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Abstract

Ž .Vasoactive intestinal peptide VIP provides neuroprotection against b-amyloid toxicity in models of Alzheimer’s disease. A
Ž .superactive analogue, stearyl-Nle17-VIP SNV is a 100-fold more potent than VIP. In primary neuronal cultures, VIP protective activity

Ž .may be mediated by femtomolar-acting glial proteins such as activity-dependent neurotrophic factor ADNF , activity-dependent
Ž . Ž . Ž .neuroprotective protein ADNP , peptide derivatives ADNF-9 9aa and NAP 8aa , respectively. It has been hypothesized that b-amyloid

induces oxidative stress leading to neuronal cell death. Similarly, dopamine and its oxidation products were suggested to trigger
dopaminergic nigral cell death in Parkinson’s disease. We now examined the possible protective effects of VIP against toxicity of

Ž . Ž q. wdopamine, 6-hydroxydopamine 6-OHDA and 1-methyl-4-phenylpyridinium ion MPP in neuronal cultures rat pheochromocytoma
Ž . Ž . x Ž y16 y8 .PC12 , human neuroblastoma SH-SY5Y and rat cerebellar granular cells . Remarkably low concentrations of VIP 10 –10 M ,

Ž y18 y10 .ADNF-9 and NAP 10 –10 M protected against dopamine and 6-OHDA toxicity in PC12 and neuroblastoma cells. VIP
Ž y11 y9 . Ž y13 y11 .10 –10 M and SNV 10 –10 M , protected cerebellar granule neurons against 6-OHDA. In contrast, VIP did not rescue
neurons from death associated with MPPq. Since dopamine toxicity is linked to the redr ox state of the cellular glutathione, we

Ž . Ž .investigated neuroprotection in cells depleted of reduced glutathione GSH . Buthionine sulfoximine BSO , a selective inhibitor of
glutathione synthesis, caused a marked reduction in GSH in neuroblastoma cells and their viability decreased by 70–90%. VIP, SNV or

Ž .NAP over a wide concentration range provided significant neuroprotection against BSO toxicity. These results show that the mechanism
of neuroprotection by VIPrSNVrNAP may be mediated through raising cellular resistance against oxidative stress. Our data suggest
these compounds as potential lead compounds for protective therapies against Parkinson’s disease. q 2000 Elsevier Science B.V. All
rights reserved.

Ž . Ž .Keywords: Vasoactive intestinal peptide VIP ; Activity-dependent neurotrophic factor ADNF ; Activity-dependent neuroprotective protein; Parkinson’s
Ž . Ž . Ž .disease PD ; Buthionine sulfoximine BSO ; Dopamine DA

1. Introduction

The twenty-eight amino acid peptide vasoactive intesti-
w xnal peptide, VIP 14,34 is widely distributed in the central
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w xnervous system 22,26 . It was demonstrated that VIP has
w xneuroprotective properties 5,22 , acting through glial cells

w x6,8,13 . Therefore, research efforts were carried out to
develop VIP agonists that might protect neurons and pre-
vent their degeneration. One example is the lipophilic

Ž .analogue, stearyl-Nle17-VIP SNV , that is a 100-fold
w xmore potent than VIP 17,19 in protecting neurons against

death induced by the b-amyloid peptide, the hypothesized
w xAlzheimer’s disease neurotoxin 17 . Another approach

was the mapping of the active site of VIP to a lipophilic
Ž . w xpeptide of four amino acids stearyl-Lys-Lys-Tyr-Leu 20 .

0006-8993r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
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Further research into VIP models of action, concentrated
on glial proteins that may mediate, in part, its neuroprotec-
tive activity. Todate, two proteins containing active pep-
tides have been identified: i.e., activity-dependent neu-

Ž . w xrotrophic factor ADNF 6,15 and activity-dependent
Ž . w xneuroprotective protein ADNP 2 . Their active peptide

Žsites were then discovered including ADNF-9 Ser-Ala-
. w x ŽLeu-Leu-Arg-Ser-Ile-Pro-Ala 7 and NAP Asn-Ala-Pro-

. w xVal-Ser-Ile-Pro-Gln 2 respectively.
VIP was originally shown to protect against the toxicity

associated with the acquired immunodeficiency syndrome
Ž .AIDS , specifically against the toxic envelope protein of

Ž . w xthe human immunodeficiency virus HIV 9 . A recent
finding demonstrated decreased absolute levels of ascorbic
acid and unaltered VIP receptor binding in the frontal
cortex in acquired immunodeficiency syndrome, allowing
for VIP neuroprotection, perhaps through the alteration of

w xthe oxidative state of the cell 12 .
Furthermore, in mouse hippocampal neurons from mu-

Žtant presenilin-1 knock-in mice associated with over-ex-
pression of the toxic b-amyloid peptide and early-onset

. w xAlzheimer’s like disease 25 , a 24 h pretreatment with
0.1 pM ADNF-9 prior to exposure to glutamate excitotoxi-
city, resulted in reduced oxiradical production and in-
creased mitochondrial function and significant protection
to both, wild type and the more susceptible knock-in
neurons. In addition, the Ca2q influx response to gluta-
mate was suppressed in neurons pre-treated with ADNF-9
w x25 . Other studies have shown that ADNF-derived pep-
tides protect against neuronal apoptosis, an active program

w xof self-destruction 18 .
Ž .Dopamine DA can trigger apoptosis in various neu-
w xronal cultures 30,42 . It was hypothesized that inappropri-

ate activation of apoptosis by DA andror its oxidation
products may initiate nigral cell loss in Parkinson’s disease
Ž . w x Ž .PD 30,41 . Intracellular glutathione GSH and other
thiols constitute an important natural defense against ox-
idative stress. Depletion of cellular GSH by the addition of

Žbuthionine sulfoximine BSO, an inhibitor of gamma-
.glutamyl transpeptidase , significantly enhanced DA toxic-

w xity 30 .
The current study was designed to assess whether VIP

and related peptides are protective against DA toxicity in
multiple neuronal systems and if so, whether such neuro-
protection is mediated via glutathione-related mechanisms.

2. Materials and methods

2.1. Cell cultures

( )2.1.1. PC12 and neuroblastoma SH-SY5Y NB cells
Cells were maintained in Dulbecco’s modified Eagle’s

Ž .medium DMEM , supplemented with 8% fetal calf serum
Ž . Ž .FCS and 8% horse serum, penicillin 25 mgrml ,

Ž .streptomycin 25 mgrml , and 2 mM L-glutamine. For

Ž 5 .protection experiments, cells 100 ml of 3=10 cellsrml
Ž .were sub-cultured in 2% FCS serum on poly-L-lysine-

Ž .coated 96-well microtiter plates Corning .

2.1.2. Mouse cerebellar granule neurons
Cultures highly enriched in granule neurons were ob-

tained from dissociated cerebellum of 8-day-old C57BLr6J
w x Žmice 27 . Cells in Eagle basal medium BME; Biological

.industeries, Beit Haemek, Israel , supplemented with 10%
Ž .fetal calf serum FCS , 25 mM KCl, 2 mM glutamine,

Ž . Ž .gentamycin 50 mgrml , amphotercin B 250 ngrml , and
1 mgrml glucose were plated on 24-well dishes coated

Ž 5 . Žwith poly-L-lysine 5=10 cellsrwell . 1- -Arabinosyl-
Ž .cytosine ARA-C; 10 mM , was added to the culture

medium 18–22 h after plating to prevent replication of
w xnon-neuronal cells 11 .

2.2. Peptides

w xPeptides were synthesized as before 2,7,17,20 . VIP,
w x w x w xSNV 17,20 , ADNF-9 7 or NAP 2 were applied to the

cells in each well and 4 h later DA, 6-OHDA and MPPq

Ž .Sigma, Israel were added for 24 h or BSO for 48 h.
Survival was assayed by neutral red staining or 3H-thymi-

Ž .dine incorporation see below .

( )2.3. Neutral red NR assay

NR is a selective staining for lysosomes in living cells.
For staining, the medium was washed out and 100 ml of

Ž0.34% NR dissolved 1:100 in DCCM-1 medium, Beit
.Haemek, Israel were added to wells and incubated for 2 h

in 378C. Wells were then washed with PBS containing 1
mM MgCl and cells were dissolved in 100 ml of Soren-2

Žson buffer 0.1 M disodium citrate with 0.1 M HCl in

Fig. 1. VIP protects PC12 cells against 6-OHDA but not MPPq toxicity.
Ž . qPC12 cells were incubated for 24 h with 6-OHDA 0.02 mM or MPP

Ž .1.5 mM only or with VIP, and viability was determined by neutral red
assay. U P -0.05; UU P -0.01, t-test.
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Fig. 2. VIP derived peptides protect PC12 cells against dopamine toxicity.
Ž .PC12 cells were incubated for 24 h with dopamine 0.3 Mm only or with

ADNFr NAP, and viability was determined by neutral red assay. U P -

0.05, t-test.

. w xproportion of 1.6:1 respectively 4 mixed with 100 ml
ethanol. Absorption intensity was measured at a wave-
length of 590 nm.

[ 3 ] ( )2.4. H thymidine incorporation TI assay

w3 xCells were incubated with 1 mCirml H thymidine
Ž .Rotem, Israel at 378C for 24 h and harvested. Incorpo-
rated radioactivity was determined by liquid scintillation

Ž .counter Packard, USA .

Ž . Ž .Fig. 3. VIP A and SNV B protect mouse cerebellar granule cells
against 6-OHDA toxicity. Mouse cerebellar granule cells were incubated

Ž .for 24 h with 6-OHDA 0.75 mM rSNV, and viability was determined
by neutral red assay. UU P -0.01, t-test.

Fig. 4. VIP protect neuroblastoma cells against 6-OHDA toxicity. Neu-
Ž .roblastoma cells were incubated for 24 h with 6-OHDA 0.175 mM only

or with VIP, and viability was determined by neutral red assay. U P -0.05,
t-test.

2.5. Statistical analysis

Results are presented as mean"SEM. Significance of
inter-group differences was evaluated by the two-tailed
Student’s t-test. In all tests, significance was assigned
when P-0.05.

Ž . Ž . Ž .Fig. 5. VIP A , NAP B and SNV C protect neuroblastoma cells
against BSO induced GSH depletion. Neuroblastoma cells were incubated

Ž .for 48 h with BSO 8 mM only or with the neuropeptides, and viability
w3 x U UUwas determined by H thymidine uptake. P -0.05, P-0.01, t-test.
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3. Results

3.1. VIP and related peptides proÕide neuroprotection
against DA and 6-OHDA but not MPP q toxicity

Ž y16 y8 .VIP 10 –10 M protected PC12 cells against
Ž . q Ž .6-OHDA 0.02 mM , but not against MPP 1.5 mM

Žtoxicity as determined by the neutral red method P-0.05;
. Ž .Fig. 1 . Similarly, peptide derivatives of ADNF ADNF-9

Ž .and of ADNP NAP at a broad concentration range
Ž y18 y8 . Ž .10 –10 M , rescued PC12 cells from DA 0.3 mM

Ž .toxicity and increased cell survival P-0.05; Fig. 2 .
Ž y11 y9 .Furthermore, VIP 10 –10 M and its analog SNV

Ž y13 y1110 –10 M, that specifically interacts with VIP re-
ceptors, protected cerebellar granule neurons against 6-

Ž . Ž .OHDA toxicity 0.75 mM P-0.01; Fig. 3 . In another
Ž y16cellular system, a neuroblastoma cell line, VIP 10 –

y8 . Ž .10 M also protected against 6-OHDA 0.175 mM
Ž .P-0.05; Fig. 4 .

3.2. VIP and related peptides protect against neural death
associated with glutathione depletion

Ž .Addition of BSO 6 mM for 48 h , a selective inhibitor
of glutathione synthesis, results in cellular toxicity as
detected by the thymidine incorporation method. Co-treat-

Ž y16 y8 .ment with VIP, or SNV, or NAP 10 –10 M showed
significant protection of neuroblastoma cells against BSO

Ž .toxicity P-0.05; Fig. 5 .

4. Discussion

The peptides VIP, SNV, ADNF-9 and NAP are highly
protective, at very low doses, against DA and 6-OHDA.
The neuroprotection by VIP, SNV, and NAP was also
demonstrated against BSO toxicity, suggesting that the
mechanism may involve the glutathione antioxidant sys-
tem. It has been shown previously, that thiol containing

Ž .compounds, such as reduced GSH , N-acetyl-cysteine
Ž . Ž .NAC , and dithiothreitol DTT were markedly protective
against DA toxicity, while vitamins C and E had lesser or

w xno effect 30 . However, these thiol-containing compounds
present a limitation for clinical use as possible neuropro-
tectants since they do not cross the blood-brain barrier.
Furthermore, a clinical trial with vitamin E was ineffective

w xin preventing PD progression 31 . In contrast, SNV pene-
w xtrated the brain following intranasal administration 17 ,

and the peptide dosage used was at least one million-fold
lower than those used with the thiol compounds. As VIP
may act upstream of the thiol compounds to prevent
neuronal degeneration, it may provide broader neuropro-
tection profile and allow use of lower concentrations.

Furthermore, we have recently shown that NAP adminis-
tration in vivo resulted in increased GSH, as measured by

w xcapillary electrophoresis 37 .
Although VIP levels were unaltered in brains of parkin-

w xsonian patients 26 , it was reduced in their adrenal medulla
w x38 suggesting a possible involvement of peripheral VIP
in the disease.

A possible mechanism of protection may be offered by
VIP’s antioxidant activities. VIP does not have significant
O -, OH, or H O scavenging ability. However, VIP was2 2 2

found to inhibit the 1O -dependent 2,2,6,6-tetramethyl-2
Ž .piperidine N-oxyl TEMPO formation in a dose-depen-

dent manner. 1O was produced in photosensitizing sys-2

tems using rose bengal or methylene blue as sensitizers
Ž .and was detected as TEMP-1O product TEMPO by2

Ž .electron paramagnetic resonance EPR spectroscopic tech-
w xniques 28 . Said et al. suggested using VIP as protection

against oxidative damage in the lung through N-methyl-D-
Ž . w xaspartate NMDA -associated mechanisms 35 . Indeed

w x w xADNF-9 7 and NAP 2 showed dramatic neuroprotective
effects against NMDA-associated neurotoxicity. Further in
vivo studies showed protection by VIP, SNV and ADNF

Žagainst ibotenate excitotoxicity that produces microgyric-
.like cortical lesions and white matter cysts in newborn

w xand 5-day-old mice 23,24 . In a mouse model relevant to
Alzheimer’s disease, i.e., the apolipoprotein E-defficient
mouse, VIPrSNVrNAP protected against developmental

w xretardation and learning deficiencies 2,16 .
Here, VIPrSNVrNAP protected against dopamine and

6OHDA toxicity but not against MPPq toxicity. These
results suggest that the neurotoxins causing striatal DA
loss, may act through different mechanisms and neuropep-
tides defense mechanism is acting only through one of

w xthem 10 .
As indicated above, the protective activity of VIP in-

w xvolves glial cells 6,8,13,32 and glial proteins such as
Ž .ADNF and ADNP as well as heat shock protein 60 hsp60

w x2,3 . The defense against the toxicity of b-amyloid pep-
tide may be associated with intracellular increases in pro-

w xtective proteins, such as the chaperonin, hsp60 41 . Other
proteins that may act downstream of VIP include cytokines
w x w x8 , protease inhibitors 13 and growth factors such as

Ž w x.brain-derived growth factor BDNF 33 . Second messen-
w xgers may also include cGMP 1 . Our results now indicate

a potential involvement of the glutathione production sys-
tem as part of the VIP-associated neuroprotection mecha-
nism.

VIP gene expression and regulation may constitute a
part of the normal development and aging mechanisms as
VIP gene expression has been associated with synapse

w x w xformation 22 and is dramatically reduced with aging 21 .
Accelerated neuronal cell death as found in neurodegenera-
tive diseases may thus be associated with mal-functioning
VIP, or VIP signaling systems.

Our data may provide a new direction for the develop-
ment of neuroprotective therapies to slow down nigral
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degeneration in Parkinson’s disease using VIP and related
compounds.
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