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Protective Effect of Urocortin on
1-Methyl-4-Phenylpyridinium-Induced
Dopaminergic Neuronal Death

Yonjung Kim, Myoung Kyu Park, and Sungkwon Chung*

Recent studies have indicated that the corticotropin relea-
sing hormone (CRF)-related peptide, urocortin, restores
key indicators of damage in animal models for Parkinson’s
disease (PD). However, the molecular mechanism for the
neuroprotective effect of urocortin is unknown. 1-Methy-4-
phenylpyridinium (MPP*) induces dopaminergic neuronal
death. In the present study, MPP*-induced neuroblastoma
SH-SY5Y cell death was significantly attenuated by uro-
cortin in a concentration-dependent manner. The protec-
tive effect of urocortin involved the activation of CRF re-
ceptor type 1, resulting in the increase of cyclic AMP
(cAMP) levels. Various cAMP-enhancing reagents mim-
icked the effect of urocortin, while inhibitors for protein
kinase A (PKA) blocked the effect of urocortin, strongly
implicating the involvement of cAMP-PKA pathway in the
neuroprotective effect of urocortin on MPP*-induced cell
death. As the downstream of this signal pathway, uro-
cortin promoted phosphorylation of both glycogen syn-
thase kinase 3p and extracellular signal-regulated kinases,
which are known to promote cell survival. These neuropro-
tective signaling pathways of urocortin may serve as po-
tential therapeutic targets for PD.

INTRODUCTION

In Parkinson’s disease (PD), dopaminergic neurons in the sub-
stantia nigra pars compacta (SNc) progressively degenerate,
resulting in dopaminergic neuronal cell loss and deficiency of
dopamine in the striatum (Nicotra and Parvez, 2002). Death of
dopaminergic neurons probably occurs as a result of apoptotic,
excitotoxic, free-radical mediated events, and neuroinflamma-
tion (Blum et al., 2001; Gandhi and Wood, 2005; Vaux and
Korsmeyer, 1999; Whitton, 2007). Toxicological factors, such
as lipopolysaccharide, 6-hydroxydopamine, and 1-methy-4-
phenyl- pyridinium (MPP*), have been used to mimic the etiol-
ogy of PD (Gandhi and Wood, 2005; Vaux and Korsmeyer,
1999). MPP*, a toxin metabolite converted from 1-methyl-4-
phenyl-1, 2, 3, 6-tetrahydropyridine, induces pathological changes
resembling PD (Jacquy et al., 1993).

Urocortin, a corticotrophin releasing factor (CRF)-related

peptide, may be neuroprotective since it promotes the survival
of rat hippocampal neurons against oxidative and excitotoxic
cell death (Pedersen et al., 2002). Urocortin appears to protect
cultured hippocampal neurons, cortical neurons, cerebellar
granule cells, and dopaminergic neurons from neurotoxin-
induced cell death (Abuirmeileh et al., 2007; 2009; Bayatti et al.,
2003; Facci et al., 20083; Pedersen et al., 2002). Urocortin also
protects from spontaneous cell death related to aging (Huang
et al., 2009). Urocortin mediates its effects through at least two
high affinity membrane receptors, CRF receptor type 1
(CRFR1) and CRF receptor type 2 (CRF2R), which are ex-
pressed not only in SNc dopaminergic neurons but also in vari-
ous neurons and glial cells (Huang et al., 2009; Kim et al.,
2009; Pedersen et al., 2002; Stevens et al., 2003). Therefore,
elucidating the signaling pathway for the neuroprotective effect
of urocortin may confer potential therapeutic implications in PD.
However, the molecular mechanisms are unknown for the neu-
roprotective effect of urocortin.

CRF receptors are coupled to multiple G-proteins that acti-
vate intracellular signaling pathways (Grammatopoulos et al.,
2001; Perrin and Vale, 1999). These include mitogen-activated
protein kinase (MAPK) pathway, in particular, extracellular sig-
nal-regulated kinases (ERKs). ERKj. constitute a widely con-
served family of serine/threonine protein kinases involved in
many cellular programs such as cell proliferation, cell differen-
tiation, cell movement, and cell survival (Courchesne, 1989).
Activation of ERKj, by CRF ligands results in neuroprotection
(Brar et al., 2000; Pederson et al., 2002) and cell differentiation
(Cibelli et al., 2001). Also, glycogen synthase kinase 3 (GSK3)
participates in the regulation of protein synthesis, cell prolifera-
tion, cell differentiation, and apoptosis (Grimes and Jope, 2001),
contributing to neuronal cell death induced by neurotoxic insults
(Chen et al., 2004; Kelly et al., 2004; Koh et al., 2008; Xu et al.,
2003). GSK3p plays a critical role in the promotion of apoptosis
in neurons (Chin et al., 2005; Mora et al., 2001).

The present study was undertaken to resolve the molecular
mechanism for the protective effect of urocortin on MPP*-
induced apoptotic death in human neuroblastoma SH-SY5Y
cells. The results demonstrate that the activation of CRF1R
results in increased levels of cyclic AMP (cAMP), which in turn
activate protein kinase A (PKA). As well, it is demonstrated that
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urocortin promotes phosphorylation of both GSKB and ERKjy,
which are known to promote cell survival.

MATERIALS AND METHODS

Materials

All chemicals used in this study were purchased from Sigma-
Aldrich, unless otherwise indicated. H-89 and Rp-8-br-cAMP
were obtained from Calbiochem. Anti-GSK3b, anti-phospho
GSK3B, anti-ERK, and anti-phospho ERKj. antibodies were
purchased from Cell Signaling Technology. Tissue culture me-
dia and reagents were obtained from Invitrogen.

Cell culture

Human neuroblastoma SH-SY5Y cells were obtained from the
American Type Culture Collection. Cells were cultured at 37°C
in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% heat inactivated fetal bovine serum (FBS) and 1%
antibiotics in a CO. humidified incubator in an atmosphere of
95% air and 5% CO..

Pharmacological treatments and cell viability test

Cell viability was measured using a conventional 3-(4,5-
dimethyl thiazoly)-2,5-diphenyl-tetrazolium bromide (MTT)-
based assay. Briefly, 10 pl of an MTT solution was added to
each well with 80% confluent SH-SY5Y cells and incubated at
37°C for 2 h. Optical density was measured at 450 nm on an
enzyme-linked immunosorbent assay (ELISA) plate reader.
The MPP*-induced cell death was measured after treating SH-
SY5Y cells with various concentrations of MPP* between 3.12
uM and 400 uM for 24 h. MPP* was dissolved in DMSO. At
concentrations used in the experiment, DMSO itself was with-
out effect on cell death. To test the protective effect of urocortin
on MPP*-induced cell death, cells were pretreated with various
concentrations of urocortin (0.1-1000 nM) for 1 h, followed by
the addition of 400 uM MPP* in the continued presence of uro-
cortin. Cell viability was measured after 24 h. Similarly, CRF
receptor antagonists were pretreated along with 100 nM uro-
cortin for 1 h, which was followed by the addition of 400 uM
MPP* in the continued presence of urocortin and antagonists.
Cell viability was measured after 24 h.

Intracellular cAMP measurement

SH-SY5Y cells were plated on six-well plates (10° cells/well)
and treated with various concentrations of urocortin for 24 h.
Cells were detached and resuspended in 50 mM sodium ace-
tate assay buffer (pH 5.8). CAMP level was analyzed with a
cAMP ELISA kit according to the manufacturer's instructions
(cAMP Biotrak EIA system; Amersham Pharmacia Biotech).

Western blotting

Cells were treated for 24 h with either 400 uM MPP*or 100 nM
urocortin alone or with both. In some experiments, cells were
treated either with 100 nM antagonist for CRF receptor or with
5 uM H-89 for 1 h prior to the treatment with 400 uM MPP* and
100 nM urocortin for an additional 24 h. Then, cells were rinsed
twice with ice-chilled phosphate buffered saline (PBS), har-
vested, and lysed in a solution containing 1% Triton x100, 0.5%
sodium dodecyl sulfate (SDS), 0.75% deoxycholate, 75 mM
NaCl, 10 mM EDTA, 10 mM Tris/HCI (pH 7.4), 0.5 mM phenyl
methyl sulfonyl fluoride (PMSF), 2 mM sodium orthovanadate,
4.2 mg/ml NaF, 17.8 mg/ml sodium pyrophosphate, and 1%
protease/phosphatase inhibitors for 1 h. Lysates were centri-
fuged for 30 min (10,000 x g). Proteins were separated by 10%
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and the

resolved proteins were transferred to a nitrocellulose mem-
brane (Potran). The membrane was blocked with 5% skim milk
in Tris-buffered saline (TBS) containing 0.1% Tween-20 for 1 h
at 22-25°C, and incubated with the primary antibody at 4°C
overnight at 22-25°C. The Western blot was developed using
an enhanced chemiluminescence Western detection system
(Amersham Pharmacia Biotech).

RESULTS AND DISCUSSION

Urocortin protects SH-SY5Y neuroblastoma cells from
MPP*-induced neuronal cell death

In the rat mesencephalic and striatal neurons, MPP* induces
apoptotic cell death (Mochizuki et al., 1994). MPP* also induces
apoptosis in neuroblastoma SH-SY5Y cells (Itano and Nomura,
1995), which serve as a model for human dopaminergic neu-
rons (Ross and Biedler, 1985). When we treated SH-SY5Y
cells with various concentrations of MPP* between 3.12 uM
and 400 pM for 24 h, MPP* induced cell death in a concentra-
tion-dependent manner (Fig. 1A). Cell viability was quantified
by using an established MTT assay. The cell viability at 400 uM
MPP* was 60.0 + 2.1% of the control level (n = 20). Then, we
tested whether urocortin protects SH-SY5Y cells from MPP*-
induced cell death. Urocortin itself did not affect cell viability at
concentrations up to 1000 nM (Fig. 1B, n = 21). Cells were
pretreated with different concentration of urocortin for 1 h, which
was followed by treatment with 400 uM MPP* for an additional
24 h in the continued presence of urocortin. Urocortin attenu-
ated MPP*-induced cell death in a concentration-dependent
manner (Fig. 1C, n = 11). Cell viability was increased to 78.5 +
2.1% of the control level by 100 nM urocortin, even in the pres-
ence of 400 uM MPP"*,

In SH-SY5Y cells, the mRNA level of CRF1R is higher than
that of CRF2R (Schoeffter et al., 1999). When Western blots
were done using antibodies specific to each receptor type,
endogenous protein level of CRF1R was detected, while
CRF2R expression was not (data not shown). To confirm that
the protective effect of urocortin on MPP*-induced cell death
involved the activation of the urocortin receptor, the effects of
CRF receptor antagonists were tested. Cells were pretreated
with 100 nM urocortin (URO) and 100 nM astressin, a CRFR
antagonist (Brar et al., 2004), for 1 h prior to the addition of 400
uM MPP*. When the viability of cells was measured 24 h later,
the presence of astressin was observed to significantly reduce
the cell viability to 64.8 + 3.8% of the control level (Fig. 1D, n =
11). Next, the effect of 100 nM antalarmin, a specific antagonist
for CRF1R (Brar et al., 2004), was ascertained. The presence
of antalarmin also reduced the cell viability to 67.6 + 2.4% of the
control level (Fig. 1D, n = 16). Cell viability was not affected by
the presence of astressin or antalarmin itself for 24 h (data not
shown). Together, these results suggest that the protective
effect of urocortin on MPP*-induced neuronal cell death was via
the activation of CRF1R.

The protective effect of urocortin is mediated via
cAMP-PKA pathway

CRF receptors mainly couple to Gs proteins, leading to the
activation of adenylyl cyclase and the synthesis of cAMP
(Dautzenberg and Wille, 2004). cAMP is an archetypal second
messenger that functions as an intracellular mediator for neuro-
transmitters and hormones (Sutherland, 1972). The elevation of
cAMP levels promotes the survival of many different types of
neurons including sympathetic, sensory, cholinergic, and
dopaminergic neurons (Goldberg and Barres, 2000). In particu-
lar, several studies have shown that cAMP-elevating agents
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can prevent the spontaneous death of dopaminergic neurons in
mesencephalic cultures (Hartikka et al., 1992; Mena et al.,
1995; Michel and Agid, 1996; Mourlevat et al., 2003). To exam-
ine whether the protective effect of urocortin on MPP*-induced
cell death was due to the elevation of cAMP level, the intracellu-
lar cAMP content was measured after incubating cells with
urocortin for 24 h. We chose 24 h incubation time before meas-
uring the intracellular cAMP content, since the protective effect
of urocortin was measured in the same incubation condition.
Urocortin increased the intracellular cAMP levels in a dose-
dependent manner as shown in Fig. 2A (n = 5). The presence
of 100 nM urocortin increased the cAMP level by 52 + 9% com-
pared to the control level (Fig. 2B, n = 5).

Various cAMP-enhancing reagents were used to determine
whether the increased cAMP level mimicked the effect of uro-
cortin on MPP*-induced cell death. For this purpose, cells were
pretreated with the membrane permeable cAMP analogue
dibutyryl cyclic adenosine monophosphate (db-cAMP; 1 mM) or
8-bromo-cyclic adenosine monophosphate (8-br-cAMP; 100
uM). The concentrations of these cCAMP analogues were used
previously for protecting neuronal cells from death (Facci et al.,
2003; Troadec et al., 2002). Even in the presence of 400 uM
MPP?, cell viability was increased to 74.2 + 2.6% (n=13) or 73.1
+2.5% (n = 13) of the control level when we included db-cAMP
or 8-br-cAMP, respectively (Fig. 2C). In addition, when cells
were pretreated with 10 uM of the adenylyl cyclase activator
forskolin (Facci et al., 2003; Troadec et al., 2002), cell viability
increased to 80.2 + 3.6% of the control level (n = 13), which
was similar to the level obtained with 100 nM urocortin. To-
gether, these results suggest that increased cAMP level pro-
tects cells from MPP*-induced cell death.

The increased cellular cAMP level would induce the activa-
tion of PKA. To elucidate the role of PKA on urocortin action,

urocortin (nM)

MPP*+ urocortin

Fig. 1. Urocortin protectes SH-SY5Y cells
from MPP*-induced cell death. (A) MPP*
induces cell death in a dose-dependent man-
ner. SH-SY5Y cells were treated with indi-
cated concentrations of MPP* for 24 h, and
the cell viability was measured by using MTT
assay (n = 20). (B) The effect of urocortin on
cell death. Cells were treated with indicated
concentrations of urocortinfor 24 h (n = 21).
(C) MPP*-induced cell death is rescued by
urocortin in a dose-dependent manner. Cells
were pretreated with indicated concentrations
of urocortin for 1 h, followed by treatment with
400 uM MPP* for an additional 24 h. Then,
cell viability was measured (n = 11). (D) The
protective effect of urocortin on MPP*-indu-
ced cell death is via the activation of CRF1R.
The presence of 100 nM urocortin (URO)
protected cells from 400 uM MPP*-induced
cell death as expected. Cells were treated
with urocortin together either with CRF recep-
tor antagonist (CRFR at), 100 nM astressin,
or with the CRF1R specific antagonist
(CRF1R at), 100 nM antalarmin, for 1 h prior
to the addition of 400 uM MPP*. When the
viability of cells was measured after 24 h (n =
16), the presence of these antagonists sig-
nificantly reduced the cell viability. **repre-
sents p < 0.01 and * represents p < 0.05 from
paired ttests.

10 100 1000

cells were pretreated with 50 uM Rp-8-bromo-cyclic adenosine
monophosphate (Rp-8-br-cAMP), a specific inhibitor of PKA
(Facci et al., 2003). The presence of Rp-8-br-cAMP significantly
inhibited the protective effect of urocortin, decreasing cell viabil-
ity to 62.8 + 2.7% of the control level (Fig. 2D, n = 10). Also,
pretreating cells with 10 uM H-89, a general PKA inhibitor
(Facci et al., 2003), reduced cell viability to 58.8 + 4.1% of the
control level (n = 13). Taken together, these results indicate that
cAMP-PKA pathway plays a critical role for the neuroprotective
effect of urocortin on MPP*-induced cell death.

Urocortin increases phosphorylation of GSK3p and ERKj2
Several mechanisms have been proposed to explain the sur-
vival promoting effect of cCAMP in neurons. Specifically, it has
been suggested that cAMP induces the phosphorylation of
GSKS3p (Li et al., 2000) or stimulates the MAPK/ERK .. signal-
ing pathway (Troadec et al., 2002; Villalba et al., 1997). To
investigate the cellular mechanism for the protective effect of
urocortin on MPP*-induced cell death, GSK3B and ERKj lev-
els were measured, as were the levels of their phosphorylated
products, pGSK3B and pERK4.. For this purpose, SH-SY5Y
cells were treated with either 400 uM MPP* or 100 nM urocortin
alone, and with both.

Figure 3A shows a typical Western blot result, and Figs. 3B
and 3C show the densitometric analysis of the results. MPP*
decreased the level of pGSK3p (Fig. 3A). In contrast, urocortin
significantly increased the level of pGSK3B. When cells were
treated with both MPP* and urocortin, the level of pGSK3p was
comparable with that of control cells. This is more clearly dem-
onstrated in Fig. 3B where the ratio of pGSK3B/GSK3 was
maintained at higher level by urocortin even in the presence of
MPP* (n = 14). Similar to pGSK3B, the level of pERK;, was
decreased by MPP*, while it was increased by urocortin (Figs.
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3A and 3C, n = 13). The level of pERKj, was also maintained
at higher level by urocortin, even in the presence of MPP”,
These results indicate that urocortin can promote phosphoryla-
tion of both GSK3p and ERKj, which are known to promote
cell survival. However, the increase of phosphorylation of both
GSK3p and ERKy. by urocortin was minimal (about 20%). This

W*

Fig. 2. The protective effect of urocortin is
mediated by cAMP-PKA pathway. (A) Intra-
cellular cAMP content was measured in SH-
SY5Y cells after incubating cells with indi-
cated concentrations of urocortin for 24 h.
Data are the mean + SEM of five independ-
ent experiments. (B) Summarized result
showing that 100 nM urocortin increases
intracellular cAMP level (n = 5). * represents
p < 0.05 from paired ttests. (C) Effects of
various cAMP-enhancing reagents on MPP*-
induced cell death. Cells were treated with
dibutyryl cyclic adenosine monophosphate
(db-cAMP, 1 mM), 8-bromo-cyclic adenosine
monophosphate (8-br-cAMP, 100 pM), or
adenyl cyclase activator (forskolin, 10 pM)
together with 400 uM MPP" for 24 h (n = 13).
Cell viability level obtained with 400 puM MPP*
is indicated by a broken line in the figure. (D)
The presence of PKA inhibitors, Rp-8-bromo-
cyclic adenosine monophosphate (Rp-8-br-
cAMP, 50 uM) or H-89 (10 pM) significantly
attenuates the protective effect of urocortin
on MPP*-induced cell death (n = 13). ** re-
presents p < 0.01 and * represents p < 0.05
from paired ttests.

Fig. 3. Urocortin prevents the effects of MPP*
on the levels of both phosphorylated GSK3p
and phosphorylated ERKj.. (A) A represen-
tative Western blot showing the levels of
GSK3p and ERKj, from SH-SY5Y cells. Also
shown are the levels of their phosphorylated
forms (pGSK3B and pERKjy). Cells were
treated for 24 h with either 400 uM MPP* or
100 nM urocortin alone, or with both. (B, C)
Summarized densitometric analysis data for
the ratio of pGSK3B/GSK3p (B) and pERK ./
ERKi» (C). Treating cells with MPP* de-
creased the levels of pGSK3B and pERKj;,
while urocortin increased those levels. Uro-
cortin maintained the levels of pGSK3p (n =
14) and pERK;» (n = 13) at higher level com-
parable with that of control cells even in the
presence of MPP*. ** represents p < 0.01
and * represents p < 0.05 from paired t-tests.

weak response may be due to our measurement at 24 h post-
treatment with urocortin. Since we tested the effects of urocortin
on MPP*-induced cell death and on the level of cCAMP after 24
h incubation time, we used the same incubation condition for
measuring phosphorylation of both GSK3f and ERKjy..
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Fig. 4. cAMP-PKA pathway mediates uro-
cortin-induced phosphorylation of GSK3p and
ERKi.. (A) A representative Western blot
showing the levels of GSK3p and ERKj.
from SH-SY5Y cells. Also shown are the
phosphorylated forms (pGSK3p and pERKjp).
Cells were treated either with 100 nM anta-
larmin, a specific antagonist for CRF1R
(CRF1R at), or with 5 uM H-89 for 1 h prior to

B-tubulin et D D ceune D S the treatment with 400 uM MPP* and 100 nM
& 3 (o] O x O ] urocortin for an additional 24 h. (B, C) Sum-
o R P
¢ K ﬁqy ,.QQ‘,&Q ’xqu' o marized densitometric analysis data for the
@QQ & (33 @3“ O QQ.O ratio of pGSK3B/GSK3B (B) and pERKiy/
x ;2\' ERK; (C). The levels of pGSK3p (n = 5) and
pPERKiz (n = 7) were maintained at lower
B C level comparable with that of MPP*-treated
PGSK3p/GSK3p PERK2/ERK,; cells by antalarmin or H-89 even in the pres-
E— 120+ §-120- ence of urocortin (n = 6).
S 100+ S 1004 |
= = s *
; 804 S 801
2 6o E 60-
2 =
S 404 £ 401
2 2
g 201 £ 20-
« o- & 0-
& < BN o
< L0 O
31 o O
« Q_oxc’ RS N ‘.‘g‘*’ ,tc.‘?'n Rata
FES RN 6,\‘:3" &
« «

cAMP-PKA pathway mediates urocortin-induced
phosphorylation of GSK3p and ERKj,

Since it was presently demonstrated that the neuroprotective
effect of urocortin was via the activation of CRF1R, and that
urocortin promoted the phosphorylation of GSK3p and ERKjy,
it was appropriate to test the effect of a specific antagonist for
CRF1R on the levels of pGSK3p and pERKj .. As expected, the
level of pGSK3p was decreased by MPP*, while it was main-
tained at higher level by urocortin (Fig. 4A). However, 100 nM
antalarmin, a specific antagonist for CRF1R, abolished the
effect of urocortin on the level of pGSK3B. Antalarmin de-
creased the ratio of pGSK3B/GSK3p to a level comparable with
that of MPP*-treated cells, even in the presence of urocortin
(Fig. 4B, n = 5). Similarly, in the presence of antalarmin, the
effect of urocortin on the level of pERK;, was abolished (Fig.
4A), and the ratio of pERK/2/ERK12 was decreased to a lower
level (Fig. 4C, n = 7). The presence of antalarmin itself did not
affect the levels of pGSK3p and pERK .. (data not shown).

The neuroprotective effects of CRF and urocortin are attrib-
uted to the increase of cAMP level and the phosphorylation of
GSK3B in rat primary cerebellar granule neurons (Facci et al.,
20083). Also CREF triggers strong ERK phosphorylation, which is
induced by a cAMP-dependent mechanism in AtT20 cells (Van
Kolen et al., 2010). Since it has been presently demonstrated
that the protective effect of urocortin on MPP*-induced cell
death was via the activation of cAMP-PKA pathway, it was
appropriate to ascertain the effects of PKA inhibitor on the lev-
els of pGSK3p and pERKj.. Even in the presence of urocortin,
inhibition of PKA by H-89 decreased the pGSK3p level signifi-
cantly to a level that was comparable with that of MPP*-treated
cells (Figs. 4A and 4B). This result indicates that the effect of

urocortin on the level of pGSK3B was prevented by inhibiting
PKA. Also, H-89 attenuated urocortin-induced phosphorylation
of ERKy2 (Figs. 4A and 4C). The presence of H-89 itself did not
affect the levels of pGSK3B and pERK;,. These results are
consistent with the suggestion that urocortin activates the
cAMP-PKA signal pathway, inducing phosphorylation of GSK3p
and ERKj;,, which may be responsible for the protective effect
of urocortin on MPP*-induced cell death.

The present study has demonstrated that urocortin increases
the survival of dopaminergic SH-SY5Y cells from MPP*-
induced cell death via the cAMP-PKA pathway. It is also shown
that the activation of this signal pathway is necessary for uro-
cortin-induced phosphorylation of GSK3p and ERKj, which is
known to be protective. Thus, the results identify the molecular
mechanism of the action of urocortin on MPP*-induced cell
death. Since MPP" is frequently used for in vitro as well as in
vivo model for PD, activation of the urocortin signaling pathway
may have therapeutic possibilities.

Urocortin increases intracellular cAMP levels followed by
phospholyation of GSK3p that contributes to urocortin-mediated
protection in spontaneous cell death related to aging (Huang et
al., 2009). We confirmed the role of GSK3 for the protective
effect of urocrotin on MPP*-induced cell death as shown in the
schematic model for the action of urocortin in Fig. 5. We also
identified the phosphorylation of GSK3B through cAMP-PKA
pathway by urocortin. However, it is possible that other path-
ways, which may work independently of cAMP activation, are
involved in the protection. Other recent studies also showed
that GSK3pB may be a downstream target of the PI-3 kinase-Akt
antiapoptotic signal pathway (Pap and Cooper, 1998). Eleva-
tion of intracellular cAMP levels in rat cerebellar granule neu-
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Fig. 5. Signal transduction pathways for the neuroprotective effect
of urocortin. Based on the data from this study, urocortin activates
cAMP-PKA pathway. Then, the phosphorylated forms of both
ERK;» and GSK3p increase, which are known to play important
roles for the cell survival. Thus, urocortin protects cells from MPP*-
induced cell death. A dotted arrow indicates the pathway not deter-
mined in this study, and the signaling molecules tested in this study
were presented as bold letters.

rons leads to phosphorylation of GSK3B in a process that is
independent of Akt activation and activates PKA directly, which
may phosphorylate GSK3p and inhibit apoptotic activity in neu-
rons (Li et al., 2000).

In addition to GSK3p the activation of ERKj, by urocortin has
been reported from various cell types (Brar et al., 2004). Activa-
tion of ERKi2by CRF results in cytoprotection and cell differen-
tiation (Brar et al., 2000; Cibelli et al., 2001; Pederson et al.,
2002). Both stimulatory and inhibitory effects via cAMP have
been observed by cAMP-mediated alterations of ERK signaling
(Stork and Schmitt, 2002). Considering all of these results to-
gether, it can be concluded that the phosphorylated forms of
both ERK;, and GSK3p may play important roles for the cell
survival.
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