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Abstract
We previously demonstrated that the neuropeptide cocaine- and amphetamine-regulated transcript
(CART) is protective against focal cerebral ischemia in vivo and against neuronal cell death in culture
induced by oxygen-glucose deprivation (OGD). The mechanism of neuroprotection by CART is
unknown, in part due to lack of knowledge regarding its putative receptor. Using a yeast two-hybrid
system with CART’s carboxy-terminal to screen a mouse brain cDNA library, we uncovered a
potential direct interaction between CART and subunit B of the mitochondrial enzyme succinate
dehydrogenase (SDHB). We confirmed CART/SDHB binding using in vitro pull-down assay, and
tested the effects of CART peptide on SDH activity, Complex II (CII) activity and ATP production
in primary cultured cortical neurons under basal conditions and after OGD. At concentrations
between 0.2 and 4 nM, CART significantly increased SDH function, CII activity and ATP generation
in purified mitochondria and intact neurons under baseline conditions. Furthermore, pretreatment
with CART enhanced mitochondrial mechanisms of neuronal survival and prevented the decline in
SDH and CII activities and ATP production after OGD. The findings suggest that CART’s
neuroprotective mechanism of action may be linked to preservation of mitochondrial function and
prevention of energy failure after ischemia–reperfusion injury.
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Introduction
Cocaine- and amphetamine-regulated transcript (CART) is expressed in neural and endocrine
tissues. In the brain, CART is widely expressed, with the highest levels found in the
hypothalamus; moderate levels in the midbrain and thalamus; and lower, but detectable, levels
in the hindbrain, hippocampus, ventral striatum and the cerebral cortex (Douglass et al.,
1995). The name CART describes its original discovery by differential display as a transcript
inducible in rat brain by psychostimulants, which subsequently lead to extensive research into
the role of CART in drug addiction (Kuhar et al., 2005). In normal brain, CART is highly
expressed in hypothalamic nuclei responsible for appetite regulation, implicating CART in
body weight control and energy metabolism (Kristensen et al., 1998). CART is also expressed
in all levels of the hypothalamic–pituitary–adrenal axis (Larsen et al., 2003), which plays an
important role in energy homeostasis and the neuroendocrine response to stress (Koylu et al.,
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2006). CART has also been implicated in a variety of other functions, including pain
transmission (Damaj et al., 2003), cardiovascular regulation (Matsumura et al., 2001; Scruggs
et al., 2003), sensory processing and locomotor activity (Kimmel et al., 2000). We recently
reported that CART expression was induced in the cerebral cortex after focal cerebral ischemia
in the rat in vivo and after oxygen-glucose deprivation (OGD) in cultured cortical neurons (Xu
et al., 2006). We also demonstrated that CART upregulation in ischemic brain was further
enhanced by the female sex hormone 17β-estradiol, and blockade of CART’s action with a
CART-neutralizing antibody attenuated estradiol-mediated neuroprotection. Finally, CART
peptide administration in vivo reduced infarct size after middle cerebral artery occlusion in
mice, and incubation of cortical neurons with CART peptide attenuated OGD-induced
ischemic cell death. Despite the many known functions of CART, its mechanisms of action,
especially its neuroprotective mechanisms of action, remain unknown. A major issue is that
no receptors or interacting partners have been identified for CART, although pharmacological
and competitive binding studies have suggested the existence of specific binding sites for
CART (Vicentic et al., 2006). To fill this gap in knowledge and begin to explore CART’s
molecular mechanisms of actions, in the current study we used a yeast two-hybrid system with
a CART functional region as bait to screen a mouse brain cDNA library for potential binding
proteins for CART. We here report CART binding to mouse succinate dehydrogenase subunit
B (SDHB), a critical enzyme of the Krebs cycle and an integral part of Complex II (CII) of the
mitochondrial electron transport chain for oxidative metabolism and ATP synthesis. We further
demonstrated that CART’s binding to SDH stimulates its function, increasing CII activity and
ATP synthesis in purified mitochondria and intact cells under baseline conditions and, more
importantly, preserving mitochondrial functional integrity and ATP synthesis and improving
mitochondrial mechanisms of neuronal survival after OGD. The findings suggest that
stimulation of mitochondrial energy metabolism is an important part of CART’s mechanism
of neuroprotection.

Materials and methods
Yeast two-hybrid screen

The yeast two-hybrid system (Fields & Song, 1989) was performed using a mouse brain cDNA
library (pGAD vector, BD Clontech), which contains the GAL4 activation domain. As bait,
we used the C-terminus of rat CART (GenBank # NM_017110, amino acids 62–102), which
is identical to the mouse amino sequence. The CART C-terminus was amplified by polymerase
chain reaction (PCR) using the following primers, which contain EcoR1 sites (underlined): 5′-
GGAATTCTACGGCCAAGTCCCCATG-3′ as the forward primer and 5′-
GGAATTCTCACAAGCACTTCAAGAGG-3′ as the reverse primer. PCR products were
digested with EcoR1 and ligated in-frame into pBDGal4Cam vector (pBD, Stratagene)
digested with EcoR1, which contains the GAL4 DNA-binding domain. The new plasmid will
be referred to as pBDCART. The yeast two-hybrid screen was performed in yeast strain YRG-2
(Stratagene), following the manufacturer’s instructions with a sequential transformation
procedure. Briefly, 100 μg of the cDNA library was used to transform to YRG-2 cells already
containing pBDCART. Yeast transformants were incubated at 30 °C for 6 days on agar plates
containing synthetic dropout medium with 25 mM of 3-aminotriazol and lacking leucine (Leu),
tryptophan (Trp) and histidine (His). Positive clones in the plates were further assayed by β-
galactosidase (β-Gal) filter assay. Positive pGAD plasmids (prey) were then isolated using a
yeast plasmid DNA isolation kit (BD Clontech) from the yeast after removing the bait plasmid
by ‘dropout’ following culture in medium without leucine. Finally, the plasmids of positive
clones were co-transformed with either the bait pBDCART or the pBD vector into other yeast
strains HF7c and Y190 to eliminate false positive clones. Isolated prey plasmids with mouse
cDNA inserts were then amplified by transforming the yeast plasmid into Escherichia coli
XL-1 blue MRF (Stratagene) and were identified by DNA sequencing.

Mao et al. Page 2

Eur J Neurosci. Author manuscript; available in PMC 2008 November 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In vitro pull-down assay
CART (55–102), where numbers refer to amino acids within the pro-CART, and enhanced
green fluorescent protein (EGFP) cDNAs were amplified by PCR and sequenced to confirm
sequence accuracy, and inserted into the pHisTAT-2.1 vector (TAT vector kindly provided by
Dr Steven Dowdy at UCSD). The following constructs were generated and transformed into
E. coli BL21 (DE3) cells (Invitrogen): pTAT-EGFP and pTAT-EGFP-CART. The expressions
of HisTAT and HisTAT fusion proteins were induced by 0.1 mM iso-propyl-1-thio-β-D-
galactopyranoside, and were purified by Ni-NTA column (Qiagen) according to the
manufacturer’s recommended protocol. Band identities were confirmed by Coomassie blue
staining and specific antibodies. Cultured HEK293 and PC3 cells were washed with ice-cold
phosphate-buffered saline (PBS), and homogenized in CelLytic Reagent (Sigma) buffer
containing protease inhibitors (1% protease inhibitor cocktail, Sigma). Samples were incubated
on ice for 15–30 min with shaking and then centrifuged at 14 000 g for 10 min. The supernatant
was removed to a new tube as the total cell lysate and stored frozen at −80 °C. Thawed lysates
(300–500 μg) were first incubated directly with 10 μL of protein G-agarose for 1 h at 4 °C and
spun down. The supernatant was then divided equally into two tubes containing 20 μg of TAT-
EGFP-CART protein or TAT-EGFP protein, and incubated with 2 μg of anti-CII 30 kDa
(SDHB) antibody (Molecular Probes, Eugene, OR, USA) overnight at 4 °C. The reaction was
then incubated with 10 μL of protein G-agarose beads (BD Clontech) at 4 °C overnight.
Following centrifugation, the beads were washed three times using wash buffer (in mM: Tris–
HCl, 10, pH 7.5; NaCl, 150; 1% Triton X-100; dithiothreitol, 1). Bound proteins were eluted
with 2 × sodium dodecyl sulfate (SDS) sample buffer and subjected to a 10% SDS–
polyacrylamide gel electrophoresis and transferred to a 0.45 micron nitrocellulose membrane.
Proteins were analysed by Western blotting using 1 : 400 diluted anti-GFP monoclonal
antibody (BD Clontech) and 1 : 10 000 diluted chicken anti-goat IgG horseradish peroxidase
conjugated (IgNex). Signals were visualized by chemiluminescence. To confirm that the fusion
protein was CART fusion, the blotted membrane was stripped by Restore Western blot
stripping buffer (Pierce), according to the manufacturer’s protocol, and reprobed again with
anti-CART antibody.

Primary neuronal cell culture
Primary cortical neurons were prepared by dissecting cortices from fetal rat brains on
embryonic day 18 (E18), as described in ‘Protocols for neural cell culture’ (Fedoroff &
Richardson, 2001). Embryos were retrieved through caesaren section under deep halothane
anesthesia and killed by decapitation. Dissociated cells were plated onto a poly-L-ornithine-
coated plate or dish (24-well plates, 2.5 × 105 cells/well, 60 × 15 mm culture dish, 26 × 105

cells) and cultured under standard conditions (grown at 37 °C in 100% humidity, 95% room
air/5% CO2) in neurobasal medium (NBM) with 2% (v/v) B27 supplement and 2 mM
glutamine. Cells were grown for 10–12 days in vitro before they were used in mitochondrial
functional studies or subjected to OGD, described below. Studies were approved by the Animal
Care and Use Committee at Oregon Health and Science University.

Isolation of mitochondria from cortical neurons
Mitochondria were isolated from primary cortical neurons under baseline conditions and after
OGD, as previously described (Verweij et al., 1997; Birch-Machin & Turnbull, 2001; Powell
& Jackson, 2003). Briefly, neuronal cells were washed with cold PBS and transferred into ice-
cold SEE buffer (in mM: sucrose, 250; HEPES, 10, pH 7.4; EDTA, 0.5; EGTA, 0.5, in double-
distilled water). Approximately 1 g of tissue was suspended in 10 mL SEE buffer containing
Nagarse protease (3 mg/g tissue), sonicated with a handheld sonicator, and diluted with
additional SEE buffer (10 mL) to inactivate the protease. The homogenates were centrifuged
for 3 min at 2000 g to pellet the nuclei, and the supernatant was further centrifuged at 12 000
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g for 8 min to generate the mitochondrial pellets. After discarding the supernatant, the
mitochondrial pellets were resuspended in SEE buffer (10 mL) and centrifuged two additional
times in fresh changes of SEE buffer (10 mL) at 12 000 g for 10 min to wash the pellets. The
purified mitochondrial pellets were resuspended in 0.25 M sucrose, aliquoted into
microcentrifuge tubes, snap frozen in liquid nitrogen and stored at 80°C until analysed
(normally less than 2 weeks).

SDH activity assay
SDH activity was determined in a mitochondria-rich preparation of cultured cells using a
spectrophotometric method. The measurement was performed in 50 mM Tris–HCl buffer (pH
8.0) containing 3 mM NaCN, 50 μm 2,6-dichloroindiphenol (DCIP), 10 mM succinate and 0.4
mg mitochondrial protein/mL. The reduction of DCIP by SDH was monitored at 650 nm every
3 min for 12 min, as previously described (Kis et al., 2003).

CII mitochondrial respiration assay
Mitochondrial protein from baseline and post-OGD neurons were prepared as previously
described (Birch-Machin & Turnbull, 2001). Briefly, CII-specific activity was measured by
following the reduction of DCIP. The mitochondria were freeze-thawed three times, and 50
μg of mitochondrial protein was added to a tube containing 100 μL of hypotonic buffer (in
mM: KH2PO4, 25, pH 7.2; MgCl2, 5) with 20 mM succinate. After 10 min incubation at 30 °
C, antimycin A (2 mg/mL), rotenone (2 mg/mL), KCN (2 mM) and DCIP (50 μM) were added
to each tube. A baseline absorbance rate was established at 590 nm on a spectrophotometer for
3 min following the addition of CII inhibitors and the terminal electron acceptor (DCIP). The
reaction was started by the addition of ubiquinone (65 μM). Absorbance was measured every
30 s for 5 min following the addition of ubiquinone as the coenzyme for the reaction. 3-
Nitropropionic acid (3-NPA, 50 mM) was added prior to the addition of ubiquinone as the
positive control to assess the validity of the assay.

ATP assay
To measure the level of ATP, cultured neurons were homogenized in a medium containing
0.3% (w/v) trichloracetic acid and 1 mm EDTA. The homogenate was centrifuged at 10 000
g for 3 min at 4 °C. The supernatant was assayed for ATP levels using a luminescence detection
kit (Molecular Probes), as previously described (De Cristobal et al., 2001). ATP levels are
expressed in pmol/μg (μmol/g).

OGD and quantification of neuronal cell death
Cells were grown in 24-well plates and each experiment was performed in triplicate. Neuronal
cultures were subjected to OGD for 120 min at 37 °C. Cultures were placed in a Coy Hypoxia
Chamber filled with a hypoxic gas mixture (5% CO2, 5% H2, 90% N2), and oxygen
concentration was controlled at < 0.1%. The culture medium was replaced with deoxygenated
glucose-free buffer (PBS with 1 mM CaCl2, 0.8 mM MgCl2). OGD was terminated by replacing
OGD media with feeding media containing neurobasal medium (NBM) with 2% (v/v) B27
supplement and 2 mM glutamine, and cultures were maintained in a regular CO2 incubator
under normoxic conditions at 37 °C for 24 h. Cell death was determined by the fluorescent
markers for live and dead cells, calcein and propidium iodide (PI). Cell death in each well was
expressed as the ratio of PI-positive to the sum of PI- and calcein-positive cells in at least three
images per well, and three wells for each condition were analysed under a fluorescent
microscope (40 ×objective, 10 ×eye piece). Neuronal viability was also determined
spectrophotometrically using the 3-(4,5-dimethylthiazol-2-yl) 2,5-di-phenyl-tetrazolium
bromide (MTT) assay. The assay is based on the reduction of MTT to purple-colored formazan
by mitochondrial dehydrogenases. This assay provides a sensitive assessment of mitochondrial
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functional integrity, and is most sensitive to mitochondrial mechanisms of cell death. CART
(55–102; America Peptide Company) or vehicle (PBS) was added 30 min prior to OGD and
maintained during OGD and throughout reoxygenation. Cells were incubated for 24 h after
OGD at 37 °C. After the addition of 25 μL of MTT stock solution (5 mg/mL) in 500 μL media
for 1 h, 150 μL dimethylsulfoxide was added per well, agitated for 5 min, 15 μL of 2 M Tris
(pH 10.5) was then added, and MTT reduction was determined in a Vector III plate reader at
540 nm.

Statistical analysis
Statistical analysis was performed with SigmaStat (SPSS, Chicago, IL, USA). Data are
presented as means ± SEM. Differences among groups in SDH and CII activities over time
were assessed with two-way ANOVA followed by Fisher LSD test. Differences in MTT and
PI death rates were assessed by one-way ANOVA followed by Fisher post hoc analysis. Values
are reported as mean + SEM; a P-value of < 0.05 was considered to be statistically significant.

Results
Identification of SDH as a CART-interacting partner

Using the yeast two-hybrid system with a CART functional domain and a mouse brain cDNA
library, we screened over 1 million yeast clones. Several clones appeared on the His-negative
plates, but only one clone, #35, was positive for both His3 and LacZ phenotypes. The cDNA
was recovered from the yeast positive clone, and the DNA sequence analysis showed that the
protein encoded by this clone was SDHB (GenBank # NM023374). To eliminate any false
positive possibility, the cDNA of the positive clone was reintroduced with the bait pBDCART
into the yeast host strain and other yeast strains, which still gave His3- and LacZ-positive
phenotypes (Fig. 1, upper panel), while introduction of the cDNA with the empty vector or
plasmids containing sequences unrelated to CART was negative for both phenotypes (Fig. 1,
lower panel). These results suggest that CART peptide binds to SDHB in yeast cells, and that
CART/SDH binding is highly specific.

In vitro CART/SDH binding
To further confirm the interaction between CART and SDHB, we first generated a TAT-EGFP-
CART (EGFPCART) fusion protein that could be interrogated in Western blot analysis by both
anti-CART and anti-EGFP antibodies, and which can be compared for binding activity to the
fusion protein TAT-EGFP lacking CART. Mitochondrial protein preparations from two
mammalian cell lines (HEK293 and PC3) abundantly expressed SDHB, as determined by
Western blot with anti-CII antibody (30 kDa, SDHB, not shown). Furthermore, as seen in Fig.
2A and B, when cellular lysates were incubated with TAT-EGFP-CART or TAT-EGFP, the
protein G beads with anti-CII antibody were able to pull down the TAT-EGFP-CART fusion
protein, but not TATEGFP, confirming the specificity of CART/SDHB binding in vitro.

CART stimulates SDH and CII activities under basal conditions
To determine if the physical interaction between CART peptide and SDH alters SDH and CII
functions, we tested the effects of CART peptide on SDH and CII activities in mitochondrial
extracts from primary cultured cortical neurons under basal conditions. In the first series of
experiments, CART or vehicle was added directly to the mitochondrial extract, and SDH
activity was determined spectrophotometrically at 650 nm by the reduction of DCIP after
addition of the SDH substrate succinate. The results shown in Fig. 3A demonstrate that CART
(0.2 nM) significantly increases SDH activity in mitochondrial extracts from primary cultured
cortical neurons. We also tested the effect of CART on CII activity in mitochondrial extract
measured spectrophotometrically at 595 nm by DCIP reduction after the addition of Coenzyme
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Q. In agreement with Fig. 3A, the results demonstrate that CART peptide (0.2 nM) increases
CII activity (Fig. 3B). Similar increases in SDH and CII activities were observed at CART
concentrations up to 4 nM. Interestingly, no further improvement was observed at higher CART
concentrations and, at 50 nM, CART actually decreased SDH and CII activities.

CART prevents mitochondrial dysfunction after OGD in primary cortical neurons
To determine if CART can prevent the decline in mitochondrial function observed after OGD,
primary cultured cortical neurons were subjected to 2 h OGD with or without CART (0.2 nM,
added 30 min prior to OGD, and maintained during OGD and throughout reoxygenation). At
24 h, cells were washed and homogenized for mitochondrial protein extraction, and SDH and
CII activities were measured as in Fig. 3. CII activity was severely depressed at 24 h after OGD
compared with control cells (Fig. 4, control vs OGD). However, pretreatment with CART
(CART/OGD), but not saline vehicle (OGD/VEH) completely prevented the decline in CII
activity after OGD in primary cultured cortical neurons. Similar results were obtained for SDH
activity (data not shown).

CART increases basal ATP production and prevents the decline in ATP after OGD
To determine if increased CII activity translates to increased energy production, we measured
ATP levels in primary cortical neuronal cultures. Figure 5A demonstrates that CART peptide
stimulated ATP synthesis by mitochondrial extracts from primary cortical neurons. The effect
was maximal at 2 nM. Specificity of the assay was determined by the addition of the CII
inhibitor 3-NPA, which inhibits ATP synthesis by purified mitochondria. As expected, the rate
of ATP synthesis by mitochondrial extracts from post-OGD neurons was severely reduced.
However, pretreatment with CART significantly attenuated the decline in ATP formation by
mitochondrial extract isolated at 24 h of reoxygenation after 2 h OGD (Fig. 5B). As in Fig.
5A, the effect of CART on neuronal survival was maximal at 2 nM. No further improvement
was observed at higher CART concentrations up to 100 nM.

CART inhibits OGD-induced neuronal cell death
To determine if preservation of mitochondrial integrity translates into enhanced neuronal
survival, we examined the effect of CART on OGD-induced cell death using PI staining as
well as mitochondria-specific MTT assay. Figure 6A demonstrates that 2 h OGD induced 37.2
± 3.9% (n = 7) reduction in neuronal viability as determined by the MTT assay. Pretreatment
with CART (0.2–2.0 nM) preserved mitochondrial function integrity and improved neuronal
survival (74.0 ± 4.1%, n = 7 at 0.2 nM, P < 0.05 compared with 63.0 ± 3.9%, n = 7, in OGD
alone). Similarly, Fig. 6B demonstrates that neuronal survival was reduced by 32.4 ± 3.0%
(n = 6) at 24 h after 2 h OGD, as determined by PI/calcein staining. The decline in neuronal
survival was dose-dependently attenuated by CART at doses between 0.2 and 2.0 nM. In
agreement with SDH/CII activity and ATP production assays, the neuroprotective effect of
CART was lost at concentrations higher than (10–100 nM).

Discussion
The main findings of our study are: (1) CART directly interacts with the mitochondrial protein
SDH; (2) CART increases basal SDH and CII functional activities in purified neuronal
mitochondria; (3) CART increases basal ATP formation by purified neuronal mitochondria;
(4) CART prevents the decline in SDH and CII activities and ATP generation in cortical
neurons after OGD; (5) CART improves mitochondrial function and neuronal survival after
OGD in primary cortical neurons. This is the first identification of a direct interacting partner
for CART, and the first report to implicate the mitochondria in the mechanisms of action of
CART. The findings suggest that the mechanisms of neuroprotection by CART may in part be

Mao et al. Page 6

Eur J Neurosci. Author manuscript; available in PMC 2008 November 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



linked to preservation of mitochondrial integrity and energy production during hypoxia–
ischemia.

CART is a neuropeptide exclusively expressed in neural and neuroendocrine tissues. It was
discovered in 1995 as a transcript differentially regulated in the brain by cocaine and
amphetamine (Douglass et al., 1995). Since then, CART has been implicated in a variety of
other brain functions, including energy metabolism, appetite control and neuroprotection.
However, the mechanisms of the actions of CART are poorly understood, in part because no
putative receptor or binding partner has yet been identified. The first evidence of CART’s
mechanism of action came from a study demonstrating that CART (55–102) inhibited voltage-
dependent calcium signaling in hippocampal neurons (Yermolaieva et al., 2001). Other in
vivo studies demonstrated that central administration of CART increases the phosphorylation
of cAMP response element-binding protein (CREB) in the hypothalamic paraventricular
nucleus (Sarkar et al., 2004). More recent studies in the AtT20 cell line demonstrated that
CART could activate extracellular signal-regulated kinase (ERK) 1 and 2, which was blocked
by pertussis toxin, suggesting the involvement of G-protein signaling in CART’s mechanism
of action (Lakatos et al., 2005). Similarly, CART has been shown to potentiate insulin secretion
via the cAMP/protein kinase A-dependent pathway in a clonal beta cell line (Wierup et al.,
2006). These studies prompted a search for CART’s putative receptor or binding partner
(Vicentic et al., 2006). Recent reports suggested the presence of specific binding sites for
CART in cell lines and in vivo. In one study, CART binding in AtT20 cells was specific,
saturable, time-dependent and altered by pH, temperature and protein concentration (Vicentic
et al., 2006). In another study, using a fusion protein containing CART (55–102) and GFP, the
authors demonstrated specific binding sites for CART on HepG2 cells and dissociated
hypothalamic cells (Keller et al., 2006). The authors in this study also observed hypothalamic
displaceable binding sites for CART in brain sections.

We have recently demonstrated that CART peptide exhibits neuroprotective properties against
ischemic brain injury in vivo and against OGD-induced cell death in primary cultured cortical
neurons. The neuroprotective effect of CART has been linked to the ERK activation (Xu et
al., 2006) and to the upregulation of brain-derived neurotrophic factor (BDNF) (Wu et al.,
2006). However, CART’s upstream signaling and the identity of its receptor or interacting
partner remain elusive. Therefore, in the current study we set out to determine the mechanism
of neuroprotection by CART. Using the yeast two-hybrid system, we screened a mouse brain
cDNA library for a CART-binding partner, and uncovered a previously unrecognized CART
binding to the mitochondrial enzyme SDH.

SDH is a membrane-bound enzyme of both the Krebs TCA cycle and CII of the electron
transport chain, a crucial enzyme for intermediary metabolism and energy production.
Consequently, CART’s interaction with SDH may potentially have immense physiological and
pathophysiological consequences, and may be an important mechanism of its mechanisms of
action. Accordingly, we demonstrated here that when added at relevant concentrations
demonstrated to be neuroprotective in our previous study (Xu et al., 2006), CART enhanced
mitochondrial function and energy production, as well as mitochondrial functional integrity
and neuronal survival. CART also rescued the decline in SDH and CII activities after OGD.
Suppression of SDH and CII disturbs electron transport, leading to cellular energy deficits and
oxidative stress-related neuronal injury (Binienda et al., 2005). By preventing the decline in
SDH activity, CART maintains mitochondrial respiration and energy production, reducing
oxidative stress, stabilizing mitochondrial membrane potential, and preventing further
mitochondrial damage and subsequent neuronal cell death.

In agreement with our previous study (Xu et al., 2006), CART was most effective in stimulating
the mitochondrial function and protecting neurons at low nanomolar concentrations. At higher
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concentrations, CART either lost its ability to stimulate mitochondrial function or actually
suppressed mitochondrial activity. This is also in agreement with our previous observation
that, at higher concentrations, CART increased neuronal cell death in culture and was
associated with higher mortality after experimental stroke in vivo (Xu et al., 2006). CART’s
concentration-dependent effects are likely due to the entrainment of non-specific mechanisms
that obscure CART’s protective mechanisms in mitochondria. For example, while low
concentrations of CART exhibit a protective effect by preventing the decline in energy
production after ischemia, the effect of higher CART concentrations on mitochondrial oxygen
free radical formation is unknown.

The role of mitochondria in neuronal survival is well documented. Particularly in neurons,
where energy demands are extremely high, adequate cellular energy level is critical for
neuronal cell survival and function, and energy failure is an important mechanism of neuronal
cell death in ischemic stroke (Lipton, 1999). Therefore, enhanced energy formation by CART
and preservation of mitochondrial function after OGD are consistent with its neuroprotective
action and may be an important mechanism of neuroprotection by CART. Other mitochondrial
mechanisms, however, may also play a role in CART’s mechanism of neuroprotection.
Specifically, in addition to its central role in coupling the respiratory chain to an oxidative
phosphorylation role and ATP production, SDH, unlike other mitochondrial dehydrogenases,
also has unique redox properties (Rustin et al., 2002; Yankovskaya et al., 2003). In partnership
with ubiquinone (Hoppe et al., 1999; Shults et al., 2002), SDH represents a crucial antioxidant
enzyme system in mitochondria. Therefore, CART binding to SDH may potentiate its
antioxidant capacity. Other mitochondrial mechanisms may also play a role in mediating the
neuroprotective effects of CART, including the maintenance of mitochondrial membrane
potential, activation of mitochondrial KATP channel (Van den Top et al., 2006), inhibition of
cytochrome C release and subsequent caspase activation. It should be emphasized, however,
that CART may exhibit its protective effect through mechanisms other than its actions on the
mitochondria. For example, CART’s direct G-protein-coupled receptor (GPCR) may also
contribute to its neuroprotective properties, e.g. through inhibition of calcium influx
(Yermolaieva et al., 2001), increased CREB phosphorylation (Sarkar et al., 2004), ERK
activation (Lakatos et al., 2005) and upregulation of BDNF (Wu et al., 2006).

Considering the many functions of CART, this study not only has the potential to provide new
insights into CART’s neuroprotective mechanism of action, but may also indicate a new
mechanism for CART’s other functions, especially CART’s well-documented effect on energy
metabolism and weight control. For example, it is well known that CART regulates body
weight homeostasis by maintaining a balance between food intake and energy expenditure at
the cellular and whole-body levels (Larsen & Hunter, 2006), and the mitochondria, which are
central to both energy supply and expenditure, are a logical site of action for both processes.
Similarly, CART has been shown to induce the expression of mitochondrial uncoupling
proteins and increase lipid substrate utilization (Rohner-Jeanrenaud et al., 2002); both actions
are likely a result of CART’s action on the mitochondria. Finally, it is important to note that
CART’s effect on mitochondrial function may not be aimed teleologically at neuronal
preservation during hypoxic and hypoglycemic conditions (OGD). CART is well known to
have a physiological role in control of energy metabolism, thermoregulation and body weight,
areas that could well entrain mitochondrial mechanisms (Kong et al., 2003), as evidenced, for
example, by the observation that mutations in the cart gene are linked to reduced resting energy
expenditure in obese children (del Giudice et al., 2001).

One issue that remains unresolved is the mechanism by which exogenous CART reaches the
mitochondria. In addition to the actions of CART on a putative membrane-associated receptor,
CART has also been shown to cross the blood–brain barrier rapidly, with no apparent self-
inhibition or saturation, arguing against a receptor- or carrier-mediated transport (Kastin &
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Akerstrom, 1999). There are other examples of regulatory peptides similar to CART that
interact with mitochondrial proteins. For example, there is evidence that melatonin may interact
with mitochondrial electron transport chain proteins (Leon et al., 2004). There is also
precedence for peptides with amino acid sequences and structural features that render them
uniquely cell-permeable and especially targeted to and concentrated in mitochondria (Zhao et
al., 2004). These peptides have been shown to reduce intracellular reactive oxygen species and
cell death (Szeto, 2006), and have been demonstrated both in vitro and in vivo to be protective
against ischemic brain and heart injury (Cho et al., 2007).

We previously identified CART as an estrogen-regulated gene in ischemic cerebral cortex,
which plays an important role in estrogen-mediated neuroprotection. In agreement with our
finding here that CART uses mitochondrial mechanisms of neuroprotection, recent studies
suggest that the mechanism of neuroprotection by estrogen may also be linked to mitochondrial
mechanisms. For example, estrogen increases mitochondrial sequestration of calcium and
protects neurons against adverse consequences of excess cytoplasmic calcium. Estrogen has
also been shown to promote mitochondrial respiration, ATP generation and antioxidant
enzymes that offset the increase in free radical generation induced by increased respiration
(Morrison et al., 2006). Furthermore, estrogen protects against amyloid beta neurotoxicity by
limiting mitochondrial dysfunction via activation of anti-apoptotic mechanisms (Nilsen et
al., 2006), and protects mitochondrial membrane potential collapse from insults by rendering
the mitochondria more resistant to pro-oxidants, calcium loading and mitochondrial toxins
(Simpkins et al., 2005). Finally, vasoprotection by estrogen is mediated, in part, by modulation
of mitochondrial function, resulting in greater energy-producing capacity and decreased
reactive oxygen species production (Stirone et al., 2005).

In summary, we here report that CART directly interacts with SDH, increasing SDH and CII
activities and enhancing ATP synthesis under baseline conditions. More importantly, we found
that CART preserves mitochondrial function and improves neuronal survival in cortical
neurons after OGD. These findings suggest that the mitochondria may play a central role in
CART’s mechanism of action. The findings also suggest that in addition to its reported
protective effect against ischemic stroke, CART may also prove beneficial in
neurodegenerative diseases and other conditions with mitochondrial involvement, including
ageing.
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Abbreviations
3-NPA  

3-nitropropionic acid

β-Gal  
β-galactosidase

BDNF  
brain-derived neurotrophic factor

CART  
cocaine- and amphetamine-regulated transcript
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CII  
Complex II

CREB  
cAMP response element-binding protein

DCIP  
2,6-dichloroindiphenol

EGFP  
enhanced green fluorescent protein

ERK  
extracellular signal-regulated kinase

MTT  
3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl-tetrazolium bromide

NBM  
neurobasal medium

OGD  
oxygen-glucose deprivation

PBS  
phosphate-buffered saline

PCR  
polymerase chain reaction

PI  
propidium iodide

SDHB  
mouse succinate dehydrogenase subunit B

SDS  
sodium dodecyl sulfate
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Fig. 1.
Identification of cocaine- and amphetamine-regulated transcript (CART)-interacting partner
using yeast two-hybrid system and β-Gal filter assay. Yeast cells transformed with clone #35
containing the sequence for SDHB (prey) and CART (bait), but not empty vector plasmid
(lower panel), induce reporter gene (β-gal) expression (upper panel).
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Fig. 2.
In vitro pull-down assay. Cell lysates were incubated with purified enhanced green fluorescent
protein cocaine- and amphetamine-regulated transcript (EGFPCART) proteins (lanes 1 and 3)
or EGFP proteins (2 and 4), pulled down by protein G beads linked to anti-CII (SDHB)
antibody, and then probed with either anti-EGFP (A) or anti-CART (B) antibodies (same
membrane stripped and reprobed). Lysates in lanes 1 and 2 were prepared from PC3 cells, 3
and 4 from HEK293 cells using CelLytic Reagent. Lane 5 is input loaded with approximately
10% of the EGFPCART protein used in the binding reaction. HC, heavy chain of Ig; LC, light
chain of Ig.
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Fig. 3.
Cocaine- and amphetamine-regulated transcript (CART) stimulates basal succinate
dehydrogenase (SDH) and CII activities in mitochondrial extracts from primary cortical
neurons. (A) CART increases SDH activity determined spectrophotometrically at 650 nm by
the reduction of 2,6-dichloroindiphenol (DCIP) after addition of the SDH substrate succinate
at time 0. (B) CART increases CII activity in mitochondrial extract measured
spectrophotometrically at 595 nm by DCIP reduction after the addition of Coenzyme Q at 3
min *P < 0.05 compared with control.
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Fig. 4.
Cocaine- and amphetamine-regulated transcript (CART) prevents the decline in CII activities
after oxygen-glucose deprivation (OGD) in mitochondrial extracts from primary cortical
neurons. CART was added at 0.2 nM concentration 30 min prior to 2 h OGD, and mitochondria
extracted at 24 h after OGD. *P < 0.05 compared with OGD, #P < 0.05 compared with OGD
plus vehicle (VEH). DCIP, 2,6-dichloroindiphenol.
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Fig. 5.
Cocaine- and amphetamine-regulated transcript (CART) increases basal ATP production and
prevents the decline in ATP after oxygen-glucose deprivation (OGD). (A) CART increases
ATP production in mitochondria extracted from normal cultured cortex neuronal cells. ATP
levels were measured using a luciferase-based bioluminescence detection assay (n = 4 per
group). The CII inhibitor 3-nitropropionic acid (3-NPA, 50 mM) was added to demonstrate
specificity. *P < 0.05 compared with control. (B) CART preserves mitochondrial ATP
production capacity after OGD and reperfusion (n = 4 per group). CART was added at 0.2 nM
30 min prior to 2 h OGD, and mitochondrial extract isolated at 24 h of reoxygenation after
OGD. *P < 0.05 compared with control; #P < 0.05 compared with OGD alone.
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Fig. 6.
Cocaine- and amphetamine-regulated transcript (CART) improves mitochondrial dysfunction
and neuronal viability after oxygen-glucose deprivation (OGD). (A) CART improves neuronal
survival as determined by the reduction of MTT by mitochondrial dehydrogenases (n = 7 per
group, *P < 0.05 compared with control; #P < 0.05 compared with OGD alone). (B) CART
decreases OGD-induced cell death as determined by PI/calcein staining at 24 h after 2 h OGD
(n = 6 per group, *P < 0.05 compared with control; #P < 0.05 compared with OGD alone).
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