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Abstract:

Pituitary adenylate cyclase activating polypeptide (PACAP), vasoactive intestinal peptide (VIP) and peptide histidine-isoleucine

(PHI), are structurally related endogenous peptides widely expressed in the central and peripheral nervous system and showing rich

profile of biological activities. They act as neurotransmitters, neuromodulators and neurotrophic factors. Recently, their

neuroprotective potential has been revealed in numerous in vitro and in vivo models. Thus, PACAP and VIP protected the cells from

neurotoxic effects of ethanol, hydrogen peroxide (H�O�), �-amyloid and glycoprotein 120 (gp120). Moreover, PACAP showed

neuroprotection against glutamate, human prion protein fragment 106–126 [PrP(106–126)] and C2-ceramide. Both peptides

reduced brain damage after ischemia and ameliorated neurological deficits in a model of Parkinson’s disease. Neuroprotective

potential of PHI has not been thoroughly investigated yet, but several results obtained in the last years do not exclude it. The

mechanism underlying neuroprotective properties of PACAP seems to involve activation of adenylyl cyclase (AC) � cyclic

adenosine 3’,5’-mono-phosphate (cAMP) � protein kinase A (PKA) and mitogen-activated protein (MAP) kinase pathways, and

inhibition of caspase-3. PACAP can also, yet indirectly, stimulate astrocytes to release neuroprotective factors, such as regulated

upon activation normal T cell expressed and secreted (RANTES) and macrophage inflammatory protein 1 (MIP-1) chemokines.

Neuroprotective activity of VIP seems to involve an indirect mechanism requiring astrocytes. VIP-stimulated astrocytes secrete

neuroprotective proteins, including activity-dependent neurotrophic factor (ADNF) and activity-dependent neuroprotective protein

(ADNP), as well as a number of cytokines. However, in the activated microglia, VIP and PACAP are capable of inhibiting the

production of inflammatory mediators which can lead to neurodegenerative processes within the brain.

In conclusion, studies carried out on the central nervous system have shown that PACAP, VIP, and likely PHI, are endowed with

a neuroprotective potential, which renders them (or their derivatives) promising therapeutic agents in several psychoneurological

disorders linked to neurodegeneration.
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Introduction

Pituitary adenylate cyclase activating polypeptide

(PACAP), vasoactive intestinal peptide (VIP) and

peptide histidine-isoleucine (PHI), belong to structur-

ally related family of polypeptides, comprising also

peptide histidine-methionine (PHM), secretin, gluca-

gon, glucagon-like peptide (GLP), glucose-dependent

insulinotropic polypeptide (GIP), growth hormone re-

leasing hormone (GHRH) and helodermin [87].

PACAP, originally isolated from the sheep hypo-

thalamic extracts and described as a factor potently
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stimulating adenylyl cyclase activity in the rat pitui-

tary cell culture, exists in the body in two forms: shorter

consisting of 27 amino acids (PACAP27), and longer

composed of 38 amino acids (PACAP38) [3, 71, 80].

VIP, originally isolated from porcine duodenum

and characterized as a factor inducing vasodilatation

of blood vessels, is present in the body in only one

form composed of 28 amino acids [42, 84].

PHI was originally isolated from porcine upper in-

testinal tissue and described as a peptide showing

structural similarity to glucagon/VIP/secretin family,

activating, like VIP and secretin, adenylyl cyclase in

the rat membrane preparations and inhibiting VIP

binding to its receptors. PHI exists in the body in two

forms: shorter built of 27 amino acids and longer con-

sisting of 42 amino acid residues and named “peptide

histidine-valine”, PHV [7, 23, 107].

PACAP is the most conservative peptide among all

the peptides mentioned above. Its primary structure is

identical in all mammalian species investigated so far.

The sequence of the first 27 amino acid residues nec-

essary for the peptide’s biological activity is identical

in humans, amphibians and fish. Avian PACAP differs

from the mammalian form in only one amino acid po-

sition. Similarly, one of the tunicate forms of PACAP

and mammalian PACAP27 have only one different

amino acid in a position 15 (Tab. 1) [3, 71, 80, 87].

The primary structure of VIP is identical in most

mammalian species, except for the guinea pig and

opossum. Among the rest vertebrate species, the differ-

ences concern 4–5 amino acid residues (Tab. 1) [31,

32, 43, 59, 69].

PHI also seems to be a conservative peptide. The

different forms of PHI identified so far vary from one

another in no more than 6 amino acid residues. The

rat PHI [70] differs from bovine [18], porcine [94,

95], human [56], and goldfish [96] forms in 1, 2, 4

and 6 residues of amino acid sequence, respectively.

Interestingly, the amino acid sequence of the goldfish

PHI is more similar to the amino acid sequences of

different mammalian PHI/PHM (74–78% identity)

than of avian PHI (59% identity) (Tab. 1) [96].

PACAP, VIP and PHI show a widespread and simi-

lar tissue-organ distribution. They have been shown to

be present in the cerebral cortex, pituitary body, adre-

nal glands, nerve endings of the respiratory system,

gastrointestinal tract and reproductive system. PACAP

is also distributed in the amygdala complex, septum,

thalamus, brain stem, spinal cord, PHI has been iden-

tified in the temporal lobes, striatum and medulla ob-

longata, VIP and PACAP were discovered in the im-

mune system cells, and VIP and PHI were detected in

the suprachiasmatic nuclei of the hypothalamus and

hippocampus [e.g. 1, 2, 3, 19, 20, 34, 45, 60, 63, 65,

79, 87, 103].

PACAP, VIP and PHI exert an array of different

biological effects. They have been described as regu-

lators of the pituitary gland, pancreas and adrenal

glands, relaxants of smooth muscles in blood vessels,
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Tab. 1. Comparison of PACAP, VIP and PHI primary structures in
different species. Italic bold fonts refer to differences in particular
residues in amino acid sequences of the peptides

PACAP

human, sheep, mouse,
guinea pig, rat

HSDGIFTDSYSRYRKQMAVKKYLAAVLGK
RYKQRVKNK

chicken HIDGIFTDSYSRYRKQMAVKKYLAAVLGKR
YKQRVKNK

frog HSDGIFTDSYSRYRKQMAVKKYLAAVLGK
RYKQRIKNK

salmon HSDGIFTDSYSRYRKQMAVKKYLAAVLGK
RYRQRYRNK

sheatfish HSDGIFTDSYSRYRKQMAVKKYLAAVLGR

RYRQRFRNK

lizard HSDGIFTDSYSRYRKQMAVKKYLAAVL

tunicate 1 HSDGIFTDSYSRYRNQMAVKKYLAAVL

tunicate 2 HSDGIFTDSYSRYRNQMAVKKYINALL

VIP

human, cow, rat, pig,
dog, goat, sheep, mouse,
monkey

HSDAVFTDNYTRLRKQMAVKKYLNSILN

guinea pig HSDALFTDTYTRLRKQMAMKKYLNSVLN

opossum HSDAVFTDSYTRLLKQMAMRKYLDSILN

chicken, turkey, frog,
alligator

HSDAVFTDNYSRFRKQMAVKKYLNSVLT

cod HSDAVFTDNYSRFRKQMAAKKYLNSVLA

trout HSDAIFTDNYSRFRKQMAVKKYLNSVLT

PHI

rat HADGVFTSDYSRLLGQISAKKYLESLI

cow HADGVFTSDYSRLLGQLSAKKYLESLI

pig HADGVFTSDFSRLLGQLSAKKYLESLI

human HADGVFTSDFSKLLGQLSAKKYLESLM

goldfish HADGLFTSGYSKLLGQLSAKEYLESLL

chicken HADGIFTSVYSHLLAKLAVKRYLHSLI

turkey HADGIFTTVYSHLLAKLAVKRYLHSLI



respiratory system, gastrointestinal tract, reproductive

system, and factors affecting the immune system ele-

ments. In the central nervous system (CNS), VIP, PA-

CAP and PHI act as neuromodulators, neurotransmit-

ters, neurotrophic or neuroprotective factors [e.g. 1, 3,

5, 21, 25, 39, 42, 45, 63, 65, 72, 80, 85, 86, 93, 100,

102, 106–108].

The peptides exert their biological effects through

specific membrane receptors belonging to the super-

family of G protein-coupled receptors (GPCRs). The

receptors consist of 7 �-helical transmembrane do-

mains (7TM), and oligopeptide intra- and extracellu-

lar loops, linking the domains to one another.

N-Terminal fragment of the receptor protein is located

inside the cell and can undergo glycolysation,

whereas C-terminal fragment is in the extracellular

space. The best characterized VIP/PACAP receptors

are classified into two types: PAC1 type (including at

least 8 different variants) and VPAC type (with

VPAC1 and VPAC2 subtypes). PAC1 receptors pref-

erably bind PACAP, recognizing poorly VIP and

PHI/PHM. VPAC type receptors recognize similarly

and with high affinity VIP and PACAP, and have

lower affinity for PHI/PHM. In addition, VPAC1 re-

ceptors show low affinity for secretin and helodermin,

while VPAC2 receptors have very low affinity for se-

cretin and high for helodermin [50, 71, 103].

The main signal transduction pathway of VIP/PACAP

receptors is the adenylyl cyclase (AC) � cAMP

system [22, 24, 111]. An exception is TM4 variant of

PAC1 receptors which does not activate this pathway.

PAC1 (except for TM4 and hip variants of PAC1 type)

and VPAC1 receptors also activate the phospholipase

C (PLC) � inositol 1,4,5 triphosphate (IP3)/diacyl

glycerol (DAG) pathway [3, 64]. According to the lat-

est data, all the VIP/PACAP receptor subtypes (except

for TM4 variant) may additionally activate the phos-

pholipase D (PLD) � phosphatidic acid signaling

pathway [66]. Activation of TM4 and VPAC1 recep-

tors leads to opening of L-type Ca2+ channels and

an increase in intracellular concentration of calcium

ions [3].

PACAP as a neuroprotective factor

The cultured cerebellar granule cells (CGCs), widely

used for investigation of the mechanisms of naturally-

occurring apoptosis, appeared to be a very suitable

model system to study neuroprotective effects of

PACAP. When added to the culture medium, the pep-

tide protected CGCs against programmed cell death

physiologically occurring during cerebellar develop-

ment [101], as well as cell death induced by different

neurotoxins. Ethanol is one of such toxins. It was

proved that alcohol consumption during pregnancy

can lead to growth retardation associated with neuro-

behavioral deficits described as fetal alcohol syn-

drome (FAS). Granule cells cultured in the presence

of ethanol do not show neurite outgrowth and undergo

apoptosis with typical symptoms, such as cell shrink-

age, nuclear condensation, DNA fragmentation, and

mitochondrial permeability. Incubation of CGCs with

PACAP prevented the ethanol-induced apoptotic cell

death, and, interestingly, such a protective effect

could be achieved even when PACAP was added to

the culture medium 2 h after alcohol exposure [105].

It was demonstrated that PACAP also protected

CGCs against apoptosis induced by oxidative stress.

Oxidative stress results from accumulation of reactive

oxygen species and free radicals, among which the

key position is occupied by hydrogen peroxide

(H2O2), a reactive oxygen form, accumulation of

which plays a critical role in the pathogenesis of neu-

rodegenerative diseases and stroke. Co-incubation of

CGCs with hydrogen peroxide and PACAP let the

cells survive and keep the typical shape of differenti-

ated neurons with bipolar fusiform cell bodies and

long neurites. In addition, PACAP significantly inhib-

ited the deleterious effect of H2O2 on mitochondrial

membrane potential and totally suppressed DNA frag-

mentation [104].

CGCs also served as a model to show protective

role of PACAP against ceramides. Ceramides are

sphingolipid metabolites that are critical mediators of

the cellular stress response and important factors in-

volved in apoptosis. Incubation of CGCs with C2-

ceramide markedly increased the number of dying

cells and cells which exhibited the typical features of

apoptotic cells. Co-treatment of cultured cells with

PACAP resulted in an increase in the number of living

cells, blockade of DNA fragmentation, and restoration

of mitochondrial activity [98].

In another model system utilizing neuron-like

PC12 cells, it was shown that PACAP protected these

cells against cytotoxicity of �-amyloid, aggregation of

which is one of the key factors in Alzheimer’s disease

[74]. Using lactate dehydrogenase (LDH) and 2-(2-

methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfo-

phenyl)-2H tetrazolium monosodium salt (WST-8) as-

says for measuring the degree of cell damage (high
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levels of these indicators demonstrate a reduction in

the number of mitochondria in living cells and the

loss of cell membrane integrity in apoptotic cells, re-

spectively), it has been observed that �-amyloid in-

duced cell death accompanied by high levels of LDH

release and a decrease in WST-8-reducing activity.

Co-incubation of the cells with �-amyloid and

PACAP resulted in an increased number of surviving

cells and enhanced neurite outgrowth, indicating that

PACAP exerts a neuroprotective effect. Moreover,

PC12 cells were used to demonstrate the protective

role of PACAP against cytotoxic action (validated by

WST-8 and LDH assays) of human prion protein frag-

ment 106–126 [PrP(106–126)] [75].

In pure rat cortical cultures, PACAP was proved to

exert neuroprotective effects against glutamate-

induced neuronal cell death. PACAP suppressed

glutamate-induced cytotoxicity maximally in 50% of

the cells compared with control (PACAP – untreated

cells) [67]. Next, in the dissociated cerebral cortical

cultures, PACAP was demonstrated to be an effective

neuroprotective factor against toxic action of gp120,

the envelope glycoprotein from the human immuno-

deficiency virus (HIV) [14]. Under in vivo conditions,

gp120 causes dystrophic changes in pyramidal neu-

rons of the cerebral cortex leading to neurological

deficits associated with complex motor behaviors [55].

Treatment of dissociated cerebral cortical cultures with

gp 120 resulted in neuronal cell death. Co-treatment

with PACAP prevented such a neuronal cell loss [14].

The neuroprotective effects of PACAP demon-

strated under in vitro conditions are supported by

some in vivo observations [82, 83, 97]. PACAP, ap-

plied intracerebroventricularly (icv) to rats before the

animals underwent permanent middle cerebral artery

occlusion (PMCAO), significantly reduced the infarct

size measured 12 and 24 h after the onset of the ische-

mia [83]. Similarly, in the rat model of transient focal

ischemia produced by PMCAO, PACAP administered

intravenously (iv) for 48 h beginning 4 h after

PMCAO, significantly reduced the infarct size [82].

The results imply that PACAP might be a promising

therapeutic agent in reducing ischemic brain damage

even when its administration is delayed [82, 97].

PACAP appeared also to be a neuroprotectant in

a rat model of Parkinson’s disease. This degenerative

disorder results from the loss of dopaminergic neu-

rons in the substantia nigra, which causes muscle dys-

function and motor disturbances. Reglodi and co-

workers [81] observed that PACAP effectively pro-

tected the dopaminergic nigrostriatal neurons from

apoptotic death. Moreover, this effect of PACAP

treatment was accompanied by less severe neurologi-

cal deficits and more rapid amelioration of behavioral

abnormalities, such as hypokinesia, turning and rear-

ing asymmetry or rotational behavior.

Intracellular mechanisms underlying neuropro-

tective actions of PACAP

Based on the published data, two different mecha-

nisms of the neuroprotective action of PACAP can be

considered, i.e. direct and indirect. In most studies

presented so far, the effects of PACAP were con-

nected with a direct mechanism, mediated through the

PAC1 type receptor located on neuronal cells and

linked to AC � cAMP � protein kinase A (PKA)

pathway (Fig. 1) [67, 74, 75, 98, 99, 104]. In addition,

in many cases the mitogen-activated protein (MAP)

kinase pathway was also influenced [75, 98, 99, 104].

The best model showing the PACAP influence on the

MAP kinases are the rat pyramidal cells of CA1 re-
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Fig. 1. Mechanism of direct action of PACAP. PACAP activates
adenylyl cyclase-linked signal transduction pathway through PAC
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gion of the hippocampus. The cells were shown to be

selectively vulnerable to transient ischemic insult, fi-

nally undergoing apoptosis. It was demonstrated that

the activity of several kinases, e.g., MAP kinase fam-

ily members, including ERK (extracellular signal-

regulated kinase), Jun N-terminal kinase (JNK)/stress-

activated protein kinase (SAPK) and p38, was in-

creased in the rat hippocampus within 1–6 h after

brain ischemia [30]. It is suggested that the mechanism

underlying the effects of PACAP under ischemic con-

ditions involves direct inhibition of JNK/SAPK and

p38 signaling pathways in neurons [30]. Furthermore,

a direct action of PACAP on neurons was very often

accompanied by deactivation of caspase-3, the key

enzyme of the apoptosis process [74, 75, 98, 101, 104,

105]. The effect of PACAP can be mimicked by cAMP

analogues, and abrogated by inhibitors of PKA and

protein kinase C (PKC), which indicates that the pro-

cess of caspase-3 deactivation is mediated via the AC

� cAMP � PKA and PLC � IP3/DAG � PKC sig-

naling pathways [74, 101].

It was observed that PACAP, in addition to direct

stimulation of neurons, can also affect them indi-

rectly. In CA1 region, the peptide stimulated astro-

cytes, which possess a large number of PACAP recep-

tors [16, 58, 92], to the secretion of interleukin-6

(IL-6) into the cerebrospinal fluid. IL-6, similar to

PACAP, inhibited the activation of JNK/SAPK in

neuronal cells. IL-6 can also activate ERK, which ad-

ditionally may contribute to the protection of neurons

from death [88].

The indirect mechanism of neuroprotective action

of PACAP was also investigated in gp120-treated cul-

tures derived from the rat cerebral cortex. The mecha-

nism was connected with stimulation of astrocytes to

release several chemokines, such as RANTES, MIP-1�

and MIP-1� (Fig. 2), which are ligands of CCR3,

CCR5 and CXCR4, acting as co-receptors for gp120

interactions with CD4 + cells [14].

VIP as a neuroprotective factor

First reports referring to the neuroprotective proper-

ties of VIP appeared in the mid 1980s when mediators

affecting electrical activity of neurons determining

their survival during neuronal development were in-

vestigated. Studies conducted on a population of de-

veloping neurons in the spinal cord cultures revealed

that the addition of tetrodotoxin (TTX), a substance

selectively blocking voltage-operated Na+ channels,
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Fig. 2. Mechanism of indirect action of PACAP. PACAP stimulates
astroglia to release RANTES and MIP chemokines which protect
neurons from HIV infection
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Fig. 3. Mechanism of VIP action. VIP promotes release of
astroglia-derived factors that provide neuroprotection, such as:
interleukin-1 (IL-1), interleukin-6 (IL-6), neurotrophin-3 (NT-3) protease
nexin-1 (PN-1), RANTES and MIP chemokines and the most potent –
activity-dependent neurotrophic factor (ADNF) and activity-
dependent neuroprotective protein (ADNP). ADNF-14, ADNF-9 and
NAP peptides are active fragments of parent proteins: ADNF and
ADNP, respectively



induced a blockade of spontaneous electrical activity

of neurons. The blockade of neuronal activity resulted

in a significant (up to 50%) loss of neurons during

a critical period in development. The addition of VIP

prevented that loss [8]. Further studies revealed that

neuroprotective action of VIP was associated with

glial cells possessing VIP receptors. VIP was demon-

strated to act as a potent secretagogue promoting re-

lease of the glia-derived trophic substances associated

with the protection of developing neurons, such as

IL-1, IL-6, protease nexin-1, chemokine RANTES

and MIP, or neurotrophin-3 (Fig. 3) [12, 13, 16]. On

the other hand, VIP was shown to inhibit proinflam-

matory mediators released by activated microglia

which contribute to the neuronal cell death in neuro-

degenerative disorders. VIP significantly blocked the

microglia activation and production of neurotoxic fac-

tors, including tumor necrosis factor-� (TNF-�),

IL-1� and nitric oxide (NO) in a model of Parkinson’s

disease and brain trauma [26, 27].

Most studies of the neuroprotective properties of

VIP have demonstrated that the mechanism of VIP ac-

tion is based on promoting the expression and secre-

tion of astroglia-derived factors that may provide neu-

roprotection. Among identified VIP-responsive glial

cell mediators, the most potent appeared to be a small

protein termed “activity-dependent neurotrophic fac-

tor” ADNF [10]. The protective properties of this pro-

tein were detected in the dissociated spinal cord cell

cultures during a blockade of spontaneous electrical

activity of neurons. Analysis of the amino acid se-

quence of ADNF (14 kDa) indicated a homology of

this peptide to heat shock protein 60 (hsp60). In particu-

lar, a 14-amino acid fragment of ADNF differs from

14-amino acid region of hsp-60 only in two amino acid

residues (Fig. 4). Two serine residues present in the

ADNF sequence are essential for survival-promoting ac-

tivity of this peptide, as their substitution results in a loss

of neuroprotective activity of ADNF. It soon appeared

that this shorter (than ADNF) structure consisting of 9

amino acid residues (ADNF-9) maintained biological

activity of ADNF (Fig. 4) [9–12, 15, 43].

Further investigations conducted on the cerebral corti-

cal cultures treated with TTX revealed unique properties

of ADNF derivatives. Both peptides, i.e., ADNF-14 and

ADNF-9, prevented cell death at unexpectedly low fem-

tomolar concentrations, with attenuation of their efficacy

at increasing concentrations and with no apparent action

at concentration above 1 mM. Addition of hsp-60 protein

did not affect neuronal survival in that experimental

model. These data revealed that, despite the structural ho-

mology between ADNF and hsp60, the neuroprotective

properties of both proteins are different, and the two ser-

ines present in the ADNF sequence are essential for pro-

moting neuronal survival by ADNF and ADNF-derived

peptides. Moreover, ADNF-9 is considered to exhibit

greater potency and efficacy in preventing cell death than

ADNF-14 or the parent protein ADNF [10, 11, 17, 43].

Unique properties of ADNF-derived peptides were

demonstrated in the presence of other toxic sub-

stances associated with neurodegenerative disorders.

Studies conducted under in vitro conditions revealed

that ADNF-14 and ADNF-9 exhibited a protection

against cell death induced by gp120 (HIV envelope
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Tab. 2. Efficacy of neuroprotective action of ADNF-14, ADNF-9 and
NAP in the presence of toxins associated with neurodegenerative
disorders: tetrodotoxin (TTX), gp120 (HIV envelope protein),
�-amyloid (fragment 25-35) and NMDA (N-methyl-D-aspartate)

ADNF-14 ADNF-9 NAP

TTX 10���–10��� M 10���–10�� M 10���–10��� M

�-amyloid 10���–10��� M 10���–10��� M 10���–10��� M

gp120 � 10��� M – 10���–10��	 M

NMDA � 10��� M � 10��� M � 10��� M

1 2 3 4 5 6 7 8 9 10 11 12 13 14

hsp60-14 V L G G G C A L L T C I P A

ADNF-14 V L G G G S A L L R S I P A

ADNF-9 S A L L R S I P A

NAP N A P V S I P Q

Fig. 4. Comparison of amino acid sequences of hsp-60 fragment, ADNF-14, ADNF-9 and NAP



protein), �-amyloid (fragment 25–35) and activation

of glutamate NMDA (N-methyl-D-asparatate) type

receptors, being effective at femtomolar concentra-

tions (Tab. 2) [9, 10, 12, 17, 41].

The discovery of unique neuroprotective properties

of ADNF derivatives, especially ADNF-9 peptide,

prompted further studies aimed at searching new sub-

stances with neuroprotective activity at femtomolar

concentrations. As a result, a novel ADNF-14/9-like

8-amino acid peptide named NAP was identified

(Fig. 4) [35, 47, 110]. In cerebral cortical cultures ex-

posed to TTX, NAP exhibited clearly stronger neuro-

protective efficacy than ADNF-9, protecting neurons

against the TTX-driven blockade of electrical activity

at concentrations in the range between 10–14–10–18 M

[17, 43]. Survival-promoting properties of NAP were

examined in the presence of other neurotoxins, such

as gp 120, �-amyloid and NMDA, where the peptide

effectively prevented neuronal cell death acting even

at subfemtomolar concentrations (Tab. 2) [17, 43].

NAP constitutes a fragment of a new endogenous

protein of molecular mass 92 kDa. Since the unique

survival-promoting properties of NAP were shown in

the TTX test, its parent protein was named “activity-

dependent neuroprotective protein” ADNP. The struc-

tural and functional homology between the ADNF de-

rivatives and the ADNP protein resulted in undertak-

ing further studies focused on a potential relationship

between ADNP and VIP. Experimental data showed

that the ADNP mRNA concentration in the rat astro-

cytes was increased 2–3-fold after a short exposure to

VIP [35, 47, 110]. These observations strongly sug-

gested that ADNP, which is the most potent neuropro-

tective substance released from astroglia in response

to VIP, together with the ADNF-derived peptides,

may all mediate the VIP-associated neuroprotection.

Molecular mechanisms underlying the ADNF-

and ADNP-mediated VIP neuroprotection

The mechanism of VIP neuroprotection mediated by

glia-derived proteins ADNF and ADNP, and their ac-

tive elements, peptides ADNF-9 and NAP, has been

recently intensively investigated. Numerous studies

indicate that the ADNF-9-evoked actions are long-

term after short exposure of the neuronal cells to the

peptide. Experimental data proved that 2 h treatment

of cerebral cortical cultures with ADNF-9 produced

a 5-day period of protection against TTX. Interest-

ingly, biologically active peptide was not detected

15 min after exposure of the cultures, which suggests

that ADNF-9 rapidly promotes transcriptional changes

leading to the expression of some factors, like cellular

enzymes or protein effectors that provide a long-term

protection [12, 17]. In support of this, it has been

demonstrated that 1 h of treatment of the hippocampal

neurons with ADNF-9 elicited a significant increase

in the activated form of nuclear factor �B (NF-�B).

This transcription factor is widely expressed in neu-

rons throughout the brain where it exhibits a low con-

stitutive level of activation. Recent studies have

shown that the increased NF-�B activation plays

a critical role in preventing neuronal apoptosis. After

translocation to the nucleus, the activated NF-�B

binds to regulatory elements of genes responsive to

NF-�B. The products of expression of these genes

promote neuronal survival [37]. Other studies re-

vealed that ADNF-9 protected the cultured hippocam-

pal neurons against oxidative stress by reducing the

accumulation of reactive oxygen species [36]. It is not

excluded that there is a functional relationship be-

tween ADNF-9 and hsp-60, as treatment of the cere-

bral cortical cultures with the former factor resulted in

an increase in intracellular levels of the latter. Further-

more, treatment of the cultures with ADNF-9 abol-

ished the �-amyloid-evoked attenuation of expression

of hsp-60 [109].

Recently, the new concepts of potential mechanism

of action of NAP have been proposed. The peptide

was shown to bind directly to the microtubule

subunit, tubulin �, the key protein of cytoskeleton. In

astroglial cells exposed to zinc (which induces micro-

tubule depolimerization), NAP was observed to organize

microtubule structure by promoting tubulin assembly

[29]. Since the tubulin cytoskeleton is indispensable

for the maintenance of nervous tissue, these results

explain in part the protective potency of NAP, but the

issue needs further investigations. Other studies dem-

onstrating the potential mechanism of NAP action

were conducted in a model mimicking Alzheimer’s

disease. NAP was shown to inhibit �-amyloid aggrega-

tion at a wide concentration range (10–17–10–10 M),

binding directly to its 25–35 fragment with high affin-

ity, which resulted in the prevention of assuming toxic

�-sheet conformation [4]. Studies focused on the ef-

fect of glucose deprivation on neuronal survival re-

vealed the ability of NAP to protect neurons against

an impaired glucose metabolism. It appeared that

NAP did not require glial cells to provide neuropro-

tection, and the most potent protective action of that
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peptide was observed at femtomolar concentrations

[112].

At low concentrations, NAP was shown to prevent

apoptosis of the rat pheochromocytoma cells and hu-

man neuroblastoma cells induced by dopamine and

6-hydroksydopamine. Dopamine (at high concentra-

tions) and particularly its products of oxidation were

suggested to contribute to the dopaminergic nigral

cell death in Parkinson’s disease. Since dopamine

toxicity is linked to the cellular glutathione metabo-

lism, antiapoptotic properties of NAP were examined

in cells depleted of the reduced form of glutathione.

NAP provided a significant attenuation of apoptosis,

which suggested that the mechanism of NAP action

might be associated with protection against oxidative

stress [73]. Similar observations were demonstrated in

a model utilizing rat pheochromocytoma cells ex-

posed to hydrogen peroxide where NAP was also

shown to prevent apoptosis induced by oxidative

stress [91].

Neuroprotective properties of the most potent

ADNF-derived peptides, ADNF-9 and NAP, were in-

vestigated not only under in vitro conditions but also

in numerous in vivo studies with the use of different

experimental models.

Studies conducted on the rat embryos in a model

mimicking intrauterine growth retardation common in

infants born by HIV-positive mothers confirmed the

role of ADNF-9 in providing the protection against

gp120 [28]. Other investigations have demonstrated

that ADNF-9 strongly stimulated embryonic growth.

These observations have suggested a new property of

ADNF-9. It may act as an endogenous growth-regulat-

ing factor during embryonic development [38, 52].

Promising studies were undertaken in a model of

apolipoprotein E (ApoE) -deficient mice. ApoE defi-

ciency is one of the risk factors of Alzheimer’s dis-

ease. Apo-E knock-out mice are developmentally re-

tarded and exibit short-term memory impairments as

a result of a cholinergic neuron dysfunction. Daily

ADNF-9 administration (for 7 days) to newborn

ApoE-deficient mice elicited an improvement of ac-

quisition of developmental reflexes and prevented

short-term memory deficits [6].

Experiments conducted in a model mimicking Alz-

heimer’s disease revealed that daily treatment of

ApoE-deficient rats with NAP and ADNF-9 elicited

an amelioration of learning deficits and prevented

short-term memory loss, as demonstrated in the water

test maze. However, neuroprotection provided by

NAP was more efficacious compared with ADNF-9.

Furthermore, NAP was shown to prevent a reduction

of choline acetyltransferase activity that was not ob-

served after addition of ADNF-9. Similar results were

demonstrated after intranasal administration of NAP.

Experiments conducted with labeled NAP indicated

the ability of that peptide to cross the blood-brain bar-

rier. Significant amounts of low doses of labeled NAP

reached the brain and remained intact 30 min after in-

tranasal administration. Furthermore, animals treated

with NAP by intranasal application exhibited in-

creased learning and memory abilities compared with

rats treated with ADNF-9 [40, 44, 46].

Neuroprotective effects of NAP and ADNF-9 were

also examined in a model of FAS. Pregnant mice were

exposed to ethanol during midgestation (E8), which

resulted in growth abnormalities and fetal death. Pre-

treatment with NAP elicited a significant increase in

the number of surviving fetuses (ADNF-9 was inef-

fective), whereas co-treatment with NAP and ADNF-9

prevented the alcohol-induced fetal growth restriction

and microcephaly. This protective effect of both pep-

tides was observed 10 days after their administration.

Because prenatal exposure to alcohol is believed to be

associated in part with severe oxidative damage, the

neuroprotective properties of NAP and ADNF-9 were

assessed with regard to the glutathione metabolism.

Co-treatment with both peptides prevented the

alcohol-induced decline in the reduced form of glu-

tathione. These results have suggested a potential mecha-

nism of neuroprotective action of NAP and ADNF-9

based on preventing cellular oxidative stress [89].

Unusual neuroprotective efficacy of NAP, and the

fact that the peptide constitutes a fragment of the par-

ent protein ADNP (identified in the embryonic tis-

sues), contributed to the studies of the role of ADNP

in FAS model [78]. The alcohol treatment induced

a significant increase in ADNP mRNA expression in

the embryonic tissues. Furthermore, the expression of

ADNP mRNA remained elevated for 10 days after al-

cohol administration. These observations have im-

plied that ADNP may act as an endogenous neuropro-

tective factor [77].

Studies conducted in a model of permanent middle

cerebral artery occlusion (PMCAO) revealed that

NAP provided a significant protection against neu-

ronal damage associated with stroke. The peptide ad-

ministered intravenously reduced motor disability and

infarct volume up to 4 h after stroke onset. Moreover,

the neuroprotective action of NAP was observed for
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further 30 days. Because the administration of NAP

reduced a number of apoptotic cells, the long-term ac-

tion of that peptide may be based on inhibiting key

factors inducing apoptosis of neuronal cells [61].

PHI as a neuroprotective factor

PHI is a product of the same gene and precursor as

VIP. The two peptides show 48% identity in primary

structure, having 13 identical amino acid residues

grouped mainly in C-terminal part of the amino acid

chain. As mentioned earlier, the two peptides also ex-

ert similar biological activity, acting through common

receptors of the VPAC type. By analogy to VIP, it has

been suggested that PHI may be also endowed with

a neuroprotective potential. The hypothesis has become

even more probable in the light of the findings charac-

terizing VIP binding sites. In the first half of the

1990s, Hill and collaborators [51, 53] described in the

rat brain the existence of receptors for VIP that were

guanosine triphosphate (GTP)-dependent and GTP-

independent. These GTP-dependent receptors repre-

sented already known receptors of the VPAC type,

however, those GTP-independent were supposed to

represent a novel class of receptors. Their existence

was also described in the liver membrane preparation

of 4 days old chicks [76]. Surprisingly, the receptors

specifically bound PHI, in addition to VIP and

PACAP. In the liver membrane preparation preincu-

bated with Gpp(NH)p, these GTP-independent [125I]-

VIP binding sites showed 17 times greater affinity for

PHI than in the non-treated control preparation [76].

Many papers coming from different laboratories

suggest that the well-established neurotrophic po-

tency of VIP, and likely PHI, may result from activa-

tion of the GTP-independent VIP receptors, leading to

activation of cAMP-independent signal transduction

pathways [e.g. 33, 49, 51, 54, 68, 90]. Furthermore, it

cannot be excluded that these receptors are involved

in growth and cell differentiation processes as they

are expressed in early stages of embryonic develop-

ment (E 9.5) of the rat [48, 51].

Apart from these presumptions, there are several

direct proofs that PHI may serve as a neuroprotective

factor. Lelievre et al. [62] investigated the effect of PHI

and related peptides on proliferation of the mouse

neuroblastoma Neuro2a cells. They observed that PHI

inhibited proliferation of the cells, acting at even

lower concentration than VIP. In contrast to VIP,

which stimulated cAMP production and whose action

was blocked by inhibitors of PKA, PHI did not affect

cAMP level and its action was independent of PKA.

However, it appeared that the inhibitory activity of

PHI was mediated through the MAP kinase pathway.

Moreover, the detected PHI-binding sites did not in-

teract with VIP, which confirmed that PHI action in

the neuroblastoma Neuro2a model was independent

of VIP receptors. Whatever is the mechanism under-

lying PHI actions, the observations clearly indicate

the relevance of PHI effects in the context of neuro-

blastoma tumor growth.

Another evidence that PHI may play a role in neu-

roprotection comes from studies carried out on the

cultured rat spinal cord neurons [57]. The peptide pro-

moted neurite outgrowth in the ventral spinal cord

cultures (VSCC), exerting, however, no effect on the

dorsal part of the spinal cord cultures (DSCC). The

obtained results suggest that the neurotrophic action

of PHI, together with similar effects of VIP on VSCC,

might be of therapeutic value in amyotrophic lateral

sclerosis (ALS) defined as a progressive degeneration

of anterior horn cells, and upper and lower motor neu-

rons resulting in progressive muscle weakness, wast-

ing and fasciculation.

Conclusions

PACAP, VIP and PHI, as well as ADNF or ADNP, are

endogenous substances displaying a significant (espe-

cially in the case of ADNF and ADNP) neuroprotec-

tive potential. Therefore, one can suppose that as

a neurodegenerative process occurs, the peptides are

an element of the natural defence system. Under ex-

perimental conditions, when neurodegeneration is in-

duced by high concentrations of neurotoxins, endoge-

nous protective mechanisms seem to be too weak and

insufficient to counteract fast development of neuro-

degenerative process. Activation of these mechanisms

by administration of exogenous but natural “anti-

neurogenerative” peptides, such as PACAP, VIP,

ADNF, ADNP or PHI, triggers or strengthens endoge-

nous defence mechanisms of the tissue, organ or or-

ganism. Neurodegenerative diseases, such as Alz-

heimer’s and Parkinson’s diseases develop in a hidden

manner for many years, giving clear symptoms in

much more advanced pathological states. Sympto-

matic treatment is then not enough. Does this patho-
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logical process develop because of too poor endoge-

nous protective mechanisms? One cannot exclude

such a hypothesis, although there is no direct evidence.

However, accepting such a point of view as probable,

an attempt of “therapeutic” use of the endogenous

substances with experimentally proved neuroprotec-

tive potential seems acceptable. Based on the pub-

lished data, and according to the view of the authors

of this review, PACAP, VIP, PHI, ADNF and ADNP

as well as some of their synthetic analogues may be-

come useful therapeutic agents in many neurological

disorders characterized by neuronal degeneration,

such as Alzheimer’s and Parkinson’s diseases, amyo-

trophic lateral sclerosis or stroke.
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