilibrium at 60 min. At the equilibrium 7.3 ± 0.15 and

4.2 ± 0.3 lmol/g protein, mean values from three inde-

pendent experiments, for the liver and the DRG extracts

respectively were measured. The overall exchange mea-

sured using the DRG extract was about 50 % in respect to

the control (liver extract) at each time point. This result

correlated well with the amount of protein detected with

the antibody reaction in the western blot. Nearly no

transport activity was detected in the absence of cardiolipin

(Fig. 3) confirming that the transport activity above

described was due to CACT and not to OCTN2.

Discussion

The nervous tissue, previously believed to rely mainly on

glucose and ketone bodies for its energetic metabolism has

also been shown to use fatty acids for energy supply and

other functions [8, 26, 27]. The fatty acid oxidation path-

way was postulated to be active in neurons, on the basis of

CPT1 localization [10, 28]. Moreover, acetylcarnitines

have been proposed to have both energetic and neuropro-

tective roles in brain [27, 29]. According with these recent

views, the present results directly demonstrate that CACT,

which is an essential component of the biochemical path-

way of the mitochondrial fatty acid b-oxidation [1, 3, 5,

30], is expressed in several nervous tissues, in particular in

brain stem and DRG. The actual expression of the CACT in

DRG has been demonstrated by immuno-fluorescence

strategy which allowed to reveal the presence of the protein

selectively in single neuronal cells. This finding correlates

well with carnitine transport function assays performed in

liposomes reconstituted in the presence of DRG extracts

(Fig. 3), similarly to what was previously shown in brain

tissues [31]. Indeed, the expression of CACT in CNS and

PNS, is particularly relevant since its presence allows the

completion of the carnitine cycle in these tissues in coop-

eration with CPT1 and CTP2 which expression was pre-

viously reported [27]. The presence of all the components

of this cycle in neurons suggests that these cells could rely

in part on metabolic energy coming from mitochondrial

b-oxidation of acyl units, as previously suggested for

specific cells such as astrocytes [25]. Moreover, as it has

been previously described by us, CACT is essential for

translocation of acylcarnitines with longer acyl chains into

the mitochondrial matrix supplying substrates for b-oxi-

dation, and also for translocation of shorter acylcarnitines

such as acetylcarnitine, which could supply acetyl units to

TCA cycle [32]. Some neuroprotective effects of acetyl-L-

carnitine could be explained by energy boosts in neural

cells provided by the activity of CACT in supplying acetyl

units to mitochondria as acetylcarnitine, thus providing

mitochondria with acetyl-CoA [8, 27]. The role of energy

supply by the carnitine system and b-oxidation may be

particularly relevant in sensory neurons for axonal trans-

port during neuronal regeneration and neuronal outgrowth

[33]. This may also explain the described effect of acetyl-

L-carnitine in sensory neuron rescue [34] and neurode-

generation prevention [35, 36]. An additional important

role of CACT may rely in eliminating intra-mitochondrial

fatty acyl residues when working in the reverse mode [37].

Other effects mediated by acetyl-L-carnitine such as its

anti-apoptotic action [38] may also be relevant in neurons,

even though indirectly. Indeed, CACT has also been

reported to be converted to a pore upon targeting of some

Cys residues of the protein by chemical reagents, similarly

to the mitochondrial Ornithine/citrulline transporter [39].

These functional modifications of mitochondrial trans-

porters have been suggested to play some roles, in vivo, in

cell death [40]. Thus, a contribution to these effects could

not be excluded [41]. Also L-carnitine has shown neuro-

protective effects on hippocampal slice cultures by pre-

serving the key enzymes responsible for maintaining

Fig. 3 Time course of [3H]carnitine uptake in liposomes reconsti-

tuted with liver and DRG extracts. Transport was started by the

addition of 0.1 mM [3H]carnitine to proteoliposomes containing

15 mM carnitine and stopped at the indicated times. (Open circle)

Liver extract; (filled circle) DRG extract; (square) DRG extract

without cardiolipin (negative control). The data represent mean ± SD

of three independent experiments. (*) Significantly different from the

respective negative controls (square) as determined by Student’s t test

(p \ 0.05)
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carnitine homeostasis [42]. The presence of CACT in

neurons is also in line with the finding that the acetyl

moiety of acetyl-L-carnitine could be incorporated into

glutamate [13, 14]. In conclusion, our results demonstrate

the presence of CACT in CNS and PNS, and in particular

its mitochondrial localization in sensory neurons. This

supports the occurrence of the carnitine/acylcarnitine

antiport and, hence, of the b-oxidation pathway in the

nervous system.

Acknowledgments This work was partially supported by founds

from Programma Operativo Nazionale 01_00937-MIUR.

Conflict of interest The authors declare that they have no conflict

of interest.

References

1. Pande SV (1975) Mitochondrial carnitine acylcarnitine translo-

case system. Proc Natl Acad Sci U S A 72:883–887

2. Indiveri C, Iacobazzi V, Tonazzi A, Giangregorio N, Infantino V,

Convertini P, Console L, Palmieri F (2011) The mitochondrial

carnitine/acylcarnitine carrier: function, structure and physiopa-

thology. Mol Aspects Med 32:223–233

3. Ramsay RR, Tubbs PK (1975) The mechanism of fatty acid

uptake by heart mitochondria: an acylcarnitine-carnitine

exchange. FEBS Lett 54:21–25

4. Bhuiyan A, Bartlett K, Sherratt HSA, Agius L (1988) Effects of

ciprofibrate and 2-[5-(4-Chlorophenyl)Pentyl]Oxirane-2-Carbox-

ylate (Poca) on the distribution of carnitine and Coa and Their

Acyl-Esters and on enzyme-activities in rats: relation between

hepatic carnitine concentration and carnitine acetyltransferase

activity. Biochemical Journal 253:337–343

5. Stanley CA, Hale DE, Berry GT, Deleeuw S, Boxer J, Bonnefont

JP (1992) Brief report: a deficiency of carnitine-acylcarnitine

translocase in the inner mitochondrial membrane. N Engl J Med

327:19–23

6. Brown NF, Weis BC, Husti JE, Foster DW, McGarry JD (1995)

Mitochondrial carnitine palmitoyltransferase I isoform switching

in the developing rat heart. J Biol Chem 270:8952–8957

7. Wawrzenczyk A, Sacher A, Mac M, Nalecz MJ, Nalecz KA

(2001) Transport of L-carnitine in isolated cerebral cortex neu-

rons. Eur J Biochem 268:2091–2098

8. Nalecz KA, Miecz D, Berezowski V, Cecchelli R (2004) Carni-

tine: transport and physiological functions in the brain. Mol

Aspects Med 25:551–567

9. Lam TK, Pocai A, Gutierrez-Juarez R, Obici S, Bryan J, Aguilar-

Bryan L, Schwartz GJ, Rossetti L (2005) Hypothalamic sensing

of circulating fatty acids is required for glucose homeostasis. Nat

Med 11:320–327

10. Lee J, Wolfgang MJ (2012) Metabolomic profiling reveals a role

for CPT1c in neuronal oxidative metabolism. BMC Boichem

13:23

11. Vaz FM, Wanders RJA (2002) Carnitine biosynthesis in mam-

mals. Biochem J 361:417–429

12. Januszewicz E, Bekisz M, Mozrzymas JW, Nalecz KA (2010)

High affinity carnitine transporters from OCTN family in neural

cells. Neurochem Res 35:743–748

13. Huizing M, Iacobazzi V, Ijlst L et al (1997) Cloning of the human

carnitine-acylcarnitine carrier cDNA and identification of the

molecular defect in a patient. Am J Hum Genet 61:1239–1245

14. Indiveri C, Giangregorio N, Iacobazzi V, Palmieri F (2002) Site-

directed mutagenesis and chemical modification of the six native

cysteine residues of the rat mitochondrial carnitine carrier:

implications for the role of cysteine-136. Biochemistry

41:8649–8656

15. Iacobazzi V, Convertini P, Infantino V, Scarcia P, Todisco S,

Palmieri F (2009) Statins, fibrates and retinoic acid upregulate

mitochondrial acylcarnitine carrier gene expression. Biochem

Biophys Res Commun 388:643–647

16. Caddick J, Kingham PJ, Gardiner NJ, Wiberg M, Terenghi G

(2006) Phenotypic and functional characteristics of mesenchymal

stem cells differentiated along a Schwann cell lineage. Glia

54:840–849

17. Bruni F, Manzari C, Filice M, Loguercio Polosa P, Colella M,

Carmone C, Hambardjieva E, Garcia-Diaz M, Cantatore P, Ro-

berti M (2012) D-MTERF5 is a novel factor modulating tran-

scription in Drosophila mitochondria. Mitochondrion 12:492–499

18. Torchetti EM, Brizio C, Colella M, Galluccio M, Giancaspero

TA, Indiveri C, Roberti M, Barile M (2010) Mitochondrial

localization of human FAD synthetase isoform 1. Mitochondrion

10:263–273

19. Gerbino A, Maiellaro I, Carmone C, Caroppo R, Debellis L,

Barile M, Busco G, Colella M (2012) Glucose increases extra-

cellular [Ca2 ?] in rat insulinoma (INS-1E) pseudoislets as

measured with Ca2 ? -sensitive microelectrodes. Cell Calcium

51:393–401

20. Schindelin J, Arganda-Carreras I, Frise E et al (2012) Fiji: an

open-source platform for biological-image analysis. Nat Methods

9:676–682

21. Palmieri F, Indiveri C, Bisaccia F, Iacobazzi V (1995) Mito-

chondrial metabolite carrier proteins: purification, reconstitution,

and transport studies. Methods Enzymol 260:349–369
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