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Ghrelin Promotes and Protects Nigrostriatal Dopamine
Function via a UCP2-Dependent Mitochondrial Mechanism
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Ghrelin targets the hypothalamus to regulate food intake and adiposity. Endogenous ghrelin receptors [growth hormone secretagogue
receptor (GHSR)] are also present in extrahypothalamic sites where they promote circuit activity associated with learning and memory,
and reward seeking behavior. Here, we show that the substantia nigra pars compacta (SNpc), a brain region where dopamine (DA) cell
degeneration leads to Parkinson’s disease (PD), expresses GHSR. Ghrelin binds to SNpc cells, electrically activates SNpc DA neurons,
increases tyrosine hydroxylase mRNA and increases DA concentration in the dorsal striatum. Exogenous ghrelin administration de-
creased SNpc DA cell loss and restricted striatal dopamine loss after 1-methyl-4-phenyl-1,2,5,6 tetrahydropyridine (MPTP) treatment.
Genetic ablation of ghrelin or the ghrelin receptor (GHSR) increased SNpc DA cell loss and lowered striatal dopamine levels after MPTP
treatment, an effect that was reversed by selective reactivation of GHSR in catecholaminergic neurons. Ghrelin-induced neuroprotection
was dependent on the mitochondrial redox state via uncoupling protein 2 (UCP2)-dependent alterations in mitochondrial respiration,
reactive oxygen species production, and biogenesis. Together, our data reveal that peripheral ghrelin plays an important role in the
maintenance and protection of normal nigrostriatal dopamine function by activating UCP2-dependent mitochondrial mechanisms.
These studies support ghrelin as a novel therapeutic strategy to combat neurodegeneration, loss of appetite and body weight associated
with PD. Finally, we discuss the potential implications of these studies on the link between obesity and neurodegeneration.

Introduction
Parkinson’s disease (PD) is characterized by the progressive de-
generation of dopamine (DA) neurons projecting from the sub-
stantia nigra pars compacta (SNpc) to the dorsal striatum. The
resulting loss of dopamine in the striatum leads to debilitating
motor dysfunction, including rigidity, resting tremor, postural
instability, and bradykinesia. Familial or genetic causes of PD
only account for 10% of all cases, whereas 90% are considered
sporadic and may manifest as a result of a variety of factors.

Obesity is considered one of the most important health con-
cerns of our generation and is predicted to reduce life expectancy
in the future (Olshansky et al., 2005). While obesity is a known
salient risk factor in diabetes, cardiovascular disease, and cancer,
the risk of neurological disease after prolonged obesity is only

starting to emerge. Recent human studies show that body mass
index, midlife adiposity, and diabetes are associated with the neu-
rodegenerative illness PD (Abbott et al., 2002; Hu et al., 2006,
2007). Furthermore, obesity is a risk factor for chemically induced
neurodegeneration in mice (Choi et al., 2005). In examining po-
tential mechanisms linking obesity and neurodegeneration, we
noted that the gut hormone ghrelin is inversely related to obesity,
such that levels are higher during negative energy balance or cal-
orie restriction and lower during positive energy balance or obe-
sity (Tschöp et al., 2001). Indeed, calorie restriction, in which
ghrelin levels are increased, attenuates 1-methyl-4-phenyl-1,2,5,6
tetrahydropyridine (MPTP)-induced neurotoxicity in nonhu-
man primates (Maswood et al., 2004) and mice (Duan and Mattson,
1999). Further studies showed that cultured cells treated with
serum from calorie-restricted rats displayed mitochondrial bio-
genesis, enhanced bioenergetic capacity, and reduced production
of reactive oxygen species (ROS) (López-Lluch et al., 2006), in-
dicating that the effects of calorie restriction may be mediated by
a hormonal factor affecting mitochondrial metabolism. Ghrelin
also preserves mitochondrial integrity during oxygen– glucose
deprivation (Chung et al., 2007), and mitochondrial dysfunction
lies at the heart of PD (Abou-Sleiman et al., 2006), suggesting that
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the elevated ghrelin levels during calorie restriction may promote
neuroprotection against MPTP intoxication in mice. Recent
studies show that ghrelin attenuates MPTP neurotoxicity in DA
neurons (Jiang et al., 2008) by enhancing mitochondrial function
(Dong et al., 2009). Although the molecular mechanisms regulat-
ing mitochondrial function are unknown, our previous studies
identified uncoupling protein 2 (UCP2) as a critical mitochon-
drial protein regulating nigrostriatal DA function by buffering
mitochondrial ROS production, enhancing mitochondrial respi-
ration, and increasing mitochondrial biogenesis (Andrews et al.,
2005a,b; Conti et al., 2005). We recently demonstrated that gh-
relin was a robust activator of mitochondrial function in the
hypothalamus and that this action was dependent on UCP2 (An-
drews et al., 2008). Therefore, we tested the hypothesis that ghre-
lin promotes nigrostriatal dopamine function by increasing
mitochondrial function in a UCP2-dependent manner.

Materials and Methods
Animals. The Institutional Animal Care and Use Committee of Yale Uni-
versity has approved all procedures described below. UCP2 knock-out
mice are on a C57/B6 background. Ghrelin knock-out mice (on a C57/B6
background) were obtained from Regeneron Pharmaceuticals and bred
in our facilities. These genetic mouse lines have been described previ-
ously (Wortley et al., 2004). Mice expressing growth hormone secreta-
gogue receptors (GHSRs) only in catecholaminergic cells (on a C57/B6
background) were generated by first crossing mice homozygous for a
recombinant “null” GHSR allele (Zigman et al., 2005) with mice express-
ing Cre recombinase under the control of a tyrosine hydroxylase (TH)
promoter (TH-Cre) (Savitt et al., 2005).

Generation of mice expressing ghrelin receptors selectively in cat-
echolaminergic cells. We used mice with GHSRs only in catecholaminer-
gic cells by first crossing mice homozygous for a recombinant “null”
GHSR allele (Zigman et al., 2005) with mice expressing TH-Cre (Savitt et
al., 2005). As described previously, the recombinant null GHSR allele
differs from the wild-type GHSR allele in that it has been altered by the
insertion of a loxP-flanked transcriptional blocking cassette into an in-
tron located downstream of the transcriptional start site and upstream of
the translational start site of the murine GHSR gene. The replacement of
two wild-type GHSR alleles with two recombinant GHSR-null alleles
results in GHSR-null mice that no longer acutely increase food intake in
response to exogenous ghrelin administration and are resistant to the
development of diet-induced obesity (Zigman et al., 2005). The offspring
of GHSR-null mice � TH-Cre mice were then bred with mice containing
either no, one, or two copies of the recombinant null GHSR allele, to
generate the three desired study animal genotypes: wild-type mice (con-
taining two copies of the wild-type GHSR allele and no copies of the
TH-Cre transgene), GHSR-null mice (containing two copies of the re-
combinant null GHSR allele and no copies of the TH-Cre transgene), and
“TH-only” mice (containing two copies of the recombinant null GHSR
allele and one copy of the TH-Cre transgene). In the presence of Cre
recombinase, the transcriptional blocking cassette and one of the loxP
sites is removed from the recombinant null GHSR alleles, thus reactivat-
ing the ability to synthesize functional GHSR mRNAs. The specificity of
Cre recombinase expression afforded by the promoter elements used in
the TH-Cre transgene allows for selective reactivation of GHSR expres-
sion within tyrosine hydroxylase-expressing cells that have the latent
genetic capacity to express GHSR. To validate the reactivation of GHSR
expression selectively within TH cells of “TH-only” mice, brains were
examined for the presence of GHSR mRNA by in situ hybridization
histochemistry (ISHH), using a mouse GHSR-specific riboprobe (Zig-
man et al., 2006). GHSR transcripts were consistently visualized by ISHH
within the substantia nigra (SN) and ventral tegmental area (see Fig.
3A–C), within certain hypothalamic nuclei (the arcuate nucleus, the an-
teroventral periventricular nucleus, the dorsomedial nucleus, and the
capsule of the ventromedial nucleus), and occasionally within scattered
cells of the nucleus of the solitary tract. The pattern of GHSR expression
observed within the “TH-only” mice is similar to the GHSR-TH coex-

pression pattern that we observe in the wild-type mouse brain (not pic-
tured) and involves a few more sites than what has previously been
described in the rat brain (Zigman et al., 2006). Similar to what we had
previously described for GHSR-null mice (Zigman et al., 2005), strong
binding of the GHSR riboprobe was also observed in the Edinger-
Westphal nucleus of “TH-only” mice, which is neither an area of TH
expression nor TH-Cre activity. In situ hybridization histochemistry for
GHSRs was performed as previously described (Zigman et al., 2006).

Biotinylated ghrelin binding in the SN. To test whether ghrelin binds to
cells in the SN, 100 �m sections containing these regions were processed
for binding studies as described previously (Cowley et al., 2003). Briefly,
saline-perfused rat brains (n � 4) were removed, sectioned, and imme-
diately reacted with biotinylated ghrelin (1 M; Phoenix Pharmaceuticals)
alone or in combination with an equal amount of unlabeled (cold) ghre-
lin (1 M; Phoenix Pharmaceuticals) for 20 min at 4°C. Sections were fixed
with 4% paraformaldehyde and reacted with avidin–Texas Red and an-
alyzed using a Zeiss microscope equipped with fluorescent filters.

Patch-clamp recordings from SNpc dopamine neurons. Brain slices (300
�m) containing the SNpc, were cut on a vibratome from 2- to 3-week-
old male and female mice (n � 9) and rats (n � 5). Briefly, animals were
anesthetized with Nembutal (80 mg/kg) and then decapitated. The brains
were rapidly removed and immersed in cold (4°C) oxygenated bath so-
lution [containing the following (in mM): 150 NaCl, 2.5 KCl, 2 CaCl2, 2
MgCl2, 10 HEPES, and 10 glucose, pH 7.3 with NaOH]. After being
trimmed to contain only the SNpc, slices were transferred to a recording
chamber, where they were constantly perfused with bath solution at 2
ml/min. Dopamine neurons in the SNpc were identified by presence of a
large Ih current (�100 pA) evoked by hyperpolarizing voltage steps from
�50 to �120 mV for 2 s (Abizaid et al., 2006). This approach identifies
dopaminergic cells with �90% accuracy (Abizaid et al., 2006). In brain
slices, whole-cell current clamp was used to observe spontaneous action
potentials. Slices were maintained at 33°C and perfused continuously
with artificial CSF (bubbled with 5% CO2 and 95% O2) containing the
following (in mM): 124 NaCl, 3 KCl, 2 CaCl2, 2 MgCl2, 1.23 NaH2PO4, 26
NaHCO3, and 10 glucose, pH 7.4 with NaOH. Ghrelin was applied to the
recording chamber via bath application. The pipette solution contained
the following (in mM): 140 gluconic acid, 2 CaCl2, 2 MgCl2, 1 EGTA, 10
HEPES, 4 Mg-ATP, and 0.5 Na2-GTP, pH 7.3 with NaOH.

Real-time PCR. RNA was extracted from the midbrain of 8 ghrelin-
treated (10 nmol, i.p.) mice or 8 saline-treated mice using TRIzol (In-
vitrogen) according to the manufacturer’s instructions. cDNA was
synthesized using the First-Strand cDNA synthesis kit (GE Healthcare)
using a total of 3 �g of total RNA in 15 �l of total volume. Real-time PCR
analysis of TH mRNA (5�-ggaggctttccagcttctg-3�, 5�-gtcagccaacatgggtacg-3�)
was performed using iQ SYBR Green SuperMix (Bio-Rad) and 0.5 �m of
each primer. Primers for 18S were used as controls. Measurements were
performed on an iCycler (Bio-Rad).

Mitochondria number. Animals were perfused and their brains were
processed for TH immunolabeling for electron microscopic examina-
tion. Ultrathin sections were cut on a Leica ultra microtome, collected on
Formvar-coated single-slot grids and analyzed with a Tecnai 12 Biotwin
(FEI) electron microscope. Mitochondria were counted blindly from
randomly selected sections, and Scion Image was used to normalize cy-
toplasmic area so that mitochondrial number per cell is expressed in
square micrometers.

MPTP administration. Mice were injected with MPTP (40 mg/kg, i.p.)
in saline as described previously (Andrews et al., 2005b). Control animals
were given saline. Animals were killed and perfused 7 d later and pro-
cessed for immunohistochemistry or HPLC for DA and metabolites. n �
8 –10 for ghrelin wt and �/� mice and n � 6 for GHSR w/w, homo/wt,
and homo/TG.

TH cell quantification. Free floating sections were stained with TH
(1:5000, Millipore Bioscience Research Reagents) and visualized with
DAB using standard procedures. We then used design-based unbiased
stereology methods to quantify TH-immunoreactive cells in the SNpc.
Cells were visualized by a Zeiss microscope and relayed via a MicroFibre
digital camera to a computer where they were counted by a blinded
observer using the optical fractionator StereoInvestigator software
(MicroBrightField). Systematic sampling of every fourth section was col-
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lected through the SNpc beginning at approximately bregma �2.06 mm
and finishing at approximately �4.16 mm. Sections were cut at 50 �m to
allow for a 20 �m optical dissector within each section after dehydration
and mounting. The first sample section from the first 1– 4 sections col-
lected was chosen at random. TH cells were counted in grids randomly
positioned by the software in the outlined counting area through all
optical planes, thus creating a 3 dimensional counting area. The counting
frame width and height was 55 �m producing an area of 3025 �m. With
this counting frame area we discovered that we needed to sample �150
sites throughout the entire SNpc and count �120 neurons throughout
the entire SNpc to give an acceptable coefficient of error (using the Gun-
derson method) of 0.1 using the smoothness factor m � 0. The smooth-
ness factor defines the cell distribution of a structure that is sensitive to
small changes in sampling. We have applied the more rigorous smooth-
ness factor of m � 0 to account for sudden changes in cell distribution
across our region of interest. The coefficient of error provides a means to
estimate sampling precision, which is independent of natural biological
variance. As the value approaches 0, the uncertainty in the estimate pre-
cision reduces. A coefficient of error � 0.1 is deemed acceptable. Cells
were only counted if they touched the inclusion border or did not touch
the exclusion border of the sampling grid.

Striatal DA measurements. When the animals were killed (7 d after
MPTP treatment), both striata were rapidly dissected on a chilled glass
plate and frozen at �70°C. The samples were subsequently thawed in 0.4
ml of chilled 0.1 M perchloric acid and sonicated. Aliquots were taken for
protein quantification using a spectrophotometric assay. Other aliquots
were centrifuged, and DA levels were measured in supernatants by HPLC
with electrochemical detection. Concentrations of DA and metabolites
were expressed as nanograms per milligram protein (mean � SEM).

Mitochondrial respiration measurements. Wild-type or ucp2 �/ � mice
were treated with ghrelin or saline 3 h before they were killed. The SN was
rapidly dissected and homogenized in the isolation buffer (215 mM man-
nitol, 75 mM sucrose, 0.1% fatty acid-free BSA, 20 mM HEPES, and 1 mM

EGTA, pH adjusted to 7.2 with KOH). The homogenate was spun at
1300 � g for 3 min, the supernatant was removed, and the pellet was
resuspended with isolation buffer and spun again at 1300 � g for 3 min.
The two sets of supernatants from each sample were topped off with
isolation buffer and spun at 13,000 � g for 10 min. The supernatant was
discarded, and the step was repeated. After this second spin at 13,000 � g,
the supernatant was discarded, and the pellets were resuspended with
isolation buffer without EGTA and spun at 10,000 � g for 10 min. The
final synaptosomal pellet was resuspended with 50 �l of isolation buffer
without EGTA. Protein concentrations were determined with a BCA
protein assay kit (Pierce). Mitochondrial respirations were assessed using
a Clark-type oxygen electrode (Hansatech Instruments) at 37°C with
pyruvate and malate (5 and 2.5 mM) as oxidative substrates in respiration
buffer (215 mM mannitol, 75 mM sucrose, 0.1% fatty acid-free BSA, 20
mM HEPES, 2 mM MgCl, and 2.5 mM KH2PO4, pH adjusted to 7.2 with
KOH). After the addition of oligomycin, proton conductance was mea-
sured as increased fatty acid-induced respiration (Echtay et al., 2002).
Total uncoupled respiration was also measured after the addition of the
protonophore carbonylcyanide-4-(trifluoromethoxy)-phenylhydrazone
(FCCP). For analysis of ADP-dependent respiration, ADP was added
after the addition of oxidative substrates.

Estimation of ROS production. Wild-type and ucp2�/� mice were
injected with ghrelin (10 nmol), and the midbrain was harvested 3 h later.
Mitochondria were isolated as described above. ROS production was
quantified using dichlorodihydrofluorescein diacetate (DCF). DCF is a
cell-permeant indicator for intracellular ROS that is nonfluorescent until
the acetate groups are removed by intracellular esterases and oxidation
occurs within the cell. Using a fluorescence plate reader (excitation 485
nm, emission 528 nm), hypothalamic ROS in ghrelin-treated or saline-
treated samples was estimated in isolated synaptosomes in the presence
and absence of oligomycin. Oligomycin induces maximal ROS production
as it inhibits the ATP synthase. Data are expressed as arbitrary fluorescence
units. In vivo ghrelin-induced ROS production in immunostained TH
neurons in wt or ucp2�/� mice was measured by injecting dihydro-
ethidium (DHE), as it is specifically oxidized by superoxide to red fluo-
rescent ethidium. A 1 mg/ml concentration was injected into the femoral

vein of lightly anesthetized mice. Mice were allowed to recover for �90
min and were then injected with ghrelin (10 nmol, i.p.) and transcardially
perfused 3 h later. Sections were processed normally for TH immunohis-
tochemistry. Fluorescent mitochondria (red channel) were counted
blindly in TH neurons (Andrews et al., 2005b).

Statistical analyses. All data are presented as mean � SEM. Statistical
differences among groups were determined by unpaired two-tailed Stu-
dent’s t tests or two-way ANOVA followed by Bonferroni post hoc test as
stated.

Results
Ghrelin receptors and binding in the SNpc
Biotinylated ghrelin binding was present throughout the SNpc
with a similar distribution pattern to GHSR immunolabeled cells
(Fig. 1A1–A3). Ghrelin binding was punctate and associated with
neuronal perikarya similar to GHSR immunostaining, suggesting
ghrelin binding to GHSRs in the SNpc. No binding was observed
when unlabeled ghrelin was added to the incubation solution.

Ghrelin increases the firing rate of SNpc DA neurons
DA neurons (n � 11) in the SNpc were identified based on their
characteristic Ih currents (Johnson and North, 1992). Spontane-
ous action potentials were recorded under current clamp for at
least 10 min of stable recording. Ghrelin (1–3 �mol) was applied
via bath application and significantly increased action potential
frequency above baseline (Fig. 1B,C), providing direct evidence
that ghrelin promotes action potential firing in SNpc DA neu-
rons. Ten of eleven identified DA neurons responded to ghrelin.

Ghrelin increases striatal DA levels
We measured striatal DA concentration using HPLC 3 h after
ghrelin injection (10 nmol, i.p.) in mice. Ghrelin produced a
robust and reproducible increase in DA concentration in the dor-
sal striatum (saline 119.4 � 9.9 vs ghrelin 153.7 � 4.7 ng/mg
protein, n � 7, p � 0.05). These results are consistent with our
recent study (Abizaid et al., 2006) and reports using in vivo mi-
crodialysis, in which ghrelin increases extracellular DA concen-
tration in the ventral striatum (Jerlhag et al., 2006, 2007).

Ghrelin increases TH mRNA levels in the SN
TH is the rate-limiting enzyme of dopamine biosynthesis. Three
hours after ghrelin injection (10 nmol, i.p.), TH mRNA expres-
sion was significantly increased in the midbrain compared with
saline-injected controls (TH mRNA; saline 1.0 � 0.1 vs ghrelin
2.9 � 0.4-fold increase, n � 10 –11, p � 0.05).

Ghrelin induces increased mitochondrial number in SNpc
DA perikarya
As ghrelin increased mitochondrial number in NPY neurons in
the arcuate nucleus of the hypothalamus (Andrews et al., 2008),
we tested whether ghrelin may also increase mitochondrial num-
ber in SNpc TH neurons using electron microscopy. Three hours
after ghrelin injection, mice exhibited increased mitochondrial
number in TH perikarya of the SNpc (saline 0.46 � 0.03 vs ghre-
lin 0.62 � 0.03 mitochondrial number/�m 2, n � 14 –12, p �
0.05). To validate our electron microscopic analysis of mitochon-
drial biogenesis in SNpc TH neurons, we examined nuclear re-
spiratory factor 1 (NRF1) mRNA, an important transcriptional
regulator of mitochondrial biogenesis, in the SN in saline- and
ghrelin-treated mice (Dhar et al., 2008). After 3 h, ghrelin stim-
ulated the fold increase of NRF1 mRNA relative to saline (saline
1.042 � 0.21 vs ghrelin 3.285 � 0.68, n � 4 and 7, p � 0.05), thus
substantiating the claim that ghrelin promotes SNpc dopamine
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function by increasing mitochondrial bio-
genesis as seen in NPY neurons of the hy-
pothalamus (Andrews et al., 2008).

Ghrelin protects against
MPTP-induced SNpc DA cell loss
The observation that ghrelin promotes
SNpc DA neuronal function and mitochon-
drial proliferation raises the possibility that
ghrelin strengthens the nigrostriatal do-
paminergic system during increased cel-
lular stress. Seven days after mice were
implanted with osmotic minipumps de-
livering ghrelin (10 nmol/d) or saline, we
injected one dose of MPTP (40 mg/kg) or
saline. Seven days after MPTP injection,
mice were killed and processed for TH im-
munohistochemistry or HPLC determi-
nation of striatal DA and DOPAC levels
and dopamine turnover. In this paradigm,
there was no protective effect of continu-
ous ghrelin administration on total TH
cell number or striatal DA levels after
MPTP treatment (supplemental Fig. 1,
available at www.jneurosci.org as supple-
mental material).

We next analyzed the effect of exoge-
nous ghrelin only when ghrelin levels
would be elevated in physiological conditions, i.e., in the absence
of food, as ghrelin is increased during negative energy balance
(Fig. 2A–G). We treated mice with daily injections of exogenous
ghrelin (10 nmol, i.p.) or saline for 7 d before and 7 d after MPTP
injections. Mice were injected immediately before the dark phase,
and food was removed overnight. Ghrelin- and saline-treated
mice were given 3 g of standard chow the following morning at
9:00 A.M. On the seventh day of ghrelin treatment, MPTP was
administered (40 mg/kg, i.p.) to saline- and ghrelin-treated mice.

There was no difference in estimated total number of TH cells
in the entire SNpc in mice treated with ghrelin and saline (desig-
nated ghr/sal) or saline and saline (designated sal/sal) (Fig. 2D).
Mice treated with saline followed by MPTP (designated sal/
MPTP) and mice treated with ghrelin followed by MPTP (desig-
nated ghr/MPTP) both displayed significant TH cell loss in the
SNpc. However, ghrelin treatment significantly attenuated TH
cell loss in the SNpc in response to MPTP compared with sal/
MPTP controls (Fig. 2D). Ghrelin treatment restricted dopamine
cell loss to 33% of control mice whereas saline treatment resulted
in 49% DA cell loss compared with controls after MPTP lesion,
indicating that ghrelin promoted dopamine SNpc cell survivabil-
ity after MPTP intoxication. In line with this, ghrelin significantly
attenuated the MPTP-induced loss of dopamine (Fig. 2E) and
DOPAC (Fig. 2F), while striatal DOPAC/dopamine ratios did
not show a statistical difference (Fig. 2G). Dopamine in sal/
MPTP mice was 65% lower than controls, whereas ghr/MPTP
showed a 45% loss of striatal dopamine. These experiments dem-
onstrate that ghrelin can restrict DA and DA cell loss in a mouse
model of PD when circulating ghrelin levels are boosted at the
time when endogenous ghrelin is naturally induced. It should be
noted that these mice normally ate �3.5 g of food per day; thus,
our paradigm represents a mild form of food restriction. Despite
the fact that mice fed in this manner did not significantly lose
body weight (supplemental Fig. 2, available at www.jneurosci.
org as supplemental material) and that only ghrelin-treated

mice showed neuroprotection in the SNpc compared with saline-
treated mice fed in the same restriction paradigm, it is likely that
restricted, exogenous ghrelin treatment as we applied enhances
cellular mechanisms that exert beneficial effects of calorie
restriction.

Ghrelin and GHSR knock-out animals manifest increased
dopamine loss after MPTP
To further examine the role of ghrelin and GHSR receptor in
maintaining the integrity of the SN dopamine system, we ana-
lyzed the effect of MPTP in transgenic animals in which either
ghrelin or the ghrelin receptor, GHSR, was ablated (Fig. 2H–N).
Our results revealed that after saline injection there was no ob-
servable difference in TH-immunoreactive cells in the SNpc of
ghrelin�/ � mice compared with wild-type littermates (Fig. 2K).
MPTP produced a significant loss of TH neurons in both wt and
ghrelin�/ � mice compared with saline controls. However, the
loss of TH neurons in ghrelin�/ � mice was significantly in-
creased, such that ghrelin�/ � mice lost almost 50% more TH
neurons than wt mice (Fig. 2K). To determine whether this loss
of TH-immunolabeled neurons correlated with altered DA levels,
we measured DA content in the dorsal striatum. Ghrelin�/ � mice
challenged with MPTP exhibited a significantly greater reduction
in striatal dopamine and DOPAC content than wt mice treated
with MPTP (Fig. 2L,M), and DOPAC/dopamine ratios were
also significantly increased in ghrelin�/ � mice treated with
MPTP. There was no difference in dopamine content between wt
and ghrelin�/ � mice injected with saline.

Next we analyzed whether GHSRs mediate this effect of ghre-
lin. This approach used ghsr�/ � mice generated by inserting a
loxP-flanked transcription-blocking cassette into the endoge-
nous GHSR allele (Zigman et al., 2005). When exposed to
promoter-specific Cre recombinase, the GHSR expression is es-
tablished in a neuronal phenotype of choice. We used mice that
express GHSR selectively in TH neurons, including those in the

Figure 1. Ghrelin targets SNpc DA neurons and regulates nigrostriatal DA function. A1, Low-power image showing ghrelin
binding in the SNpc using biotinylated ghrelin. A2, High-power image of the neurons indicated by arrows in A1. A3, Absence of
binding in the SNpc when unbiotinylated ghrelin is used. Both biotinylated ghrelin and unbiotinylated are used at 10 nmol.
SNr, Substantia nigra reticulata. Scale bars: A1, 30 �m; A2, A3, 10 �m. B, Ghrelin significantly increased SNpc DA action
potential frequency above baseline (n � 11 DA cells identified by characteristic Ih currents). Data are presented as the
mean � SEM. aSignificant with respect to control, p � 0.05. Washout reduced ghrelin-elevated firing back to control
levels. C, Representative action potential trace recordings from control, ghrelin, and washout conditions.
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SNpc and VTA (designated GHSR homo/
TG) (Fig. 3A–C) as well as ghsr�/ � mice
(designated homo/wt, i.e., without cre re-
combinase reactivation) and controls
(designated w/w). Mice were injected with
MPTP or saline and TH neurons in the
SNpc were counted. While MPTP signifi-
cantly reduced TH neurons in SNpc of
w/w mice (Fig. 3H), it produced a signif-
icantly greater loss of TH neurons in the
SNpc in GHSR homo/wt mice (Fig. 3H).
However, mice with GHSR reactivation in
TH neurons exhibited restricted MPTP
TH cell loss similar to that seen in w/w
MPTP-treated mice (Fig. 3H). Together,
these data indicate that ghrelin and ghre-
lin signaling directly in TH neurons
through the GHSR are important to me-
diate ghrelin’s neuroprotective properties
in the SNpc.

Ghrelin-induced mitochondrial
adaptation in the SN is
UCP2 dependent
We showed that ghrelin promotes mito-
chondrial respiration and proliferation
via activation of the AMPK–CPT1–UCP2
pathway (Andrews et al., 2008) that pro-
motes fatty acid �-oxidation. Interest-
ingly, UCP2 was previously shown to be
neuroprotective against MPTP-induced
nigral dopamine cell loss (Andrews et al.,
2005b; Conti et al., 2005). Hence, we
tested whether ghrelin enhances mito-
chondrial respiration and biogenesis in a
UCP2-dependent manner.

First we revealed that GHSR-containing
neurons in the SNpc also express UCP2
(Fig. 3I–K). Next, we isolated mitochon-
dria from the midbrain of wt and ucp2�/ �

mice treated with ghrelin for 3 h (10 nmol,
i.p.) or saline and measured mitochon-
drial respiration. Ghrelin-treated wt mice
exhibited significantly greater basal uncou-
pled respiration after oligomycin blocked
electron transport through the ATP syn-
thase (Fig. 3L), whereas ghrelin did not in-
crease respiration after oligomycin in
ucp2�/� mice (Fig. 3L). Activation of
UCP2 with the fatty acid palmitate (Echtay
et al., 2002) resulted in a significant in-
crease in mitochondrial respiration in
ghrelin-treated wt but not in ucp2�/�
mice (Fig. 3M ). Finally, FCCP driven
respiration, which measures the total re-
spiratory capacity, was also increased in
ghrelin-treated wt but not in ucp2�/ �

mice (Fig. 3N). These results demonstrate
that ghrelin regulates UCP2-dependent
mitochondrial respiration in the SN. As
we observed that ghrelin increased mito-
chondrial number in SNpc TH neurons
(see above) and UCPs are important in

Figure 2. Ghrelin attenuates MPTP-induced nigrostriatal DA damage. A–C, Representative images showing MPTP-induced TH
cell loss in the SNpc of saline/saline, saline/MPTP, or ghrelin/MPTP-treated mice. In each picture the SNpc, indicated by the black
lines, is at the same approximate rostrocaudal extent. ML represents the medial lemniscus and SNr represents the substantia nigra
reticulata. D, Unbiased stereological quantification of total TH cell number in the SNpc shows that ghrelin restricts MPTP-induced
TH cell loss (n � 6). E, F, Ghrelin restricts dopamine loss (E) as well as DOPAC loss (F ) in the striatum (n � 6). G, No difference in
striatal DOPAC/dopamine ratio was observed (n � 6). aSignificant with respect to saline or ghrelin/saline-treated mice; bsignifi-
cantly increased compared with saline/MPTP-treated mice ( p � 0.05). H–J, Lower-power images showing representative DA cell
number in SNpc after saline (H, n�10), MPTP to ghrelin wt (I, n�8), or MPTP to ghrelin �/ � mice (J, n�9). Note the significant
loss of DA neurons in ghrelin �/ � mice treated with MPTP compared with ghrelin wt MPTP-treated mice. K, Stereological quan-
tification shows that ghrelin �/ � mice have significantly fewer surviving DA cells in the SNpc. L, Ghrelin �/ � mice also exhibit
reduced striatal DA content compared with wt after MPTP intoxication. M, Striatal DOPAC concentrations in ghrelin wt and
ghrelin �/ � mice did not differ. N, Striatal DOPAC/dopamine ratio was increased in ghrelin �/ � mice but not ghrelin wt mice after
MPTP. Data are presented as the mean � SEM. aSignificant with respect to saline controls; bsignificant with respect to wt MPTP
( p � 0.05).
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promoting mitochondrial proliferation in
response to increased uncoupled respira-
tion in many tissues including the brain
(Diano et al., 2003; Andrews et al., 2008)
and muscle (Wu et al., 1999), we tested
whether ghrelin produces a UCP2-depen-
dent increase in mitochondrial number in
the SNpc DA neurons. Three hours after
ghrelin injection, wt mice exhibited in-
creased mitochondrial number (Fig. 3O).
However, ghrelin had no effect on mito-
chondrial number in ucp2�/� mice (Fig.
3O). To further demonstrate the mito-
chondrial biogenic potential of ghrelin via
UCP2, we measured NRF1 mRNA 3 h after
ghrelin treatment relative to saline controls.
In wt mice, ghrelin increased NRF1 mRNA
relative to saline (wt saline 0.983 � 0.09 vs
wt ghrelin 2.240 � 0.03, n � 6, p � 0.05)
whereas ghrelin had no effect in ucp2�/�
mice (ucp2�/� saline 0.929 � 0.19 vs
ucp2�/� ghrelin 1.120 � 0.35, n � 6, p �
0.05). These results confirm that ghrelin-
induced mitochondrial respiration and prolif-
eration is dependent on UCP2 in the SNpc.

Ghrelin induces increased levels of
long-chain fatty acyl CoAs in the SN
The effects of ghrelin in mitochondrial re-
sponses in the SN are in line with ghrelin-
mediated fatty acid � oxidation recently
unmasked in the hypothalamus (Andrews
et al., 2008). We propose that under con-
ditions of mild negative energy balance
increased levels of ghrelin will activate mi-
tochondrial respiration and contribute to
enhance fatty acid oxidation in nigral neu-
rons. To determine whether ghrelin af-
fects the long-chain fatty acyl CoA pool in
the midbrain, we examined long-chain
fatty acyl CoA (LCFA) species in the SN
using mass spectrometry analysis. Three
hours after peripheral ghrelin injection,
there was a significant increase in total
LCFA in the midbrain compared with sa-
line controls (saline 40.9 � 0.3 vs ghrelin
52.0 � 1.3 nmol of metabolite/g tissue,
n � 5, p � 0.05). These results are consis-
tent with the idea that as ghrelin promotes
mitochondrial respiration, it also sup-
ports continued oxidation by supplying
the SNpc with LCFA for ongoing fuel uti-
lization (Horvath et al., 2009). The pri-
mary LCFAs in the midbrain were

Figure 3. Selective reactivation of GHSR TH neurons restricts MPTP-induced DA cell loss. A–C, Representative dark-field pho-
tomicrographs of in situ hybridization histochemistry experiments performed on mouse brains using a mouse GHSR-specific
riboprobe. Shown are GHSR mRNA expression within the substantia nigra (SN) and ventral tegmental area (VTA) of wild-type mice
(A), the lack of GHSR transcripts within the SN and VTA of ghsr �/� mice (B), and reactivated GHSR mRNA expression within the SN
and VTA of “homo/TG” mice (C). D–G, Representative low-power images of TH staining in the SNpc after MPTP insults (n � 6 all
groups) in all genotypes (E–G) compared with w/w saline (D). H, Unbiased stereological quantification of total TH cell number in
the SNpc of mice treated with saline or MPTP. aSignificant with respect to saline-treated control mice. bSignificant with respect to
w/w MPTP-treated mice ( p � 0.05). I–O, Ghrelin promotes UCP2-dependent mitochondrial respiration and proliferation. I,
Immunofluorescent image showing GHSR in the SNpc. J, UCP2 in the SNpc using � galactosidase, which is the protein encoded by
the lacZ reporter gene. K, Merge showing that GHSRs and UCP2 are coexpressed in SNpc neurons. Scale bar, 1 �m. L, Ghrelin
increases mitochondrial respiration after the addition of oligomycin in wt but not ucp2�/� mice (10 nmol, i.p.; n � 4). M,
Elevated uncoupling activity in UCP2 wt but not ucp2�/� mice after ghrelin treatment as indicated by increased mitochondrial

4

respiration after the addition of the free fatty acid palmitate (n�
4). N, FCCP increases total respiratory capacity in UCP2 wt but not
ucp2�/� mice after ghrelin injection (n � 4, each sample rep-
resents3pooledmidbraindissections). O, Increasedmitochondrial
number in SNpc DA neurons after ghrelin injection 3 h earlier (10
nmol, n�13–15). Data are presented as the mean�SEM. aSig-
nificant respect to wt saline.
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palmitic acyl CoA (C 16:0), stearic acyl CoA (C18:0), and oleic
acyl CoA (C18:1) (Fig. 4A).

Ghrelin controls ROS in a UCP2-dependent manner in the SN
As UCP2 buffers and neutralizes ROS while promoting fatty acid
oxidation (Andrews et al., 2008) and neuroprotection (Andrews
et al., 2005a), we tested whether ghrelin treatment of wt and
ucp2�/� mice also affects ROS production in the midbrain.
There was no difference in ROS production after saline or
ghrelin injection in wt mice (Fig. 4B). However, in ucp2�/ �mice,
ghrelin produced a significant increase in ROS production rela-
tive to saline controls (Fig. 4C,E,G). To examine how ghrelin
affects ROS production in identified TH neurons in the SNpc, we
injected dihydroethidium as it is oxidized by superoxide to red
fluorescent ethidium. Injection of ghrelin lowers ROS produc-

tion in nigral TH cells in UCP2 wt mice
(Fig. 4D–H) due to the activation of the
UCP2 ROS buffering ability; however, gh-
relin injection into ucp2�/� mice dra-
matically increases in vivo TH ROS levels
in the SNpc.

UCP2 mediates ghrelin’s protective
effects on SN dopamine neurons
The data presented above suggest that
UCP2 may play a role in mediating the
neuroprotective effects of ghrelin on
SNpc dopamine neurons. To test this, we
administered ghrelin to wt and ucp2�/ �

mice using the feeding paradigm de-
scribed above. Total TH cell number in
the SNpc was analyzed after the treatment
ended. At baseline, sal/sal wt mice had
�10288 � 574 TH cells, and ghrelin treat-
ment had no significant effect, as TH cell
numbers were not significantly different
(9568 � 168 TH cells). MPTP signifi-
cantly reduced TH cell numbers in both
sal/MPTP and ghr/MPTP wt mice; how-
ever, ghrelin restricted this MPTP-
induced loss (sal/MPTP 6059 � 88 vs ghr/
MPTP 7202 � 254, n � 6, p � 0.05). In
sal/sal and ghr/sal ucp2�/ � mice, there
was no difference in total SNpc TH cell
number (sal/sal 9082 � 156 vs ghr/sal
9338 � 388, n � 6). As expected, MPTP
treatment produced a significant reduc-
tion in TH cell number; however, unlike
in the ghr/MPTP wt mice, ghrelin did not
attenuate the loss of TH neurons caused
by MPTP in ucp2�/ � mice (sal/MPTP
5580 � 195 vs ghr/MPTP 5734 � 431),
suggesting that ghrelin requires UCP2 to
initiate compensatory neuroprotection
through enhanced mitochondrial func-
tion and biogenesis.

Discussion
The present study shows that ghrelin pro-
motes the electrical activity and dopamine
output of the nigrostriatal DA system and
that ghrelin has neuroprotective effects in
a mouse model of PD. We suggest that the
neuroprotective effects of ghrelin on the

nigrostriatal dopamine system stem from two major effects of
this metabolic hormone. First, ghrelin has an acute effect on the
firing rate of SNpc DA neurons, which enhances dopamine avail-
ability during the course of degeneration and lowers the loss of
dopamine levels in the dorsal striatum. Second, ghrelin-induced
enhancement of UCP2-dependent mitochondrial respiration
and proliferation provides a bioenergetic status that makes these
neurons more resistant to cellular stress. UCP2 is a mitochondrial
protein known to protect SNpc DA cells from MPTP intoxication
(Andrews et al., 2005b). Ghrelin also regulates UCP2 mRNA in
the brain (Andrews et al., 2008), consistent with the role of UCP2 as
a component of ghrelin-induced neuroprotection.

Ghrelin�/ � and ghsr�/ � mice were more susceptible to DA
cell loss in the SNpc and DA loss in the striatum after MPTP

Figure 4. Ghrelin regulates long-chain fatty CoAs and ROS in the midbrain. A, Individual LCFA CoAs measured 3 h after ghrelin
injection (10 nmol, i.p.). aSignificant with respect to saline controls. B, Quantification of ROS in TH neurons of the SNpc using
dihydroethidium (DHE) shows that ghrelin reduces TH ROS production in UCP2 wt mice but robustly increases ROS in ucp2�/�
mice. This suggests that the inability of ghrelin to enhance UCP2 in ucp2�/� mice prevents the buffering of increased ROS
produced by increased fatty acid oxidation. Data are presented as the mean � SEM. aSignificant with respect to saline wt controls;
b,csignificant with respect to saline UCP2 wt and �/�, respectively (n � 5, p � 0.05). C1, C2, Representative images showing
dual-channel ROS production (red) in TH neurons (green) of the SNpc in saline- and ghrelin-treated UCP2 wt mice. D1, D2,
Representative images showing single-channel ROS production in saline- and ghrelin-treated UCP2 wt mice. E1, E2, Representa-
tive images showing dual-channel ROS production (red) in TH neurons (green) of the SNpc in saline- and ghrelin-treated
ucp2�/� mice. F1, F2, Representative images showing single-channel ROS production in saline- and ghrelin-treated ucp2�/�
mice. Data are presented as the mean � SEM. Scale bar (in E2) C–F, 10 �m.
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than their wt littermates. This suggests that any factor leading
to reduced ghrelin production or secretion, whether genetic or
environmental, may predispose individuals to nigrostriatal dopa-
minergic dysfunction. Obesity is one such physiological condi-
tion that lowers serum ghrelin (Tschöp et al., 2001) and this
metabolic variation of ghrelin in humans may underlie an inher-
ent predisposition to nigrostriatal dopaminergic dysfunction.
This may have implications for PD, as currently 90% of PD is
considered sporadic (Dauer and Przedborski, 2003) and epide-
miological reports show that obesity, diabetes, and elevated body
mass index predispose to future risk of PD. In contrast with obe-
sity, ghrelin levels are increased during calorie restriction
(Tschöp et al., 2000; Ariyasu et al., 2001), the only known exper-
imental manipulation known to extend lifespan (Bordone and
Guarente, 2005). Calorie restriction confers neuroprotection
against MPTP intoxication (Guan et al., 1997; Maswood et al.,
2004), suggesting that at least some of the beneficial effects of
calorie restriction on neuroprotection may be mediated by
ghrelin.

The effects of ghrelin on neuroprotection were dependent on
metabolic state (redox level), as ghrelin had no protective effect
when administered via osmotic minipumps during ad libitum
feeding. Ghrelin only resulted in neuroprotection when it was
administered during its physiological “window period.” This is
consistent with the recently uncovered (by Andrews et al., 2008)
cellular effects of ghrelin, in which activation of an AMPK–
CPT1–UCP2 pathway promotes fatty acid � oxidation and neu-
ronal function in the hypothalamus (supplemental Fig. 3,
available at www.jneurosci.org as supplemental material). In the
SNpc, we suggest that ad libitum feeding, specifically glucose
from carbohydrate load, prevents the action of ghrelin on the
AMPK–CPT1–UCP2 pathway and therefore does not allow for
mitochondrial neuroprotective mechanisms to affect cell surviv-
ability. Consistent with this idea, brain glucose regulates
malonyl-CoA and inhibits the AMPK–CPT1–UCP2 pathway
(Wolfgang et al., 2007). Interestingly, this raises the intriguing
and novel hypothesis that SNpc TH neurons are metabolic sen-
sors of energy status. Dysfunction of this energy sensing ability
may underlie how obesity affects nigrostriatal neurodegenera-
tion. In our second model, removal of food at the time of ghrelin
injection permits full activation of the AMPK–CPT1–UCP2
pathway, allowing increased mitochondrial respiration and bio-
genesis and subsequent neuroprotection (supplemental Fig. 3,
available at www.jneurosci.org as supplemental material). This
model allows for enhanced fatty acid �-oxidation, which may be
the dominant fuel supply during negative energy balance. Ghre-
lin mobilizes fatty acid release into the circulation after 30 min
(Andrews et al., 2008) and therefore can supply the brain with
energy substrates for �-oxidation. The present study showing
that ghrelin also increases LCFA CoA availability in the midbrain
is consistent with this hypothesis. We propose that under condi-
tions of negative energy balance, such as calorie restriction, ghre-
lin increases the neuronal fatty acid fuel supply to midbrain
dopamine neurons, which results in sustained fatty acid
�-oxidation and maintenance of cellular energy status of DA
cells. In line with this, LCFAs, including oleic acid, are known to
promote DA production in an immortalized cell line (Heller
et al., 2005).

Fatty acid �-oxidation generates ROS, which is then buffered
by activation of UCP2. In support of this, ucp2�/ � mice dis-
played increased midbrain ROS production in response to ghre-
lin compared with wt mice, as observed in the hypothalamus of
ucp2�/� mice (Andrews et al., 2008). Further analysis of ROS

production in TH neurons showed that ghrelin significantly low-
ers ROS in UCP2 wt mice but greatly enhances ROS in ucp2�/�
mice. Finally, ghrelin treatment of ucp2�/ � mice did not attenu-
ate SNpc TH cell loss after MPTP treatment as observed in wt
controls. In this situation, the ghrelin-induced fatty-acid driven
mitochondrial respiration and subsequent ROS production can-
not be buffered or neutralized by UCP2, thus leading to danger-
ously high levels of ROS and promoting cell degeneration in
response to MPTP. This is consistent with previous reports show-
ing that UCP2 buffers ROS and protects nigral TH cells against
MPTP-induced TH cell death (Andrews et al., 2005b; Conti et al.,
2005).

Furthermore, ghrelin promotes UCP2 function in both the
hypothalamus (Andrews et al., 2008) and the SNpc, suggesting
that this is a common mechanistic phenomenon for the action of
ghrelin. Indeed, UCP2 may play an important role in other re-
gions of the brain where ghrelin promotes neuronal function,
such as the hippocampus and the VTA (Abizaid et al., 2006; Diano et
al., 2006).

Beyond the implications of our current study on neurodegen-
eration, our observations may have relevance for the regulation
of food intake and depression. Ghrelin was originally found to
stimulate appetite via the CNS (Tschöp et al., 2000), with sites of
action in various areas, including the hypothalamus (Cowley et
al., 2003) and the ventral tegmental DA system (Abizaid et al.,
2006). Experimental evidence suggests that the nigrostriatal DA
system is critically involved in the regulation of feeding (Szczypka
et al., 2001; Hnasko et al., 2006). Moreover, a recent study
showed that ghrelin defends against depression (Lutter et al.,
2008), which is mediated by ghrelin’s action on the midbrain
dopaminergic system described herein and previously (Abizaid et
al., 2006; Krishnan et al., 2007). PD is also associated with depres-
sion (Storch et al., 2008) and a decrease in appetite leading to
weight loss (Bachmann and Trenkwalder, 2006), events that may
be related to the lack of action by ghrelin in the SN and dorsal
striatum of PD patients. Thus, ghrelin as a therapeutic treatment
for PD may not only prevent TH cell degeneration but also pro-
mote food intake, weight gain, and anti-depressive symptoms.
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