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Niemann-Pick type C1 (NPC1) disease is a rare neurovisceral disorder characterized by intracellular accumulation of unesterified
cholesterol, sphingolipids, and other lipids in the lysosomal compartment. A deregulation of lysosomal calcium has been identified as one
of the earliest steps of the degenerative process. Since adenosine A2A receptors (A2ARs) control lysosome trafficking and pH, which closely
regulates lysosomal calcium, we hypothesized a role for these receptors in NPC1. The aim of this study was to evaluate the effects of the
A2AR agonist CGS21680 on human control and NPC1 fibroblasts. We show that CGS21680 raises lysosomal calcium levels and rescues
mitochondrial functionality (mitochondrial inner membrane potential and expression of the complex IV of the mitochondrial respira-
tory chain), which is compromised in NPC1 cells. These effects are prevented by the selective blockade of A2ARs by the antagonist
ZM241385. The effects of A2AR activation on lysosomal calcium are not mediated by the cAMP/PKA pathway but they appear to involve
the phosphorylation of ERK1/2. Finally, CGS21680 reduces cholesterol accumulation (Filipin III staining), which is the main criterion
currently used for identification of a compound or pathway that would be beneficial for NPC disease, and such an effect is prevented by
the Ca 2� chelator BAPTA-AM. Our findings strongly support the hypothesis that A2AR agonists may represent a therapeutic option for
NPC1 and provide insights on their mechanisms of action.

Introduction
Niemann-Pick type C (NPC) disease is a rare autosomal recessive
neurovisceral disorder characterized by hepatosplenomegaly,
neurodegeneration, and premature death (Chang et al., 2005).
Mutations in the NPC1 gene (which account for 95% of NPC
cases; Vanier and Millat, 2003) affect intracellular cholesterol
trafficking and homeostasis and lead to intracellular accumula-
tion of unesterified cholesterol, sphingolipids, and other lipids in
the endosomal/lysosomal system (Chang et al., 2005). Apart from
cases of very early death, all NPC patients develop neurological or
psychiatric symptoms such as ataxia, tremor, epilepsy, dystonia,
and progressive dementia (Sévin et al., 2007).

Current therapies for NPC are very limited. Despite the many
compounds that have been tested, only the drug miglustat (N-
butyldeoxynojirimycin, an iminosugar that inhibits glycosphin-
golipid synthesis) has been approved in the EU for the treatment
of progressive neurological manifestations in NPC1 patients.

Since the best attainable goals of this treatment are disease stabi-
lization or a reduced rate of disease progression (for review, see
Patterson et al., 2012), the identification of new therapeutic tar-
gets remains a priority.

Although how lipid storage causes cell death in NPC1 is not
yet well understood, a deregulation of lysosomal calcium ions
(Ca 2�) has been identified as one of the earliest pathogenetic
steps (Lloyd-Evans et al., 2008). Indeed, sphingosine storage
leads to a decrease in Ca 2� levels in the acidic compartment and,
consequently, fusion/trafficking processes are compromised.
Furthermore, drugs elevating Ca 2� levels correct the NPC1 phe-
notype in vitro, reduce neurological disturbances, and prolong
survival in a mouse model of NPC1 disease. In addition to the
lysosomal compartment, mitochondria have been described as
relevant targets of the NPC1 pathogenesis. In particular, a depo-
larization of inner mitochondrial membrane potential (mMP)
has been reported in mice carrying NPC1 genetic mutations (Yu
et al., 2005).

Adenosine A2A receptors (A2ARs) are G-protein coupled re-
ceptors exerting a variety of physiological effects (Klinger et al.,
2002; Fredholm et al., 2011). In the brain, A2ARs are effective
modulators of neuronal damage and have attracted much inter-
est as potential targets for neurodegenerative diseases (Popoli et
al., 2002; Chen et al., 2007; Popoli, 2008).

Since A2ARs control lysosome trafficking (Carini et al., 2004)
and restore altered lysosomal pH (Liu et al., 2008), which closely
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regulates lysosomal Ca 2� (Christensen et al., 2002), we have hy-
pothesized a role for these receptors in NPC1.

The aim of the present study was to evaluate the effects of
A2AR stimulation in NPC1 mutant cells. Primary fibroblasts from
subjects carrying disease-associated mutations are considered
valuable tools to identify pathological features of neurodegenera-
tion and to investigate new therapeutic strategies (Burbulla and
Krüger, 2012). Accordingly, a valuable and widely used model for
studying NPC1 is represented by human fibroblasts from NPC1
patients.

We report that a selective adenosine A2AR agonist normalizes
intralysosomal calcium levels, rescues mitochondrial function-
ality, and reduces cholesterol accumulation in human NPC1
fibroblasts.

Materials and Methods
Human fibroblasts. Human cell lines from individuals of either sex were
obtained from the NIGMS Human Genetic Cell Repository at the Coriell
Institute for Medical Research (Camden, NJ); healthy fibroblasts: GM00043,
GM00275, GM00495, GM00321; NPC1 fibroblasts: GM17911,
GM17924), GM17926, GM18415. Cells were grown at 37°C in 5% CO2 in
Eagle’s Minimum Essential Medium containing 2 mM L-glutamine, 15%
fetal bovine serum, and 1 U/ml penicillin/streptomycin. Experiments were
performed using at least three of the four clones for each group (healthy
individuals or NPC1 patients), randomly chosen; actual number of clones
used in each experiments is indicated in figure legends.

Fluorescence video-imaging. An inverted microscope (Axiovert 135;
Zeiss), equipped with 40� oil-immersion (1.35 NA; Olympus) and 20�
(0.75 NA; Fluar, Zeiss) objectives, was used for fluorescence video-
imaging. Excitation wavelengths were applied by means of a monochro-
mator (Polychrome II; Till Photonics), and emission light collected by a
cooled digital camera (PCO; Sensicam) and recorded on a PC. The 40�

objective allowed the recording of 1280 � 1024
pixels/frame with spatial resolution of 170
nm/pixel.

Mitochondrial inner membrane potential
(mMP) was measured by the “redistribution”
method (Duchen et al., 2003), using the poten-
tiometric dye tetramethylrhodamine ethyl ester
perchlorate (TMRE). Cells were incubated with
TMRE [30 nM, 30 min; loading saline solution (in
mM): 140 NaCl, 5 KCl, 2.5 CaCl2, 1 MgCl2, 10
glucose, 10 HEPES, pH 7.4] before recording;
TMRE was maintained throughout the experi-
ment. Excitation and emission wavelengths were
535 and 560 nm, respectively.

For cytoplasmic Ca 2� analysis, cells were
kept for 50 min in loading medium containing
the Ca 2�-sensitive dye Fura-2-AM (1 �M),
washed carefully, and left for further 20 –30
min before recording. Excitation and emission
wavelengths were 340/380 and 510 nm, respec-
tively. Ca 2� concentrations are represented as
the ratio between the emissions at 340 and 380
nm (340/380). The lysosomal Ca 2� content
was evaluated by applying the chatepsin
C-specific substrate Gly-Phe �-naphthylamide
(GPN, 200 �M) to the cells. Since Chatepsin C
localizes only in lysosomes, the GPN cleavage
causes a lysosomal-specific osmotic permeabi-
lization and Ca 2� efflux from the organelles,
confirmed by LisoTracked fluorescence decay
due to the efflux of the dye during GPN appli-
cation. Ca 2� increase from baseline was used
as an indication of the lysosomal Ca 2� content
(Srinivas et al., 2002).

Data were analyzed by Imaging Workbench
6.0 software package (Indec BioSystems), al-

lowing emission value measurement in regions of interest (Fura-2 exper-
iments) or along line profiles (TMRE experiments), crossing a single
mitochondrion. A minimum of two peaks of amplitude were used to
calculate the average amplitude of a given mitochondrion. Only clearly
distinguishable single mitochondria were considered for analysis. Data
were further analyzed by means of Origin Pro 7.5 software (OriginLab).

Immunofluorescence analyses. After fixation and permeabilization,
cells were incubated with 0.1% Triton X-100/3%BSA and then with an-
tibodies against cytochrome-c oxidase (MTCO, 1:100; Abcam) or Mn-
SOD (1:600; Stressgen); or with 10% goat serum/0.25% Triton X-100
and antibodies against Lamp2 (1:100; Abcam). After 2 h at room tem-
perature (RT) and extensive washing, secondary antibodies Cy3R IgG or
FITC IgG polyclonal or monoclonal goat antibodies (1:200; Jackson Im-
munoResearch) were used. For phospho-ERK (pERK), fibroblasts were
incubated with 2.5% horse serum, then with the primary antibody (1:
100, 1 h, 37°C; Cell Signaling Technology) and with Alexa Fluor dye
555-conjugated secondary antibody (1:200, 45 min, 37°C; Invitrogen).
For Filipin III fluorescence, cells after fixation or after being processed
with primary and secondary antibodies and glycine (1.5 mg/ml, PBS) for
10 min (RT) were incubated (30 min in the dark) with 250 �g/ml Filipin
III (Sigma). Nuclei were stained with Hoechst-33258 or propidium
iodide (Sigma). Coverslips were mounted with Vectashield Mounting
Medium (Vector Laboratories) and examined using a DM4000B flu-
orescence microscope equipped with DFC420C digital camera and Ap-
plication Suite Software (260RI; all from Leica) for image acquisition.
For cell imaging, six different fields in each coverslip were captured, and
cells analyzed for their fluorescence content. Immunofluorescence quan-
tification was conducted using NIH ImageJ software (http://rsb.info.nih.
gov/ij/), and by means of threshold fluorescence intensity analysis within
a region of interest, corresponding to a single cell profile. Colocalization
of specific markers was analyzed by Pearson’s correlation coefficient
(Adler and Parmryd, 2010).

Figure 1. Effects of A2AR stimulation on lysosomal Ca 2� release in healthy and NPC1 human fibroblasts. A, GPN triggers a slow
monophasic and synchronous Ca 2� raise. B, The average amplitude and kinetic of the GPN-induced Ca 2� signal is not affected by
thapsigargin. C, Lysosomal Ca 2� contents are reduced in NPC1 versus control fibroblasts (n � 3 healthy and n � 4 NPC1 fibroblast
clones; 181–220 fibroblasts for each single clone). D, CGS21680 significantly increased GPN-induced signal in NPC fibroblasts, an
effect abolished by ZM241385 (ZM). Data are means � SEM. *p � 0.05 versus control; **p � 0.05 versus untreated NPC1
fibroblasts.
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Western blot. Cells were homogenized according to Manson et al.
(2008). Proteins were separated by 8% SDS gels and transferred to PVDF
membranes that were incubated (overnight, 4°C) with rabbit anti-
MTCO (1:300; Abcam), anti-pERK (1:2000; Cell Signaling Technology),
anti-ERK (1:1000; Cell Signaling Technology), or mouse anti-� tubulin
(1:20000; Sigma). Bands were revealed by enhanced chemiluminescent
substrate onto x-ray films.

Statistical analysis. Data are expressed as means � SEM. Statistical
significance was evaluated using Student’s t test or one-way ANOVA
followed by Tukeys post hoc test; p � 0.05 was accepted as statistical
significance. Analyses were performed using StataTm 8.1 software
(Stata).

Results
Effects of A2AR stimulation on lysosomal Ca 2� content
When fibroblasts were challenged with GPN (200 �M), a slow
monophasic and synchronous Ca 2� raise due to ion efflux from
the organelles was observed in all cells tested (Fig. 1A). To rule out
a possible Ca 2� release from ER, ER depletion was induced by
thapsigargin. As Figure 1B shows, ER Ca 2� depletion did not
affect the amplitude and kinetic of the GPN-induced Ca 2� signal,
confirming the lysosomal source of the Ca 2� raise. The ampli-
tude of GPN-induced Ca 2� signals was evaluated in fibroblasts
from three healthy and four NPC1 subjects. In agreement with
previous observations (Lloyd-Evans et al., 2008), the mean am-

plitude of the Ca 2� signal was lower in NPC1 than in healthy
fibroblasts (Fig. 1C). To investigate the effect of A2AR stimulation
on lysosomal Ca 2�, GPN application was preceded by the A2AR
agonist CGS21680 (10 –100 nM for 3 min). CGS21680 signifi-
cantly increased the GPN-induced signal in a dose-dependent
manner (CGS21680 100 nM �55% vs CGS21680 10 nM, p �
0.001 according to Student’s t test) and the effect was prevented
by the A2AR antagonist ZM241384 (500 nM; Fig. 1D). During the
application of CGS21680 alone, Ca 2� never changed, ruling out a
direct effect of A2ARs on Ca 2�.

Effects of A2AR stimulation on mitochondrial parameters
(mMP and MTCO)
To test the potential capability of A2AR stimulation to rescue
mitochondrial anomalies in NPC1 fibroblasts, we first evaluated
mMP by means of the potential-sensitive and lipophilic dye
TMRE in video-imaging fluorescence experiments. In fibroblasts
from either healthy or NPC1 individuals, mitochondria were
uniformly distributed, with an elongated shape oriented along
the major axis of the cell. Point-like mitochondria, due to stress-
induced mitochondrial fission, were not evidenced (Fig. 2A).
However, when comparing the fluorescence intensity of TMRE-
loaded mitochondria in healthy and NPC1 fibroblasts, the latter
showed a decreased emission intensity, indicating a lower mMP

Figure 2. Effect of A2AR stimulation on mMP and MTCO. A, Photomicrographs showing TMRE-loaded fibroblasts from healthy (CTR, top) or NPC1 (bottom). Scale bar, 15 �m. Right, High-
magnificationimages of insets a and b. B, C, Average TMRE-fluorescence intensities as a measure of mMP in healthy and NPC1 fibroblasts; cells were exposed to CGS21680 (CGS) and ZM241385 (ZM)
for 24 h (n � 3 clones/group; from n � 57 to n � 362 mitochondria per each single clone). D–G, Healthy and NPC1 fibroblasts were treated for 24 h with CGS21680 with or without cotreatment
with ZM241385. Cells were immunolabeled for MTCO (D) or MnSOD (G). Nuclei were labeled with propidium iodide (red) in D and Hoechst 33258 (blue) in G. Scale bar, 20 �m. Mean fluorescence
intensities are shown in E and H. Data are mean � SEM of n � 50 – 60 cells from each clone, as described in B. F, MTCO Western blot analysis of healthy and NPC1 fibroblasts cultured as described
in C. One representative clone for each group is shown. *p � 0.05 versus control fibroblasts; **p � 0.05 versus untreated and CGS�ZM-treated NPC1 fibroblasts; ***p � 0.05 versus CGS; ***a p �
0.05 versus CGS and untreated NPC1.
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(Fig. 2B). As Figure 2C shows, mMP amplitude was increased by
CGS21680 (100 nM for 24 h), and ZM241384 abolished the effect,
supporting the specific involvement of A2ARs.

The expression of the complex IV (MTCO) of the mitochon-
drial respiratory chain was evaluated by immunofluorescence
and Western blotting (Fig. 2D–F). Immunofluorescence of
MTCO revealed a similar dotted pattern, with a uniform distri-
bution, in both healthy and NPC1 fibroblasts (Fig. 2D). The A2AR
agonist did not affect MTCO expression in healthy fibroblasts
(data not shown), but it restored MTCO expression to control
levels in NPC1 fibroblasts, as indicated by immunofluorescence
intensity analysis (Fig. 2E). Pretreatment with ZM241384 (500
nM) blocked such an effect. These results were confirmed by
Western blotting (Fig. 2F). Interestingly, the expression of an-
other important mitochondrial component, MnSOD, did not
differ in NPC1 versus control fibroblasts (Fig. 2G,H).

Effects of A2AR stimulation on cholesterol accumulation and
lysosomal compartmental storage
Filipin III was used to verify the presence of unesterified choles-
terol and its lysosomal localization (Karten et al., 2009). Lyso-
somes were identified by immunodetection of Lamp2, a marker
for late endosomal/lysosomal compartments. In healthy fibro-
blasts, Filipin III showed an even distribution, whereas in NPC1
fibroblasts the pattern was patchy, with typical vacuole-like for-
mations, suggestive of some association with specific cellular
compartments (Fig. 3A). The Lamp2 immunostaining revealed
punctuate clusters with a more irregular pattern in NPC1 versus

control fibroblasts (Fig. 3A). The analysis of immunofluores-
cence intensities indicated an increased accumulation of choles-
terol in NPC1 fibroblasts (Fig. 3B), which was significantly
reduced by CGS21680 (100 nM, 24 h). The A2AR agonist reduced
the expression of Lamp2 in both healthy and NPC1 fibroblasts.
Interestingly, the highest colocalization was found in NPC1 fi-
broblasts, where it was reduced to control levels by CGS21680
(Fig. 3A,B).

To evaluate the involvement of Ca 2� in the effect of A2AR
stimulation on cholesterol distribution, control and NPC1 fi-
broblasts were treated with CGS21680 in the presence of the
intracellular Ca 2� chelator BAPTA-AM (5 �M 1 h before and
along with CGS21680). As Figure 3C shows, neither CGS21680
nor BAPTA-AM affected cholesterol accumulation (Filipin III
fluorescence) in control fibroblasts. On the contrary,
BAPTA-AM completely prevented the effect of CGS21680 on
cholesterol accumulation in NPC1 fibroblasts.

A2AR-dependent signaling affecting lysosomal Ca 2� content
The main transduction mechanism of A2ARs is the activation of
the cAMP/PKA pathway (Fredholm et al., 2011). The effects of
CGS21680 on lysosomal Ca 2� content, however, did not depend
on the above pathway, since they were not prevented by the spe-
cific PKA inhibitor KT5720 (4 �M). KT5720 was ineffective in
healthy fibroblasts, while it even potentiated the A2AR-dependent
lysosomal Ca 2� increase in NPC1 fibroblasts (Fig. 4A).

As an alternative pathway, the mitogen-activated protein ki-
nases (MAPKs; Klinger et al., 2002) were considered. We first

Figure 3. Effect of A2AR stimulation on cholesterol accumulation in the lysosomal compartment. A, Fibroblasts from healthy (CTR) or NPC (NCP1) individuals were labeled with Filipin III (blue) and
anti-Lamp2 antibody (green). Bottom panels show the colocalization of two markers. Scale bar, 10 �m. B, Mean fluorescence intensity (MFI) values of Filipin III and Lamp2 in fibroblasts treated for
24 h with CGS21680 or vehicle, and Pearson’s correlation coefficients (PCC) as a measure of colocalization of the two signals (PCC � 1 maximal colocalization); data are mean � SEM from 30 to 40
cells from three clones per group. C, Filipin III fluorescence analysis of healthy (CTR) or NPC1 fibroblasts, treated for 24 h with 100 nM CGS21680, 5 �M BAPTA-AM, or their combination. *p � 0.05
versus control fibroblasts; **p � 0.05 versus untreated NPC1 fibroblasts.
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evaluated, by immunofluorescence and
Western blot analyses, the ability of
CGS21680 to phosphorylate ERK1/2 ki-
nases in healthy and NPC1 fibroblasts.
CGS21680 (100 nM for 5 min) increased
ERK1/2 phosphorylation to a similar ex-
tent in both cell types, and the effect was
fully prevented by the A2AR antagonist
ZM241385 (Fig. 4B,C). The involvement
of ERK1/2 activation in the A2AR-
dependent effects on lysosomal Ca 2�

content was then assessed by applying the
ERK1/2 inhibitor PD98059 (50 �M) to
CGS21680-treated fibroblasts. As shown
in Fig. 4D, PD98059 significantly reduced
CGS21680-mediated Ca 2� increase both
in healthy and NPC1 cells.

Finally, we ruled out a possible effect of
A2AR activation on NPC1 expression
(Gévry et al., 2003) by Western blot exper-
iments showing that NPC1 protein level is
not affected by CGS21680 (100 nM, 24 h)
in both control and NPC1 fibroblasts
(data not shown).

Discussion
Cholesterol has an important role in cel-
lular function (Benarroch, 2008), and
in NPC1 disease the altered intracellular
cholesterol trafficking and homeostasis
severely affect multiple systems, including
the CNS.

Intracellular Ca 2� homeostasis dereg-
ulation has been observed in a number of
primary lysosomal sphingolipid storage
disorders. On this basis, Ca 2� homeosta-
sis was recently investigated in NPC1 cell
models, where a lower Ca 2� content was
observed in the lysosomal compartment.

The known ability of A2AR agonists to
restore altered lysosomal pH (Liu et al.,
2008), which closely regulates lysosomal
calcium (Christensen et al., 2002), led us
to hypothesize a role for A2ARs in NPC1.
In line with our hypothesis, CGS21680 nor-
malized lysosomal Ca2� levels in NPC1
cells. The effects were A2AR-depedent, being
prevented by ZM241385.

The disruption of lipid trafficking has
been associated with alterations of mMP
(Yu et al., 2005). In agreement, mitochon-
dria from NPC1 patients showed a lower mMP, although they
were morphologically undistinguishable from mitochondria
from healthy individuals. In NPC1 fibroblasts, the expression of
the complex IV of the mitochondrial respiratory chain was also
reduced. Both the above parameters of mitochondrial function-
ality were rescued by CGS21680 in NPC1 fibroblasts, and the
effect of the agonist was prevented by A2AR blockade. Consistent
with the apparent normal morphology and density of mitochon-
dria in NPC1 fibroblasts, the expression of the mitochondrial
protein MnSOD, crucial for free radical scavenging and for pre-
serving mitochondrial integrity, was comparable in control and
NPC1 fibroblasts, thus suggesting a specific deficit in the respira-

tory chain of NPC1 mitochondria. Importantly, CGS21680 re-
duced the cholesterol accumulation in late endosomal/lysosomal
compartments, a hallmark of the NPC1 pathology. The incom-
plete colocalization of Filipin III and Lamp2 suggests the proba-
ble involvement of other vesicular systems; nonetheless, the high
colocalization of the two markers in NPC1 fibroblasts indicates a
main accumulation of cholesterol in the lysosomal compartment.
Filipin III/Lamp2 colocalization in NPC1 fibroblasts was reduced
by CGS21680 treatment, further suggesting that A2AR activation
reduces cholesterol accumulation in endosomal/lysosomal com-
partments. The A2AR agonist also reduced the expression of
Lamp2 in healthy fibroblasts, possibly as a result of its ability to

Figure 4. The effects of CGS21680 on lysosomal Ca 2� release are mediated by ERK1/2, but not by cAMP/PKA activation. A,
Lysosomal Ca 2� release in healthy (CTR) and NPC1 fibroblasts treated with CGS21680 alone or with the PKA inhibitor KT5720 (KT;
4 �M). Data are means � SEM from n � 38 –100 cells, n � 3 clones/group. B, Representative images of pERK1/2 immunofluo-
rescence in healthy (CTR) and NPC1 fibroblasts, treated with CGS21680 (CGS) as above and with ZM241385 (ZM), and correspond-
ing bar chart of the mean fluorescence intensity (MFI). Means � SEM from n � 60 –105 cells, n � 3 clones/group. C, Western blot
analysis for pERK1/2 and total ERK1/2 in healthy (CTR) and NPC1 fibroblasts treated as in B. D, Effect of the ERK1/2 inhibitor
PD98059 (PD; 50 �M) applied as for ZM241385 on CGS-mediated Ca 2� increase in healthy and NPC1 cells. Means�SEM from n�
53–118 cells, n � 3 clones/group. *p � 0.05 versus CTR; **p � 0.05 versus CGS.
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reduce lysosomal pH (Liu et al., 2008), thus favoring the lyso-
somal natural turnover. Consistent with our hypothesis of a
Ca 2�-dependent endolysosomal rescuing by A2A activation, the
CGS21680-induced effect on cholesterol accumulation was
prevented by the Ca 2� chelator BAPTA-AM. Altogether, these
observations point to Ca 2� homeostasis as central to the
mechanisms by which A2A stimulation counteracts cholesterol
unbalanced distribution and ameliorates NPC1 pathological
phenotype.

Finally, the inability of the PKA inhibitor KT5720 to prevent
CGS21680 effects weighs against the involvement of the cAMP/
PKA pathway in the A2A-induced Ca 2� raise. A2ARs can select
signaling pathways according to the membrane lipid microenviron-
ment and, in particular, changes in cholesterol content blunted
A2AR-dependent activation of adenylate cyclase (Charalambous et
al., 2008). In our case, however, KT5720 was equally ineffective in
preventing CGS21680 effects in NPC1 and control cells, thus ruling
out the possibility that alterations in membrane cholesterol content
could alter A2AR signaling in NPC1 fibroblasts. Interestingly, while
KT5720 was ineffective in control cells, it potentiated the A2A-
dependent Ca2� increase in NPC fibroblasts. This finding suggests
that the basal state of activation of the cAMP/PKA pathway is in-
creased in NPC1 versus control cells, and that such an activation
contributes to the reduced lysosomal Ca2� content observed in
NPC1 fibroblasts. In agreement with this hypothesis, Manson et al.
(2008) reported that in NPC1 fibroblasts, the cAMP pathway is ab-
errantly increased, and that cholesterol accumulation is reversed by
the inhibition of PKA. Our findings indicate that the reduction of
intralysosomal Ca2� may be a crucial step in the induction of cho-
lesterol accumulation, possibly triggered by the aberrant cAMP/
PKA pathway (Manson et al., 2008).

In addition to classical second messenger pathways, A2ARs
couple to ERKs/MAPKs in a Gs protein-independent manner. In
particular, ERK1/2 activation via A2ARs has been demonstrated
in different cell types (Seidel et al., 1999; Klinger et al., 2002) and
appears to be independent from membrane cholesterol content
(Charalambous et al., 2008). Here we report that the A2AR-
dependent regulation of lysosomal Ca 2� depends on the activa-
tion of ERK1/2 both in healthy and in NPC1 fibroblasts, thus
providing a potential mechanism of action for the protective role
of A2ARs in NPC1.

In conclusion, our results show that the stimulation of A2ARs
normalizes intralysosomal Ca 2� levels through ERK1/2 activa-
tion, rescues mitochondrial functionality, and reduces choles-
terol accumulation in human NPC1 fibroblasts. Since the main
criterion currently used to identify a compound or pathway that
would be beneficial for NPC disease is the ability to reduce Filipin
III staining in NPC1 fibroblasts (Karten et al., 2009), our findings
strongly support the hypothesis that A2AR agonists may represent
a therapeutic option for this disease.
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