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Abstract 

In the mammalian brain, a major regulatory peptide is vasoactive intestinal peptide (VIP). This 28 amino 
acid peptide, originally isolated from the porcine duodenum, was later found in the central and peripheral 
nervous systems and in endocrine cells, where it exhibits neurotransmitter and hormonal roles. Increasing 
evidence points to VIP's importance as a mediator or a modulator of several basic functions. Thus, VIP is a 
major factor in brain activity, neuroendocrine functions, cardiac activity, respiration, digestion, and sexual 
potency. In view of this peptide's importance, the mechanisms controlling its production and the pathways 
regulating its functions have been reviewed. VIP is a member of a peptide family, including peptides such 
as glucagon, secretin, and growth hormone releasing hormone. These peptides may have evolved by exon 
duplication coupled with gene duplication. The human VIP gene contains seven exons, each encoding a 
distinct functional domain on the protein precursor or the mRNA. VIP gene transcripts are mainly found in 
neurons or neuron-related cells. VIP gene expression is regulated by neuronal and endocrine signals that 
contribute to its developmental control. VIP exerts its function via receptor-mediated systems, activating 
signal transduction pathways, including cAMP. It can act as a neurotransmitter, neuromodulator, and a 
secretagog. As a growth and developmental regulator, VIP may have a crucial effect as a neuronal survival 
factor. We shall proceed from the gene to its multiple functions. 

Index Entries: Vasoactive intestinal peptide; gene expression; neuropeptides; neurotransmitters; neuro- 
modulators; neuronal survival. 

Introduction 

The 28 amino acid peptide, VIP, is widely 
distributed in the central and peripheral nerv- 
ous system. This widespread distribution is 
correlated with VIP's involvement in a wide 
variety of biological activities including sys- 
temic vasodilation, increased cardiac output, 
bronchodilation, hyperglycemia (see Said and 
Mutt, 1970, 1988), smooth muscle relaxation 
(Piper et al., 1970), some differential effects 
on secretory processes in the gastrointestinal 
tract (Said, 1982; Barbezat and G rossman, 1971; 
Makhlouf et al., 1978), and gastric motility 
(Reid et al., 1988). Moreover, VIP induces gly- 
cogenolysis in liver (Kerins and Said, 1973) and 
cerebral cortex (Magistretti et al., 1981). 

In the reproductive system, VIP has been 
suggested as a modulator of vascular reactiv- 
ity for penile erection (Ottesen et al., 1984; 
Dixson et al., 1984; Carati et al., 1988). In rela- 
ted studies, we found that VIP can potentiate 
sexual behavior in rats with reduced mascu- 

line functions (Gozes et al., 1989). VIP also 
influences cervical blood flow (Allen et al., 
1988), and produces increases in vaginal blood 
flow and fluid secretion (Fahrenkrug et al., 
1988). Moreover, VIP-mRNA can be found in 
the ovaries (Gozes and Tsafriri, 1986), where it 
stimulates oocyte maturation and induces 
s te ro idogenes is  and  cAMP produc t ion  
(Tornell et a1.,1988). 

The systemic vasodilation effects of VIP may 
be found in the brain as well. VIP-containing 
structures have been identified by light and 
electron microscopy techniques as being 
closely associated with blood vessels in the 
brain (Said, 1982; Lee et al., 1984). In addition, 
VIP has induced relaxation of cerebral blood 
vessels (Lee et al., 1984), supporting the hypo- 
thesis that a VIP-like substance is the trans- 
mitter for vasodilation in the brain (Said, 1982). 
Indeed, electrical stimulation of cholinergic 
and VIPergic sphenopalatine ganglion neu- 
rons, which innervate cerebral blood vessels, 
caused an increase in cerebral blood flow 
(Seylaz et al., 1988). 
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In the nervous system, in addition to its 
presence in neurons (Besson et al., 1979; 
Morrison et al., 1984) and its electrically in- 
duced release from them (Said, 1984), further 
evidence supporting a possible neuronal mes- 
senger function for VIP includes its localiza- 
tion in synaptosomal preparations (Giachetti 
et al., 1977) and potassium-induced release 
from these preparations (Emson et al., 1978). 
Furthermore, VIP has been localized in synap- 
tic vesicles in the rat hypothalamus (Emson et 
al., 1978), and VIP-like immunoreactivity was 
found in large dense core vesicles in nerve 
terminals  innerva t ing  exocrine glands 
(Johansson and Lundberg, 1981; Pelletier et al., 
1981). VIP release is induced by electrical field 
stimulation in a different fashion from ace- 
tylcholine (Agoston et al., 1988b), probably via 
different voltage-sensitive calcium channels 
(Agoston et al., 1989). 

Below, we shall proceed in a step-wise man- 
ner from the VIP gene to biological function, 
reviewing the expanding literature in general, 
but with a concentration on studies related to 
our research interests. 

The VIP Gene Family: 
Multiple Genes 
and Multiple Peptides 

The well-characterized VIP molecule (from 
porcine intestine) shows structural similarities 
with other gastrointestinal hormones (Said 
and Mutt, 1970; Said, 1986; Said and Mutt, 
1988), such as secretin, glucagon, gastric in- 
hibitory peptide (GIP), PHI or PHM (27 amino 
acid peptides, having N-terminal histidine and 
C-terminal isoleucine-amide = PHI in the pig 
and rat; and C-terminal methionine-amide = 
PHM in the human) (Tatemoto and Mutt, 1980; 
Nishizawa et al., 1985; Itoh et al., 1983; Bloom 
et al., 1983), and growth hormone releasing 
hormone (GHRH) (Guillemin et al., 1982). 
Other VIP-related peptides, such as heloder- 
min, are still being discovered (Robberecht et 

al., 1985). The amino acid sequences of the 
various members of the VIP peptide family are 
depicted in Fig. 1; identical amino acids that 
are shared with VIP are shown in bold letters 
(adapted from Said, 1986). This family of pep- 
tides is found in the gut, as well as in the cen- 
tral and peripheral nervous systems, and it is 
likely that they all act not only as hormones, 
but also as neurotransmitters or neuromola- 
tors. 

To study VIP gene regulation in depth, the 
human cDNA encoding the precursor to VIP 
has been isolated (Itoh et al., 1983, Bloom et al., 
1983). The cDNA sequence revealed that the 
VIP-mRNA encodes also for PHM in humans 
and PHI in rats (Nishizawa et al., 1985). We 
have further isolated the human VIP gene 
using synthetic, sequence specific, oligode- 
oxynucleotides as detection probes (Gozes et 
al., 1984a,b; Bodner et al., 1985; Gozes et al., 
1986). The human VIP gene was found to con- 
tain seven exons (Fig. 2). Each of these exons 
encodes a distinct functional domain of the VIP 
precursor or its mRNA. The gene spans 8837 
base pairs (bp). Exon 1 of 165 bp consists of the 
5' untranslated region of the mRNA, exon 2 of 
117 bp encodes the signal peptide, exon 3 of 
123 bp encodes an N-terminal peptide, exon 4 
of 105 bp encodes PHM, exon 5 of 132 bp en- 
codes VIP, exon 6 of 89 bp encodes the C-termi- 
nal peptide, and exon 7 of 723 bp consists of the 
3' untranslated region of the mRNA (Bodner et 
al., 1985; Tsukada et al., 1985; Gozes et al., 1986; 
Linder et al., 198 ;Yamagami, et al., 1988). 

The discovery of VIP and PHM or PHI se- 
quences on the same gene and mRNA suggests 
cosynthesis of the two peptides in the same tis- 
sue. However, one does not always find VIP 
and PHI in the same cell (Beinfeld et al., 1984); 
hence, alternative processing of the nuclear 
precursor RNA could take place. It is intrigu- 
ing that the 3' splice sites of the VIP and the 
PHM exons contain an identical stretch of nine 
nucleotides. At the cDNA level, the 3' splice 
sites contain the same stretch of six nucleotides 
that are identically spliced (Bodner et al., 1985; 
Itoh et al., 1983). These sequence homologies, 
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VIP 

HIS SER ASP ALA VAL PHE THR ASP ASN TYR THR ARG LEU ARG LYS GLN 

MET ALA VAL LYS LYS TYR LEU ASN SER ILE LEU ASN-NH 2 

PHI 

HIS ALA ASP GLY VAL PHE THR SER ASP PHE SER ARG LEU LEU GLY GLN 

LEU SER ALA LYS LYS TYR LEU GLU SER LEU ILE-NH 2 

SECRETIN 

HIS SER ASP GLY THR PHE THR SER GLU LEU SER ARG LEU ARG ASP SER 

ALA ARG LEU GLN ARG LEU LEU GLN GLY LEU VAL-NH 2 

GHRH 

TYR ALA ASP ALA ILE PHE THR ASN SER TYR ARG LYS VAL LEU GLY GLN 

LEU SER ALA ARG LYS LEU LEU GLN ASP ILE MET SER ..... 

GLUCAGON 

HIS SER GLN GLY THR PHE THR SER ASP TYR SER LYS TYR LEU ASP SER 

ARG ARG ALA GLN ASP PHE VAL GLN TRP LEU MET ASN THR 

GIP 

TYR ALA GLU GLY THR PHE ILE SER ASP TYR SER ILE ALA MET ASP LYS 

ILE ARG GLN GLN ASP PHE VAL ASN TRP LEU LEU ALA ..... 

HELODERMIN 

HIS SER ASP ALA ILE PHE THR GLN GLN TYR SER LYS LEU LEU ALA LYS 

LEU ALA LEU GLN LYS TYR LEU ALA SER ILE LEU GLY ..... 

Fig. 1. Amino acid sequence of peptides in the VIP family. Amino acid identities with VIP are in bold. The VIP se- 
quence is found in human, porcine, bovine, and rat. The PHI sequence is the porcine sequence. The secretin sequence 
is the porcine and bovine sequence. The GHRH (growth hormone releasing hormone) is the human sequence. The 
glucagon is the porcine and human sequence. The GIP (gastric inhibitory peptide) is the porcine sequence (adapted from 
Said, 1986). 
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Fig. 2. A schematic representation of the human VIP gene structure. 

probably representing conserved areas result- 
ing from exon duplication, may facilitate exon 
exclusion events during the RNA splicing 
process. Alternatively, differential protein 
processing may occur, resulting in cells ex- 
pressing either VIP or PHI. RNA blot hybridi- 
zation experiments (e.g,. Gozes et al., 1987d; 
Linder et al., 1987), as well as in situ hybridiza- 
tion studies (Card et al., 1988, Gozes et al., 
1989a; Baldino et al., 1989), point out that all 
brain ceils synthesizing VIP-mRNA also con- 
tain PHM/I-mRNA. Thus, the possible differ- 
ential regulation of these two peptides could 
be at the protein processing level. 

Unlike most of the human genes previously 
sequenced, the VIP gene has an intron within 
the region coding for the 3' untranslated area 
of the mRNA (Bodner et al., 1985; Tsukada et 
al., 1985; Gozes et al., 1986). The significance of 
such an intron may reside in its ability to 
control VIP gene activity since the 3' region of 
genes, in fact, may be involved in splicing 
events and regulation of transcription (Birn- 
stiel et al., 1985). Furthermore, introns have 
been shown to contain enhancer sequences, 
such as in the case of the immunoglobulin gene 
(Bergman et al., 1984) and the growth hormone 
gene (Moore et al., 1985). 

The 1929 bp sequence of the 5' flanking re- 
gion of the human VIP/PHM gene was also 
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determined (Yamagami et al., 1988). Four 
TATA-box sequences were present at 28, 145, 
772, and 900 bp upstream of the cap site. Pri- 
mer extension, exon mapping, and mung bean 
nuclease mapping analyses revealed that only 
the TATA box sequence 28 bp upstream of the 
cap site is the promoter that is inducible by 
cAMP in human neuroblastoma ceils (Yam- 
agami et al 1988). Previous experiments have 
shown that in human neuroblastoma cells 
(Hayakawa et al., 1984), cAMP induces a sub- 
stantial increase in VIP immunoreactivity, 
which is regulated at the transcriptional level. 
Indeed, when neuroblastoma cells were grown 
for 48 h in the presence of 1 mM dibutyryl 
cAMP, the synthesis of the pre-proVIP-PHM/ 
I-mRNA was stimulated 11-fold. The quantity 
of the mRNA was determined both by hybridi- 
zation with cloned cDNA, as well as by cell- 
free translation assays (Hayakawa et al., 1984). 
Transcription of pre-pro VIP-PHM/I-mRNA 
in isolated nuclei was observed in cAMP-in- 
duced cells, but not in non-induced cells. At 
the DNA level, no change was observed in VIP 
gene structure or gene dosage upon treatment 
with cAMP. All these results suggest an effect 
of cAMP on VIP gene transcription (Hayakawa 
et al., 1984). The cAMP effect can also be ob- 
tained with forskolin, a diterpene that acti- 
vates adenylate cyclase (Pruss et al., 1985). 
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In addition, an increase in protein kinase C 
activity induced by the phorbol ester, 12-0- 
tetradecanoyl-phorbol-13 acetate (TPA), may 
enhance VIP synthesis in adrenal chromaffin 
cells (Pruss et al., 1985). This effect of phorbol 
ester is specific for VIP and not a general effect 
of elevation of peptide synthesis. Indeed, 
enkephalin synthesis was not affected by the 
phorbol esters in the same chromaffin cells 
(Pruss et al., 1985). In human neuroblastoma 
cells, phorbol esters increased the pre- pro- 
VIP/PHM mRNA by about fourfold (Ohsawa 
et al., 1985). This increase was independent of 
cAMP regulation since the intracellular cAMP 
level was essentially unaffected by phorbol 
esters. As in the case of cAMP activation of VIP 
production, the VIP/PHM gene dosage was 
unchanged by phorbol esters. In the presence 
of both cAMP and phorbol esters, the VIP/ 
PHM mRNA level increased by about 36-fold, 
which is about 3- to 10-fold the amount of 
increase obtained in the presence of either in- 
ducer alone. Thus, there is a synergistic stimu- 
lation of VIP/PHM gene expression by cAMP 
and phorbol esters through independent 
pathways (Ohsawa et al., 1985). These results 
suggest that a variety of factors activating 
either a cAMP-dependent protein kinase or 
protein kinase C can affect VIP gene transcrip- 
tion mediated via different sites on the gene. 

cAMP-regulated transcription of the human 
VIP gene is dependent upon a 17 bp DNA ele- 
ment located 70 bp upstream from the trans- 
cription initiation site (Tsukada et al., 1987) 
(Fig. 2). This enhancer is similar to sequences 
in other genes known to be regulated by cAMP, 
e.g., somatostatin, tyrosine hydroxylase, leu- 
enkephalin; (Hyman et al., 1988) alpha chori- 
onic gonadotrophin and phosphoenolpyru- 
vate carboxykinase (see Fink et al., 1988) and to 
sequences in several viral enhancers, such as 
adenovirus DNA (Lin and Green, 1988) and 
the c-fos oncogene (Rauscher et al., 1988). Fink 
et al. (1988) have demonstrated that the VIP 
regulatory element is an enhancer that de- 
pends upon the integrity of two CGTCA 
sequence motifs for biological activity. Muta- 

tions in either of the CGTCA motifs dimin- 
ished the ability of the element to respond to 
cAMP. 

Enhancers containing the CGTCA motif 
from somatostatin and adenovirus genes com- 
pete for the binding of nuclear proteins from 
C6 glioma and PC12 cells to the VIP enhancer, 
suggesting that CGTCA-containing enhancers 
interact with similar transacting factors. The 
binding protein for the cAMP-regulated en- 
hancer was found to be a 43,000 dalton protein, 
in the case of the somatostatin gene promoter 
(Montminy and Bilezikjian, 1987). This pro- 
tein is phosphorylated in vitro when incubated 
with the catalytic subunit of cAMP-dependent 
protein kinase (Montminy and Bilezikjian, 
1987). Moreover, microinjection of the cata- 
lytic subunit of the cAMP-dependent protein 
kinase into cells containing the cAMP-respon- 
sive VIP element fused to a bacterial reporter 
gene, resulted in the activation of this pro- 
moter and expression of the reporter gene 
(Riabowol et al., 1988). 

As for the phorbol ester responsive site on 
the VIP gene, new evidence (Waschek et al., 
1988) suggests that it is located at least 2500 bp 
5' upstream of the promoter (Fig. 2). The ex- 
pression of a transfected plasmid containing 
5200 bp of the 5' regulatory DNA sequences of 
the human VIP gene attached to the coding 
sequences of the reporter gene was compared 
with endogenous VIP expression in subclones 
of the human neuroblastoma cell line, SK-N- 
SH. The reporter gene activity reflected closely 
the differences in basal VIP expression and the 
changes in response to phorbol esters. Dele- 
tion of 2700 bp of the most upstream sequences 
resulted in an 80% reduction in PMA stimula- 
tion of the reporter gene activity in the sub- 
clone SH-SY-5Y. The same 2700 bp fragment 
seems to be responsible for basal VIP gene 
expression in the SH-IN subclone, but not in 
the SH-SY-5Y subclone. These data indicate 
that important cell-type-specific transcription 
regulatory sequences reside further than 2500 
bp upstream from the VIP transcription start 
site (Fig. 2). 
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The interactions between nuclear proteins 
and the promoter region of the VIP gene were 
analyzed for ontogenic and tissue specificity 
(Giladi and Gozes, in preparation). Tissue- 
specific nuclear extracts from rats of different 
ages were electrophoresed on SDS polyacryla- 
mide gels, transferred to nitrocellulose filters, 
and probed with a nick translated 5000 bp 
DNA fragment containing the VIP gene pro- 
moter and 3500 bp 5' upstream of the promoter 
region. The ability to detect DNA binding 
proteins by blotting procedures was demon- 
strated using stringent hybridization and 
washing conditions (Bowen et al., 1980; 
Miskimins et al., 1985; Silva et al., 1987). Under 
these conditions, we found that the promoter 
region of the VIP gene interacts selectively 
with specific proteins that appear when the 
VIP gene is induced. In addition, the c-fos 
oncogene complex, which binds to the phorbol 
ester responsive DNA element, may be 
associated with the regulation of neuropep- 
tide synthesis during brain development 
(White and Gall, 1987; Gubits et al., 1988). 
Thus, it is likely that the VIP gene is regulated 
by the c-fos protein complex, via phorbol ester 
activation. In addition, two sites of control by 
cAMP are possible, one is direct (see above), 
and the latter, an indirect site modulated by 
c-fos since the c-fos gene is also activated by 
cAMP (Buscher et al., 1988; Rauscher et al., 
1988). 

In its overall architecture, the VIP gene is 
similar to the genes coding for other peptides 
in the family, such as the glucagon gene (Bell et 
al., 1983; Heinrich et al., 1984) and the growth 
hormone releasing hormone (GHRH) gene 
(Mayo et al., 1985). The exon-intron organiza- 
tion of these genes indicates that each exon 
encodes a functionally-distinct region of the 
protein precursor and the respective mRNA. 
In the case of the mammalian glucagon gene, 
the presence of three exons possessing internal 
homology (i.e., the glucagon and the two 
glucagon-like peptides coding exons) may be a 
consequence of tandem exon duplication (Bell 
et al., 1983) since the anglerfish cDNA encodes 

only glucagon and one glucagon-like peptide 
(for review, see Bell, 1986). Recently, it was 
discovered that the anglerfish expresses two 
different genes for prepro-glucagon, each en- 
coding one glucagon and one glucagon-like 
peptide (Nichols et al., 1988). The overall simi- 
larity of the genes coding for the peptides of 
the VIP family actually suggests an evolution 
from a common ancestral gene. However, the 
major differences observed among the peptide 
members of the family may result from a com- 
plicated pattern of evolution that combines 
exon duplication, coupled with gene duplica- 
tion (Bell, 1986). Such a process may reflect the 
physiological importance of this peptide fam- 
ily in higher vertebrates. The segregation of 
exons into distinct functional domains is not 
always the case for peptide hormone coding 
genes. An example of the opposite case is the 
family of genes coding for the opiate peptides, 
where most peptides are encoded together on 
one exon (Krieger et al., 1983). 

Despite the overall similarity in the struc- 
ture of the VIP-glucagon GHRH gene family, 
they do not cross-hybridize. Thus, in Southern 
blot analysis (Southern, 1975; Bodner et al., 
1985; Gozes et al., 1986), using the VIP gene 
probe, only DNA fragments corresponding to 
the authentic VIP gene were detected, as a sin- 
gle copy in the human haploid genome (Gozes 
et al., 1986; Tsukada et al., 1985). At the chro- 
mosomal level, these genes are segregated as 
well; the glucagon gene is located on chromo- 
some 2 (Tricoli et al., 1984), and the GHRH 
gene is located on human chromosome 20 
(Mayo et al., 1985). Using rodent x human 
somatic cell hybrids, we localized the VIP gene 
to human chromosome 6 (6p21-6qter) (Gozes 
et al., 1987a). Furthermore, using in situ hy- 
bridization, we have localized the VIP gene 
more precisely to 6q24 (Gozes et al., 1987b). 
Our results were later corroborated by Gotoh 
et al. (1988), assigning the VIP gene to 6q26- 
q27. This latter region is proximal, but differ- 
ent from 6q24. The reasons for this discrep- 
ancy are uncertain but might be owing to dif- 
ferences in detection procedures or in the races 
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(Asians, 6q26-27; whites, 6q24) or individuals 
analyzed. 

As for expression of the various genes in the 
family, they are transcribed in specific cells, 
suggesting different control regions. Indeed, a 
major site of expression for the glucagon gene 
is in alpha cells of pancreatic islets. This ex- 
pression is controlled by a 300 bp of the 5'- 
flanking region of the rat glucagon gene. Three 
transcriptional control elements were dis- 
covered, and the proximal promoter element 
was found to be critical for specific expression 
of the glucagon gene in alpha cells of the pan- 
creas (Philippe et al., 1988). The glucagon gene 
is transcribed not only in the pancreas and the 
intestine, but also in the brain stem and hypo- 
thalamus, suggesting a neuronal-associated 
function (Drucker and Asa, 1988). A major site 
of synthesis for GHRH is the hypothalamus, 
where this gene expression is downregulated 
by pituitary hormones (Chomczynski et al., 
1988). Thus, distinct regulatory elements 
evolved in this family of peptides, leading to 
tissue and cell specific expression. Factors in- 
volved in VIP gene regulation and the sites of 
synthesis are discussed below. 

Regulation of VIP Gene 
Expression: Putative Control 
Mechanisms at the RNA Level 

Phorbol esters and cAMP have been de- 
scribed above as having a stimulatory effect on 
VIP gene expression. Thus, both protein ki- 
nase A and protein kinase C are involved in the 
activation of the VIP gene. Moreover, calcium 
may also be involved in the regulation of VIP 
production (Waschek and Eiden, 1988). What 
are the physiological cues for the induction of 
the VIP gene? Indeed, some environmental 
factors that may affect VIP gene transcription 
have been described. Nicotine and chronic 
depolarization increase VIP levels (Pruss et al., 
1985), whereas cholinergic agonists, serotonin, 
dopaminergic agonists, prostaglandins, and 

nerve growth factor all stimulate VIP release 
(Said, 1984). Eyelid fusion in primates results 
in an increase in VIP immunoreactivity in reti- 
nal amacrine cells (Stone et al., 1988), and opi- 
ates modulate the stress-induced increase of 
VIP in plasma (Crozier et al., 1988). The precise 
mechanism of action of the above factors is still 
to be elucidated. 

In view of VIP's involvement in brain func- 
tion, it is particularly interesting to investigate 
the control mechanisms regulating the pro- 
duction of this peptide in the brain. The VIP 
content of various brain areas changes mark- 
edly with development (Said, 1982, 1984; 
McGregor et al., 1982; Nobou et al., 1985), as 
measured by radioimmunoassays. A 30-fold 
increase in VIP is observed in the rat cerebral 
cortex from birth to the age of 30 d. The ques- 
tion is, how is this increase regulated? Since 
VIP-mRNA is a rare transcript (estimated at 
0. 005% of the total mRNA in the rat cerebral 
cortex; Nishizawa et al., 1985), a highly sensi- 
tive method for its detection is required. To 
this aim, an RNA detection assay that uses in 
vitro transcribed RNA probes corresponding 
to the various exons of the human VIP gene 
was developed (Gozes and Shani, 1986). Since 
there is 80-90% homology between the VIP 
coding sequences of humans and rats (Nishi- 
zawa et al., 1985), these probes can be used to 
detect VIP-mRNA in both species. 

mRNA prepared from rat frontal cortex was 
fractionated according to size by electrophor- 
esis on agarose gels (Gozes et al., 1984 a,b). The 
RNA bands were blotted onto nitrocellulose 
filters that were used to hybridize to the spe- 
cific complementary RNA fragments. When 
hybridization was performed using a 32P-RNA 
probe corresponding to the VIP-encoding 
exon, the major hybridizing RNA band was 
about 2000 b (Gozes and Shani, 1986; Gozes et 
al., 1987d). This VIP message was similar in 
size to the VIP-mRNA detected in human 
neuroblastoma cells (Ohsawa et al., 1985) and 
human islet tumor cells (Tsukada et al., 1985) 
and was shown to contain all the exon sequen- 
ces tested (Gozes at al., 1987d). 
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Ontogenic studies by radioimmunoassays 
suggest that VIP mainly appears in the post- 
natally-developing animal, with high concen- 
trations in specific brain structures, such as the 
cerebral cortex, hypothalamus, and hippo- 
campus (Emson et al., 1979; McGregor et al., 
1982; Nobou et al., 1985). During embryonal 
development, significant amounts of VIP were 
undetectable in the brain (Emson et al., 1979; 
McGregor et al., 1982). In contrast, in the duo- 
denum, as early as d 16 of gestation, limited 
amounts of VIP were detectable (Emson et al., 
1979). This is now correlated with the detec- 
tion of VIP-mRNA at this embryonic stage 
(Gozes et al., 1988) and the appearance of VIP 
responsiveness (stomach muscle relaxation) 
(Ito et al., 1988). 

To investigate whether the developmental 
increase in VIP is paralleled by a change at the 
mRNA level we prepared poly(A)-containing 
RNA from rat frontal cortex using newborn, 
4-, 14-, 16-, and 30-d-old rats. The 2000-base 
VIP-mRNA increases about 40-fold from birth 
to 14 d of age; at 30 d of age, the VIP-mRNA in 
the cerebral cortex may decrease to about 60% 
of the levels at 16 d (Gozes, 1987; Gozes et al., 
1987d). The content of VIP mRNA was calcu- 
lated per ~g total RNA, thus, because of the 
late glial proliferation, a decrease per ~g RNA 
may mean no change in the neuronal popula- 
tion. In contrast to the cortex, the hypothala- 
mus contained substantial amounts of VIP- 
mRNA already at birth when the peptide level, 
measured by radioimmunoassays, is very low 
(Gozes et al., 1987d; Nobou et al., 1985). 
However, by immunocytochemistry, VIP neu- 
rons and fibers were observed in the suprachi- 
asmatic nucleus of the perinatal rat (Laemle, 
1988). The reduced levels of the mature V[P- 
mRNA in the newborn rat cerebral cortex is in 
agreement with the low concentrations of the 
peptide (Nobou et al., 1985). The increase in 
the VIP-mRNA during brain maturation sug- 
gests a transcriptional regulation or mRNA 
stabilization. Large quantities of the VIP- 
mRNA are already found in the cerebral 
cortex at 4 d of age (Gozes, 1987), whereas VIP 

levels begin to increase only at about 7 d of age 
(McGregor et al., 1982; Nobou et al., 1985). 
Similar findings were obtained with other 
proteins during brain development (e.g., 
Ginzburg and Littauer, 1984), implying a more 
general phenomenon of regulation at the 
translational level. The developmental regula- 
tion of VIP gene expression may reside, in part, 
in specific DNA-binding proteins (see above). 

In aging rats, VIP concentrations were re- 
duced by 60% in the rat lung, concomitant with 
a decrease in the number of VIP-immunoreac- 
tive nerve cell bodies (Geppetti et al., 1988). 
This decrease is not specific to the lung, thus, 
with aging, VIP-mRNA levels were found to 
reduce significantly, especially in the cerebral 
cortex (Gozes et al., 1988). The decrease in the 
cortex may be a consequence of either a reduc- 
tion in the transcriptional activity of VIP neu- 
rons or death of the VIP-producing cells. The 
developmental and age-associated patterns of 
VIP gene expression may be related to its role 
as a neuronal survival factor (Brenneman and 
Eiden, 1986; see below). 

In addition, a major site of VIP synthesis in 
the brain is the suprachiasmatic nucleus (SCN) 
of the hypothalamus (Card et al., 1988; Gozes 
et al., 1989a). An immunocytochemical study 
revealed a 36% decrease in the number of 
immunoreactive VIP neurons in the SCN of old 
rats compared to young ones, whereas the 
average size of the remaining VIP neurons in- 
creased in the aged rats (Chee et al., 1988), 
suggesting a compensatory mechanism. 
Moreover, manipulations, such as disruption 
of the optic pathway, induced a rise in VIP 
transcripts in the SCN (Levy Holtzman et al., 
1989); while exposure to constant light signifi- 
cantly depressed the SCN immunoreactive 
VIP (Albers et al., 1987). The primary known 
function of the SCN appears to be its involve- 
ment in entrainment to environmental light 
cycles and as a circadian clock responsible for 
the orchestration of endogenous circadian 
rhythms (Van den Pol and Powley, 1979; 
Moore, 1983). Sensory information from the 
retina which influences the entrainment of cir- 
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cadian rhythms terminates directly in the SCN 
or indirectly through the intergeniculate leaf- 
let of the thalamus (Van den Pol and Tsuji- 
moto, 1985; Card and Moore, 1982). The diur- 
nal cycle was found to be associated with VIP 
gene expression, thus VIP-mRNA concentra- 
tions were lowest in the daytime (Gozes et al., 
1989d), implying that synaptic input (light) 
and the degree of innervation influence and 
modify VIP gene expression. VIP neurons in 
the SCN are innervated by chemically identi- 
fied neurons, such as neuropeptide Y contain- 
ing neurons (Hisano et al., 1988) and seroton- 
ergic nerve terminals from the raphe nuclei 
(Bosler and Beaudet, 1985). The VIP-contain- 
ing neurons then project to other brain nuclei, 
including the hypothalamic (subparaventricu- 
lar, preoptic, and dorsomedial) and thalamic 
(paraventricular and periventricular) nuclei 
(Van den Pol and Tsujimoto, 1985; Watts and 
Swanson, 1987). It has also been suggested that 
VIP cells may terminate on other SCN neurons 
that may receive additional synaptic informa- 
tion from neurons containing glutamic decar- 
boxylase immunoreactivity (Van den Pol and 
Gorcs, 1986; Watts and Swanson, 1987). The 
SCN is enriched in VIP receptors (Shaffer and 
Moody, 1986). It is an open question as to how 
all these combine to regulate the expression of 
the VIP gene. 

Synaptic connectivity may affect VIP gene 
expression in the SCN, as suggested above. It 
can also affect VIP in other neurons. Indeed, 6- 
hydroxy-dopamine treatment on postnatal d 2 
(in rats) which delays (by 7d), sweat glands 
innervation by noradrenergic sympathetic 
axons, results in the absence of VIP immuno- 
reactivity normally found in these axons fol- 
lowing innervation (Stevens and Landis, 
1988). 

The 2000-base VIP-mRNA was not the only 
RNA band detected by the specific hybridiza- 
tion probe in the cerebral cortex (Gozes et al., 
1987c); higher molecular weight, VIP-related 
RNA species were apparent, as well as 5000- 
and a 7000-base RNA bands (Gozes, 1987). 
Such RNA species were shown by $1 nuclease 

analysis to contain intron sequences (Gozes et 
al., 1986; Gozes et al., 1987c). The 5000-base 
RNA found in human neuroblastoma was also 
suggested to be the VIP precursor heteronu- 
clear (hn) RNA (Ohsawa et al., 1985). The ratio 
of the high molecular weight, VIP-encoding 
RNA forms to the mature mRNA form changes 
during cerebral cortex development. At birth, 
these high molecular weight RNA forms may 
represent up to 80% of the total VIP-encoding 
RNA species, gradually reducing to about 30% 
at the age of 14 d and about 20% at 30 d of age. 
Since the VIP gene is a single copy gene (Gozes 
et al., 1986; Tsukada et al., 1985) that contains 
one promoter site (Tsukada et al., 1985), pre- 
cursor RNA synthesis must precede mature 
RNA formation in any given cell. In a hetero- 
geneous cell population, such as the brain, it is 
possible that some cells store precursor RNA 
whereas others process it to mature form, 
resulting in the multiple RNA forms observed. 
Thus, our results suggest that, in contrast to 
most genes in which the primary RNA tran- 
script is labile and protein coding sequences 
are almost exclusively found in the mature 
mRNA form (Lewin, 1983), the primary tran- 
script of the VIP gene is detectable in appre- 
ciable amounts (Gozes et al., 1987c). This 
presumptive primary transcript is detected in 
high quantities during early postnatal devel- 
opment (Gozes et al., 1987d) and perhaps 
during aging as well (Gozes et al., 1988). 

As an initial model system for VIP gene ex- 
pression, we used a human buccal tumor 
(Hep#3), which we have shown to contain 
large amounts of VIP (Gozes et al., 1984 a,b). 
Employing $1 nuclease analysis, we discov- 
ered that the major transcript of the VIP gene, 
in these tumor cells, is a nonprocessed RNA 
containing introns. Indeed, we obtained hy- 
bridization, and thus protection from $1 nucle- 
ase digestion, with intron sequences. In this 
system, the ratio of intron hybridizing RNA to 
the mature RNA was 8:1. Thus, the immature, 
unprocessed, or partially processed RNA was 
found in higher quantities than the mature 
mRNA in these tumor cells (Gozes et a1.,1987c). 
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As for the mature mRNA, we identified a 1600- 
base mRNA that could also be translated into 
a VIP immunoreactive polypeptide (Gozes et 
al., 1984a,b). A 7000- and 5000-base putative 
precursor RNA form was also detected in the 
tumor. The 1600-base VIP-mRNA observed in 
the tumor is somewhat smaller than the major 
VIP-mRNA detected in the cerebral cortex. 
This may be trivial because of differences in 
the lengths of the respective poly(A) tail of the 
messengers. Alternatively, this could be a re- 
sult of tumor-associated genomic rearrange- 
ments. To identify the exact structure of the 
high molecular weight RNA band and avoid 
any possibility of hybridization mismatches, 
we have undertaken the task of cloning and 
sequencing the corresponding cDNA. When 
restriction map analysis combined with se- 
quence analysis was performed, an identity 
between the gene fragments and the corre- 
sponding cDNA fragments was observed 
(Gozes et al., 1987c). 

The finding of a high molecular weight RNA 
hybridizing to VIP/PHM-specific sequences 
could be explained by several hypotheses. It 
is possible that some sequences of the VIP 
gene appear in transcripts of other genes, and 
hence, the high molecular weight RNA de- 
tected by Northern blot hybridization is not 
directly VIP-related. However, this is not 
likely since this band was identified with dif- 
ferent probes corresponding to various areas 
of the VIP gene and cDNA; moreover, we were 
able to clone part of it. It is possible that the 
transcriptional and posttranscriptional proc- 
esses are deficient in the tumor state. Alterna- 
tively, the 7000-base VIP-related RNA may be 
a true VIP-mRNA precursor. We would sug- 
gest that the control of VIP gene expression 
resides, in part, in RNA-processing mecha- 
nisms, resulting in accumulation of a high 
molecular weight intron containing RNA. 
We find elevated amounts of this precursor 
RNA (all cDNA clones isolated were of the 
precursor type) in a human tumor tissue. 
However, different amounts of a VIP-PHM 
precursor RNA can be found in various 

tumors (Hayakawa et al., 1984; Ohsawa et al., 
1985). If the high molecular weight RNA is 
indeed a precursor RNA, it will be interesting 
to investigate what renders this RNA stable. 
The inability to detect precursor RNA for 
many other proteins might be trivial owing to 
the RNA preparation method and the specific- 
ity of the hybridization probes used. In addi- 
tion, not all cells producing the final mature 
protein may contain such RNA in measurable 
quantities since the regulation may well be 
protein specific. This control process may 
reside in either absence or shortage of specific 
RNA processing enzymes; alternatively, in- 
trinsic properties of the RNA precursor itself 
may render it stable to processing. Function- 
ally, one can hypothesize that a stable RNA 
precursor can be stored as part of the cellular 
memory system to be cleaved upon induction 
by external stimuli, a process that will be 
controlled differently compared with the acti- 
vation of transcription. 

One definition of memory is storage of in- 
formation over a period of time to be used 
when required. We describe here a possible 
mode of storage that can serve in short-term 
memory formation, at the cellular level (Gozes 
et al., 1987c). In a broader sense, it is interest- 
ing that we found a putative stable precursor 
for VIP-RNA, whereas Amara et al. (1982) 
found a high molecular weight hybridizing 
RNA for calcitonin, and Schwartz et al. (1984) 
found it for proenkephalin. Indeed, those 
peptides can be associated with memory- 
related functions requiring rapid production 
of neuroactive agents. 

Several neuroendocrine influences have 
been reported for VIP gene regulation. For 
example, in lactating animals, many neurons 
in the hypothalamic paraventricular nucleus 
(PVN) become VIP immuno-positive (Mezey 
and Kiss 1985). To investigate if there is an 
increase of VIP synthesis in the rat hypo- 
thalamus during lactation, we have used our 
exon-specific RNA probes to detect and 
quantify VIP-mRNA in the hypothalamus. 
When lactating mothers were compared to 
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"normal" female rats, a twofold increase in 
the VIP-mRNA level was detected (Gozes and 
Shani, 1986). Thus, the VIP gene may be tran- 
scriptionally regulated by hormonal events 
associated with suckling and with elevated 
prolactin secretion. An increase in VIP-gene 
activity during lactation may be reflected by 
the finding of elevated secretion of VIP in milk 
(Werner et al., 1985). Employing in situ hy- 
bridization techniques, we were able to detect 
VIP-encoding transcripts in various brain 
cells, including the following regions: ventro- 
lateral thalamus, neocortex, pyriform cortex, 
and hypothalamus, with a particularly high 
concentration in the suprachiasmatic nucleus 
(Card et al., 1988; Baldino et al., 1989). When 
lactating animals were compared to nonlactat- 
ing animals, a twofold increase was observed 
in VIP transcripts in the suprachiasmatic 
nucleus. Since this nucleus is not directly 
associated with the physiology of lactation, the 
response of the VIP gene to lactation may be 
indirect. Taken together, our results suggest 
that lactation and the expression of the VIP 
gene are interrelated (Gozes et al., 1989a). Sex 
hormones are also associated with the control 
of VIP gene expression. Indeed, we found the 
participation of estrogen in the regulation of 
VIP-mRNA content in the hypothalamus 
(Gozes et al., 1989e). Using densitometric 
hybridization assays, VIP-mRNA was found 
to decrease significantly following ovariec- 
tomy. This decrease was largely reversed after 
3 d of treatment with estradiol dibenzoate 
(Gozes et al., 1989e). In contrast to the female 
rats, no change in VIP-mRNA was observed in 
the male rats following orchidectomy. These 
results imply a sexual dimorphism regarding 
steroid regulation of hypothalamic VIP-gene 
expression. This sexual dimorphism is VIP- 
specific, for the amounts of somatostatin 
mRNA in the dorsal portion of the hypothala- 
mic periventricular nucleus were significantly 
decreased following gonadectomy in both 
male and female rats (Werner et al., 1988; 
Baldino et al., 1988). 

In summary, ontogenic processes, synaptic 
inputs, and circulating hormones all combine 
together to regulate the appearance and func- 
tion of the VIP-mRNA and its protein prod- 
ucts. 

VIP Gene Expression: 
Control Mechanisms 
at the Protein Level 

VIP gene expression can be localized, quan- 
titated, and characterized using immunologi- 
cal probes, such as polyclonal or monoclonal 
antibodies (Gozes et al., 1983a,b; 1984a,b). To 
identify high molecular weight VIP immuno- 
reactive material in tissue extracts, we sepa- 
rated cellular proteins by polyacrylamide gel 
electrophoresis, followed by electroblotting 
onto nitrocellulose filters and immunochemi- 
cal detection (Towbin et al., 1979). Several 
high molecular weight VIP immunoreactive 
proteins were identified, suggesting either 
multiple precursor proteins or several VIP- 
related antigens, cDNA cloning from human 
neuroblastoma cells revealed a protein of 170 
residues (Itoh et al., 1983). A possible glycosyl- 
ation site, Asn-x-Thr (Pless and Lennarz, 1977), 
is located at amino acid residues 68-70. This 
suggests that the VIP/PHM precursor might 
be a glycoprotein (Itoh et al., 1983) that can 
migrate at an altered apparent molecular 
weight on polyacrylamide gels. Upon in vitro 
translation of mRNA from a human neuro- 
blastoma producing VIP, a VIP immunoreac- 
rive protein of size corresponding to 170 amino 
acid residues (19,169 Dalton) was detected 
(Itoh et al., 1983; Obata et al., 1981). In 
our translation system, among the products 
of the Hep#3-derived mRNA, a smaller (11,000 
Dalton) protein exhibited VIP immunoreactiv- 
ity (Gozes et al., 1984a,b). It is possible that 
our translation system prematurely termi- 
nated protein synthesis directed by the par- 
ticular mRNA. Interestingly, a similar 
molecular weight protein (11,000 Dalton) was 

Molecular Neurobiology Volume 3, 1989 



VIP Gene and Function 213 

proposed as the VIP precursor by pulse-label- 
ing experiments in human neuroblastoma cells 
(Hioki et al., 1983). 

As for posttranslational processing, the N- 
terminal of human VIP is preceded by a pair of 
basic amino acid residues (Lys-Arg) known to 
be frequent sites for the posttranslational proc- 
essing of hormone precursors (Itoh et al., 1983; 
Steiner et al., 1980; Mains et aI., 1983). A 
glycine residue and a pair of basic amino acid 
residues lie adjacent to the C-terminal Asn 
residue. As with other polypeptide precur- 
sors, the glycine residue seems to serve as an 
amino donor for the carboxy terminal Asn- 
NH 2 ofVIP (Itoh et al., 1983; Mains et al., 1983). 
The most interesting finding from the cDNA 
cloning was that VIP and PHM coexist on the 
same protein precursor. The PHM sequences 
are preceded by one basic amino acid, Arg, and 
the C-terminal methionine residue is followed 
by a glycine residue and a pair of basic amino 
acid residues (Lys-Arg); the latter is similar to 
VIP (Itoh et al., 1983). It should be noted that 
one basic amino acid is sometimes a sufficient 
signal for proteolytic cleavage (Mains et al., 
1983). However, the different cleavage site 
at the N-terminal of VIP and PHM may be im- 
portant in the regulation of posttranslational 
processing. Furthermore, both VIP and PHM 
contain a pair of internal basic amino acid 
residues (Lys-Lys and Arg-Lys) that could re- 
flect a differential tissue-specific posttransla- 
tional processing pathway, yielding some 
"cryptic" peptides (Itoh et al., 1983). As de- 
scribed above, VIP-mRNA appearance during 
brain development precedes, by a few days, 
the actual appearance of VIP detected by radio- 
immunoassays. One possibility to be tested is 
that these "cryptic" peptides, which may not 
be detected by the antibodies used, are synthe- 
sized in the developing brain, playing a role in 
brain maturation processes. Molecular vari- 
ants of VIP have been recently described, such 
as a molecule containing instead of the C-ter- 
minal asparagine amide of VIP, a C-terminal 
extension of Gly-Lys-Arg. This VIP variant 

displaces VIP in a VIP receptor assay, reacts 
with N-terminally-directed antisera in a VIP 
radioimmunoassay and possesses VIP-like 
bioactivity in an assay measuring pancreatic 
juice secretion in the cat (Gafvelin et al., 1988). 
Similarly, structurally-distinct VIP variants 
were obtained from rat basophilic leukemia 
cells; two forms were larger than VIP 1-28, 
whereas one form was smaller--VIP 10-28 
with an asparagine-free amino acid at the car- 
boxyl terminus rather than the amide of the 
VIP neuropeptide (Goetzl et al., 1988). The 
latter acts as a VIP antagonist (e.g,. Brenneman 
and Eiden, 1986). Another variant that con- 
rains the PHM sequence and the PHM-VIP 
spacer peptide, is peptide histidine valine 42 
(PHV 42), which is associated with smooth 
muscle relaxation (Spokes et al., 1989). From 
a technical point of view, new and improved 
techniques are being established for VIP syn- 
thesis by artificial gene cloning (Simonosits et 
al., 1988), for purification (Hunter et al., 1988) 
and quantitation (Gjerris et al., 1988). 

From an evolutionary point of view, there is 
a high degree of homology between the VIP- 
mRNA in human and rat (80-90%) and 90% 
homology in the VIP-coding domain (Nishi- 
zawa et al., 1985). The comparative analysis of 
nucleotide and amino acid sequence homolo- 
gies of each domain in rat and human VIP pre- 
cursors implies that selection pressures have 
eliminated base substitutions that might result 
in amino acid replacements. The high degree 
of VIP conservation is in agreement with its 
attributed important physiological roles. 

Identifying VIP 

Localization 
In the brain, VIP has a discrete regional dis- 

tribution with highest levels in the cerebral 
cortex, hypothalamus, amygdala, hippocam- 
pus, and corpus striatum (Said, 1982,1986). A 
major hypothalamic nuclei containing VIP is 
the suprachiasmatic nucleus (Card et al., 1988; 
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and see above). Moreover, VIP is found within 
the hypothalamo-hypophysial system (Said 
and Porter, 1979; Shimatsu et al., 1982; Brar et 
al., 1985; Mikkelsen and Moller, 1988). In rela- 
ted structures, anterior pituitary lactotropes 
were found to contain VIP (Morel et al., 1982; 
Lam et al., 1989), which probably mediates 
prolactin release (Rotsztejn et al., 1980; 
Noguchi et al., 1988). Other brain areas con- 
taining VIP neurons are the striatum, where 
very small VIP-containing neurons were ob- 
served using a specific monoclonal antibody 
(Vincent and Reiner, 1988). In situ hybridiza- 
tion experiments, coupled with immunocyto- 
chemistry, revealed the thalamus as a major 
site for VIP gene expression (Gozes et al., 
1989a; Baldino et al., 1989). The rat cerebral 
cortex has been an extensively investigated 
site for VIP localization. Some recent experi- 
ments by Eckenstein et al. (1988) have ex- 
tended their previous studies (Eckenstein and 
Baughman, 1984) to show colocalization with 
choline acetyl transferase and VIP, and acetyl- 
choline can be found within the same nerve 
endings (Agoston et al., 1988a). In addition, 
Hajos et al. (1988) observed bipolar and multi- 
polar VIP neurons in the visual cortex; the lat- 
ter are only a small subpopulation of the total 
multipolar cells. Spinal cord neurons were 
also shown to contain VIP in vitro (Brenneman 
et al., 1985) and in vivo (LaMotte, 1988). In the 
avian brain, coexpression of opsin and VIP- 
like immunoreactivity was detected in cere- 
brospinal fluid containing cells both in the 
septal and tuberal areas (Silver et al., 1988). 

VIP nerve terminals also appear in the walls 
of cerebral pial blood vessels, probably origi- 
nating from the sphenopalatine ganglion, the 
otic ganglion, and the carotid mini-ganglion 
(Suzuki et al., 1988), as well as from the supe- 
rior cervical ganglion (Uemura et al., 1988; 
Brayden and Conway, 1988). The superiorand 
middle cervical ganglia, as well as the stellate 
ganglion, contain some neurons that exhibit 
VIP immunoreactivity and calcitonin gene-re- 
lated peptide immunoreactivity; the latter may 

be innervated by either somatostatin or cate- 
cholamines and met-enkephalin or met-enke- 
phalin and neurotensin (Kummer and Heym, 
1988). In humans, VIP-like immunoreactive 
cell bodies were detected in the sphenopala- 
tine ganglion, and VIP nerve fibers were found 
innervating the lacrimal gland, suggesting 
that VIP is a cotransmitter for facial parasym- 
pathetic nerves that supply the eye and the 
lacrimal gland (Sibony et al., 1988). In this 
system, the pattern of innervation was identi- 
cal to choline esterase distribution. Similarly, 
cholinergic-VIP fibers originating from the 
otic ganglion innervate blood vessels in the 
lower lip of the rat (Kaji et al., 1988). The tri- 
geminal ganglia and the dorsal root ganglia 
also contain VIP immunoreactivity (Yaksh et 
al., 1988), as well as the vagal and glossophar- 
yngeal afferent neurons in the rat (Helke and 
Hill, 1988). Coexistence of VIP and substance 
P-like immunoreactivity was suggested in 
many nerve fibers innervating the lingual sal- 
ivary glands and a few intralingual ganglionic 
cells (Ichikawa et al., 1989). 

VIP nerve terminals appear within the in- 
testinal wall, especially at the sphincter zones 
in the pancreas, and the parasympathetic gan- 
glia. Consistently high concentrations of VIP 
were measured in the muscle layer of the 
human sigmoid colon (Ferri et al., 1988). In the 
human gastrointestinal tract, VIP can be co- 
localized with neuropeptide Y (Wattchow et 
al., 1988). In the rat colon, one population of 
intramural neurons revealed the coexistence 
of neuropeptide Y and VIP; in addition, some 
perivascular calcitonin gene-related peptide- 
containing nerve fibers (of intrinsic origin) 
harbored VIP (Ekblad et al., 1988). In the infe- 
rior mesenteric ganglion of the guinea pig, 
analysis of 0.5 micron sections tends to con- 
firm the coexistence of dynorphin, VIP, and 
cholecystokinin in fibers projecting from the 
colon (Masuko and Chiba, 1988). In myenteric 
plexus longitudinal muscle of guinea pig, VIP 
and acetylcholine may coexist in the same stor- 
age particles (Agoston and Whittaker, 1989). 
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Other nerves containing VIP are in the gall 
bladder, as well as urogenital organs (Klein 
and Burden, 1988). In the tracheobronchial 
tree, VIP can be localized with substance P 
(Dey et al., 1988). VIP can also be found in peri- 
pheral nerves, such as the sciatic and vagus 
nerves. Other sites of VIP localization are in 
the placenta, adrenal medulla, mast cells, and 
platelets. Recent studies have shown that 
multiple neuropeptides are in nerves supply- 
ing the mammalian lymph nodes, thus the 
distribution of VIP-immunoreactive fibers 
was identical to PHI-immunoreactive fibers 
and partially overlapped with neuropeptide Y 
and dopamine beta hydroxylase or substance 
P and calcitonin gene-related peptide. These 
nerves may be of heterogeneous origin: sen- 
sory, cholinergic sympathetic, and/or  para- 
sympathetic and are candidates for sensory 
and autonomic neuroimmunomodulation 
(Fink and Weihe, 1988). Organs with little or 
no VIP include liver and skeletal muscle. The 
VIP localization studies employed immuno- 
cytochemical techniques coupled with radio- 
immunoassays (for reviews, see Said, 1982, 
1984, 1986; Said and Mutt, 1988). 

Function 

Introductory Material 
The widespread distribution of VIP is corre- 

lated with its involvement in a broad spectrum 
of biological activities. In the chapter below, 
we shall discuss the VIP receptors and exam- 
ine proposed mechanisms of action. 

VIP Receptors 
Specific receptor sites for radiolabeled VIP 

(Marie et al., 1985) have been demonstrated in 
the rat brain (Taylor and Pert, 1979) and guinea 
pig brain (Robberecht et al., 1978). The recep- 
tor molecule complex was identified in the 
intestine by covalent cross-linking (Laburthe 
et al., 1984) and isolated from lung (Paul and 
Said, 1985). Despite significant progress made 
on the isolation and characterization of the VIP 

receptor, the amino acid sequence remains un- 
known and it has not been cloned. Since this 
area has recently been reviewed elsewhere 
(Marchis-Mouren et al., 1988; Said and Mutt, 
1988), we will comment only briefly on several 
recent papers. The solubilization of rat lung 
VIP receptors in an active state has been re- 
ported (Patthi et al., 1988). Two classes of 
receptors with different pharmacological 
properties were detected. The solubilization 
of active VIP receptors has also been achieved 
in human colonic adenocarcinoma cells (el 
Baattari et al., 1988). Again, two classes of re- 
ceptor were observed. Cross-linking experi- 
ments on SDS gels revealed proteins of 67, 72, 
and 83 kD. Solubilized receptor complexes 
were found in two major peaks in the range of 
60-70 and 270-300 kD. Depending on the re- 
ceptor source, other molecular weights have 
been described as well (46-53 kD), and as com- 
mented above, the area has been extensively 
reviewed (Laburthe and Couvineau, 1988). 

Mechanism of Action 
The VIP receptor may very well be coupled to 
adenylate cyclase since a VIP-stimulated 
adenylate cyclase has been identified in vari- 
ous areas of the central nervous system (Quik 
et al., 1978; Deschodt-Lanckman et al., 1977), 
as well as in the liver and pituitary (Rostene, 
1984). The ability of VIP to stimulate cyclic 
adenosine monophosphate (cAMP) produc- 
tion is somewhat more potent than norepi- 
nephrine, and the two can act synergistically 
(Magistretti and Schorderet, 1984). The VIP 
actions may be mediated via G-proteins (Fig. 
3), which are signal transducers stimulating 
the hydrolysis of GTP to GDP (for a review on 
G-proteins, see Spiegel, 1987). Indeed, GTP 
and its analogs inhibit VIP-receptor binding 
and potentiate cAMP synthesis in response to 
VIP (see Paul, 1989). In locus ceruleus neurons, 
VIP causes direct excitation by inducing a Na- 
dependent inward current; since this effect 
becomes irreversible in the presence of intra- 
cellular GTP-gamma-S, mediation through a G 
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Fig. 3. VIP mechanism of action. The diagram depicts the possible pathway by which VIP exerts its function. 

protein is suggested (Wang and Aghajanian, 
1988). G-proteins are involved in several sig- 
nal transduction pathways, such as in cAMP 
formation and phosphoinositides breakdown 
(Spiegel, 1987). If, indeed, the VIP receptor is 
coupled to G-proteins, the possible role of G- 
proteins in receptor function could explain the 
array of VIP effects found. It is interesting 
to note that high concentrations of VIP have 
been shown to produce increased PI turnover 
(Audigier et al., 1986). More recently, VIP 
stimulation of adrenal medulla was shown to 
increase the generation of inositol 1,4,5-tri- 
phosphate (IP3). This increase in IP3 has been 
hypothesized to stimulate the release of intra- 
cellular calcium to facilitate secretory activity 
in these cells (Malhotra, 1988). 

Earlier studies with a wide variety of prep- 
arations indicated that treatment with VIP 
rapidly produced a loss of responsiveness to 
subsequent challenges with this peptide (see 
Rosselin et al., 1988). A short-term exposure 
to VIP results in an internalization of the pep- 
tide-receptor complex into clear endosomal 

vesicles, with a half-time in minutes (Boissard 
et al., 1986). VIP is degraded in lysosomes or 
may serve as an intracellular effector. Most 
VIP receptors are recycled to the cell surface 
(Luis et al., 1988). An ultrastructure analysis of 
the distribution of labeled VIP has indicated 
significant differences between cell types, sug- 
gesting that VIP internalization is tissue spe- 
cific (Anteunis et al., 1989). Preincubation with 
either PHI or a protein kinase C activator can 
also decrease VIP binding sites and reduce 
VIP-stimulated adenylate cyclase, but appar- 
ently through different mechanisms (Turner et 
al., 1988). Direct evidence fora translocation of 
the VIP receptor to a light vesicle fraction has 
been observed after exposure to these agents. 
Homologous regulation of the VIP receptors 
has also been observed with PHM (Wiik, 1988). 
In an acinar cell line (AR 4-2 J), the half-life of 
the receptor was estimated to be 2 d, and N- 
glycosylation was necessary for translocation 
of the receptor (Svoboda et al., 1988). Inter- 
nalization of the receptor was also blocked at 
4~ An internalized VIP receptor is dissoci- 
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ated from adenylate cyclase activity (Hejblum 
G., et al., 1988); however, the internalization 
process is not entirely independent of cAMP 
accumulation. In conclusion, it appears now 
that there are multiple ways for VIP signal 
transduction other than via elevation of cAMP. 

Eiec trophysiology 
and Neuromodulation 
Electrophysiological studies have shown 

that VIP can act directly to produce changes 
in membrane potential and it can work in con- 
cert with other neurotransmitters to modulate 
electrical responses. In early studies con- 
ducted on isolated spinal cord, VIP was found 
to depolarize dorsal root terminals and moto- 
neurons (Phillis et al., 1978). Iontophoretic ap- 
plication of VIP to CA1 neurons of the rat hip- 
pocampal slice produced rapid depolarization 
and a large increase in membrane conductance 
(Dodd et al., 1979). VIP had a mixed response 
on neurons from preoptic, septal, and mid- 
brain neurons, with some showing excitatory 
and others inhibitory potentials (Haskins et al., 
1982). VIP increased the frequency of Ca2§ - 
pendent action potentials and prolonged indi- 
vidual action potentials in a pituitary cell line 
(Hedlund et al., 1988). These effects involved 
several voltage-sensitive conductances and 
may relate to prolactin secretion in these cells. 

The stimulation of VIP receptors has been 
shown to increase cAMP levels in many cell 
types (see above and Rostene, 1984). However, 
the slow depolarization, accompanied by a 
decrease in membrane resistance that was ob- 
served after treatment with VIP on retinal 
horizontal neurons, was not elicited by ana- 
logs of cAMP or forskolin, suggesting that the 
changes in membrane potential were not re- 
lated to the accumulation of the cyclic nucleo- 
tide (Lasater et al., 1983). This study is an 
example of an electrophysiological effect that 
is hard to reconcile with the hypothesis that 
VIP receptors are always linked to a cAMP- 
mediated process (see above). 

VIP action in the peripheral nervous sys- 
tem has also been detected. In guinea pig sub- 

mucosal plexus neurons (Mihara et al., 1985), 
slow excitatory postsynaptic potentials were 
produced by VIP that were reversed with 
membrane hyperplorization (-90 mV). Hyper- 
polarizing responses have been observed after 
treatment with VIP on a cell line derived from 
intestinal epithelium (Yada and Okada, 1984). 
In this cell, VIP, as well as other intestinal 
secretagogs, produced oscillations of mem- 
brane potential. The oscillatory behavior is 
thought to be mediated by a K § conductance. 
In addition, VIP induced rhythmic depolariza- 
tion and contractions of smooth muscle from 
opossum esophagus (Daniel et al., 1983). 

VIP has also been reported to act as a neuro- 
modulator to noradrenergic (Ferron et al., 
1985) and muscarinic responses (Mo and Dun, 
1984; Kawatani et al., 1985). Regarding the 
cholinergic studies, VIP has a selective facili- 
tatory effect on muscarinic excitation in sym- 
pathetic ganglia, with no apparent effect on 
nicotinic responses or those after electrical 
stimulation of the preganglionic nerve. These 
data indicate that VIP not only has intrinsic 
properties that effect electrical activity, but 
also interacts with other neurotransmitter 
systems to modulate physiological responses. 

VIP and interacting neurotransmitters can 
either converge from two nerve terminals to 
act together on the target tissue or coexist with 
other neurotransmitters in the same terminal 
(see above). Coexistence of VIP and acetylcho- 
line esterase (ACHE) has been observed in 
lumbosacral sympathetic ganglia, which con- 
tain a well-defined cholinergic neuron popula- 
tion and are assumed to be involved in the 
regulation of sweat secretion (see above and 
Hokfelt et al., 1980; Haynes, 1985). Evidence 
suggests that VIP in cholinergic neurons may 
be a general characteristic of secretomotor 
neurons. It is now postulated that secretion 
and vasodilation in exocrine glands are in- 
duced by acetylcholine (ACh) and VIP, respec- 
tively, released from the same nerve terminal. 
In this particular system, the two putative 
transmitters would act on receptors located 
on two separate cell types. In addition, VIP 
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seems to potentiate ACh activity by increasing 
the affinity of the muscarinic receptor for ACh 
(Lundberg et al., 1982). In the cerebral cortex, 
there are two types of cholinergic innerva- 
tions, one colocalized with VIP and the other 
not (Luine et al., 1984; Eckenstein and 
Baughman, 1984), suggesting interaction be- 
tween VIP and ACh also in the brain. 

Glial Function 
Glial cells have also been shown to 

possess at least two classes of VIP receptors 
(Chneiweiss et al., 1984; Koh et al., 1984;) 
although there is some dispute to these find- 
ings (Staun-Olson et al., 1985). Previous radio- 
ligand binding studies have not confirmed the 
presence of VIP receptors on glial cells. Com- 
petition studies of VIP binding conducted in 
our laboratory (Gozes et al., 1989b) have sug- 
gested the presence of two classes of binding 
sites. The preceding studies were performed 
on intact astroglial cultures at reduced tem- 
peratures to slow internalization of the VIP/ 
receptor complex. Glial cells have also been 
shown to respond to VIP by changes in mem- 
brane potentials. Schwann cells from the 
giant axon from squid respond with a hyper- 
polarizing action that is blocked by VIP recep- 
torantagonists (Evans and Villegas, 1988). The 
physiological importance of VIP receptors on 
glial cells is only beginning to be recognized. 
Stimulation of VIP receptors on astroglia has 
been shown to increase glycogenolysis and 
produce changes in the morphology of these 
cells, from fiat to predominantly process-bear- 
ing cells (Magistretti, 1988). Low concentra- 
tions of VIP have also been shown to interact 
with nonneuronal cells to produce substances 
necessary for neuronal survival during devel- 
opment (Brenneman et al., 1987b). The pres- 
ence of VIP receptors on glial cells appears to 
vary among brain regions. Astrocytes from 
cortex were found to respond to VIP-stimu- 
lated cAMP formation to a greater extent than 
those found in the spinal cord or cerebellum 
(Cholewinski and Wilkin, 1988). In summary, 
VIP appears to be a mediator of communica- 

tion between neurons and glia, a relationship 
of fundamental importance to neurodevelop- 
ment and function. 

Pharmacology 
VIP research has been hampered for many 

years by the lack of selective agonists and 
antagonists. Recently, several peptide antago- 
nists, an analog of growth hormone releasing 
factor (Ac Tyr 1, r)-Phe 6-GRF; Waelbroeck et 
al., 1985) and an analog of VIP (4-Cl-o-Phe6, 
Leu 7-VIP; Pandol et al., 1986) have been exam- 
ined for their ability to block the physiological 
actions of VIP. The GRF analog was found to 
be effective in blocking VIP-induced hyperpo- 
larizations in Schwann cells (Evans and Ville- 
gas, 1988) and preventing smooth muscle re- 
laxation in opossum internal anal sphincter 
(Nurko et al., 1989). However, this compound 
did not appear to be effective in blocking feline 
intrapulmonary bronchial relaxation pro- 
duced by VIP (Thompson et al., 1988). Impor- 
tantly, in the sphincter relaxation system, the 
GRF analogue did not alter responses to PHI, 
thus suggesting specificity for this substance. 
The VIP analog, 4-C1-D-Phe6, Leu 17-VIP, was 
reported to be somewhat more potent than the 
GRF analog (Evans and ViUegas, 1988; Thomp- 
son et a1.,1988). We have observed that both 
of these antagonists block VIP stimulation of 
cAMP accumulation in rat cortical astrocyte 
cultures (Gozes et al., 1989b). We have recently 
synthesized a hybrid VIP receptor antagonist 
that potently inhibits VIP binding, VIP-stimu- 
lated cAMP accumulation, and suppresses 
sexual activity in rats (Gozes et al., 1989b,c). 
This new compound is a hybrid peptide com- 
prised of a portion of VIP and a portion of neu- 
rotensin. A synthetic peptide, L-8-K, has been 
shown to inhibit the specific binding of VIP to 
hamster pancreatic cancer cells (Singh et al., 
1988). PHI also has been shown to inhibit VIP 
action in both a neuronal survival assay in de- 
veloping cultures (Brenneman and Foster, 
1987a) and in antagonizing VIP-mediated ef- 
fects on sexual behavior (Gozes et al., 1989c), 
although PHI acts as a less potent agonist in 
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other VIP-responding systems. Several stud- 
ies have suggested that VIP (10-28) may also 
have antagonistic properties in some systems 
(Bissonnette, et al., 1984; Brenneman and Ei- 
den, 1986; Turner et al., 1986). Peptide T, a pen- 
tapeptide present in the external envelope 
protein of the human immunodeficiency virus, 
has been reported to block tracheal pouch re- 
laxation mediated by VIP (Venugopalan et al., 
1989). However, peptide T was not interactive 
with VIP receptors in the pineal (Yuwiler et al., 
1989) rat intestinal epithelial cell membranes, 
rat liver plasma membrane, or human colonic 
cells (Nguyen, 1989). Although these peptides 
have provided utility in examining VIP-re- 
lated effects, there is still no antagonist that 
discriminates between the high and low affin- 
ity VIP receptors that exist in many tissues. 

VlP as a Secretagog 

An early recognized function of VIP was its 
action as a secretagog. The original work on 
VIP-mediated release of prolactin (Ruberg et 
al., 1978) is now accompanied by a growing list 
of other substances that are secreted by VIP. 
As for prolactin, VIP may very well be a physi- 
ological mediator in its secretion (Rotsztejn et 
al., 1980; McCann et al., 1984; Mezey and Kiss, 
1985; Abe et al., 1985; Fink, 1985; Kaji et al., 
1985). Indeed, the concentration of VIP is sev- 
eral-fold higher in portal blood than periph- 
eral blood (Said and Porter, 1979), and passive 
immunization with antisera against VIP re- 
sulted in inhibition of prolactin release (Abe et 
al., 1985; Kaji et al., 1985) and blockade of the 
proestrus prolactin surge (Murai et al., 1989). 
Recent results suggest that the prolactin pro- 
ducing cells of the anterior pituitary also con- 
tain VIP, which is induced by hypothyroidism 
(Lamet al., 1989; Reichlin, 1988), implying a 
direct action from close contact (Noguchi et 
al., 1988). Direct measurements of VIP effects 
on prolactin release were obtained in tissue 
culture using pituitary cells, such as the GH3- 
derived cell lines (e.g., Gourdji et al., 1979). In 
pituitary cells cultured in three-dimensional 

reaggregates, atropine, a potent muscarinic ag- 
onist, potentiated prolactin-stimulated release 
induced by VIP (Carmeliet and Denef, 1988). 
Moreover, injection of VIP to healthy women, 
increases prolactin levels in plasma 5 min fol- 
lowing administration (Bataille et al., 1981; 
Falsetti et al., 1988). The VIP prolactin releas- 
ing activity may be associated with an activa- 
tion of adenylate cyclase (Gordeladze et al., 
1988). In contrast, in sheep, neither VII> nor 
PHI stimulate prolactin release (Thomas et al., 
1988). In turkey, prolactin release induced by 
VIP is regulated by gonadal steroids acting 
directly on cells of the anterior pituitary 
(Knapp et al., 1988). The release of prolactin 
is pulsatile; in the rat it was shown that this is 
probably related to the concerted action of 
dopamine inhibition coupled to VIP stimula- 
tion (Lopez et al., 1989). Moreover, estrogen 
is capable of attenuating the functional coup- 
ling of the dopamine receptor and the VIP- 
stimulated prolactin release (Munemura et al., 
1989), probably through modulation of ad- 
enylate cyclase activity (Borgudvaag and 
George, 1988). In the rat, an additional factor 
that plays a role is oxytocin; its secretion may 
be elevated by VIP (Bardrum et al., 1988; 
Samson et al., 1989) and they may act together 
to increase prolactin secretion (Samson et al., 
1989; Arey and Freeman, 1989). However, it is 
proposed that VIP and serotonin are continu- 
ously active oscillatory neurotransmitters reg- 
ulating oxytocin release into the portal blood. 
VIP acts in concert with oxytocin to stimu- 
late the prolactin surge at 3 AM, and serotonin 
acts together with oxytocin to induce prolactin 
release at 5 PM. These daily events only even- 
tuate in prolactin release when the mating 
stimulus has released the lactotroph from 
the inhibitory effects of dopamine (Arey and 
Freeman, 1989). We have found that supra- 
chiasmatic VIP-mRNA displays a diurnal 
rhythm, with increased concentrations ob- 
served at nighttime (Gozes et al., 1989d; 
Levi-Holtzman et al., 1989). These oscillations 
may have a direct bearing on the periodicity of 
the prolactin surges. 
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As stated above, the earlier work on VIP- 
mediated release of prolactin is now accom- 
panied by a growing list of other substances 
that are induced to be secreted by VIP. VIP 
appears to induce gonadotropin-releasing 
hormone from the mediobasal hypothalamus, 
which then releases luteinizing hormone 
from the pituitary (Ohtsuka et al., 1988). In iso- 
lated chromaffin cells from guinea pig adrenal, 
WVI amounts of VIP produced a slow, calcium- 
dependent  secretion of catecholamine 
(Misbahuddin et al., 1988). As determined 
from fura-2 studies in the chromaffin cells, 
this release was accompanied by only a slight 
increase in intracellular calcium, and no effect 
on Ca 2§ uptake was observed with VIP treat- 
ment. Somatostatin release is also affected by 
VIP, but both increases and decreases have 
been reported, depending on both dose and 
type of preparation. In previous studies using 
hypothalamic slices, VIP was reported to in- 
hibit somatostatin secretion (Epelbaum et al., 
1979), whereas somatostatin secretion was in- 
creased in dispersed fetal cerebral cortical and 
hypothalamic cells after VIP treatment 
(Robbins and Landon, 1985; Tapia-Arancibia 
and Reichlin, 1985). A biphasic dose response 
to VIP has been observed in gastric secretion 
of somatostatin (Schmid et al., 1988). At low 
concentrations, VIP inhibited somatostatin re- 
lease and with increasing amounts, an increase 
in secretion was observed. Interestingly, fur- 
ther studies indicated that forskolin, stimula- 
tor of adenylate cyclase, did not stimulate 
somatostatin release in neuronal cultures, but 
did in cultures containing glia (Reichlin, 1988). 
In contrast, VIP increased somatostatin in both 
neuronal and mixed cultures. In the absence of 
VIP, the calcium ionophore, ionomycin, and 
phorbol ester stimulate somatostatin release 
(Tapia-Arancibia et al., 1988). These data also 
support the involvement of a second messen- 
ger system other than cAMP. Two neurohypo- 
physeal hormones, oxytocin and vasopressin, 
have been shown to be released by intracere- 
broventricular injections of VIP (Bardrum et 
al., 1988). Moreover, VIP induced a transient 

release of growth hormone (Bluet-Pajot et al., 
1987). Other examples of proteins released by 
VIP include peroxidase (Dartt et al., 1988), thy- 
roid hormone (Ahren and Hedner et al., 1989), 
amylase (Inoue and Kanno, 1982), and neuro- 
trophic substances (Brenneman, 1988a). These 
studies serve as examples of a fundamental 
pharmacological action of VIP, its ability to 
stimulate secretion of hormones and other im- 
portant substances. With this property, actions 
observed with VIP treatment should be care- 
fully examined for indirect effects. 

Growth and Developmental 
Regulator 
VIP has been shown to act as a regulator of 

several aspects of growth and differentiation, 
including control of mitosis and as a releasing 
factor for substances that have developmental 
roles. VIP has been shown to have a potent, 
albeit small effect on astroglia proliferation in 
developing spinal cord cultures (Brenneman 
et al., 1988a). In contrast, VIP has been shown 
to inhibit mitosis in some other cell types. For 
example, in murine mesenteric lymphocytes 
and splenocytes, VIP inhibited the cell prolif- 
erative response to other mitogens (Ottaway 
and Greenberg, 1984; Stanisz et al., 1986). 
However, on proliferating lymphoid cells, 
VIP has a dual effect. In addition to the inhibi- 
tion of DNA synthesis, it increases immuno- 
globulin A (IgA) synthesis in mesenteric 
lymph nodes and spleen cells and IgM synthe- 
sis in Peyer's patches (Stanisz et al., 1986). 
Moreover, neurological tumors with higher 
concentrations of VIP are associated with bet- 
ter differentiation and a lower metastasis rate 
(Allen et al., 1985). VIP is also a potent inhibi- 
tor of serum-induced DNA synthesis in cul- 
tured smooth muscle cells (Hultgardh-Nilsson 
et al., 1988). The inhibitory effects of VIP on 
cell proliferation closely relate to its ability to 
induce the formation of cAMP. The VIP recep- 
tors on immune and smooth muscle cells have 
relatively low affinity compared to those for 
the proliferative effects on astroglia. It is possi- 
ble that these different effects on cell prolifera- 
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tion are attributable to different classes of VIP 
receptors. VIP has also been shown to inhibit 
growth of hamster pancreatic ductal cancer, a 
cell with demonstrated VIP receptors (Poston 
et al., 1988). The differentiation of HL-60 leu- 
kemia cells mediated by a 93 kD tyrosine pro- 
tein kinase, the gene product of the c-fes proto- 
oncogene, was partially prevented by VIP (Yu 
et al., 1988). In addition, VIP has been reported 
to stimulate mitogenesis in hamster vas defer- 
ens cells (Mitsuhashi and Payan, 1987). VIP 
has also been observed to potentiate cell 
growth of keratinocytes with cotreatment of 
epidermal growth factor (Dalsgaard et al., 
1989). At low concentrations of VIP, and in 
the presence of insulin, an increase in 3T3 cell 
mitosis was observed (Zurier et al., 1988). In 
contrast to other growth-promoting peptides, 
VIP did not induce an increase in cytoplasmic- 
free calcium or an activation of protein kinase 
C, but did stimulate the production of cAMP in 
this particular cell type. The mechanism of 
VIP-stimulated mitosis is not known, and reg- 
ulation may vary among different cell types. 

VIP has been shown to influence one impor- 
tant aspect of neurodevelopment. Increased 
survival of spinal cord neurons has been dem- 
onstrated to occur after treatment with a low 
concentration of VIP during a critical period of 
development in dissociated cultures that were 
electrically blocked (Brenneman and Eiden, 
1986). In addition, VIP-like immunoreactivity 
has been found in spinal cord cultures 
(Brenneman and Foster, 1987a), and antisera to 
VIP produced significant neuronal cell death 
during development, suggesting the impor- 
tance of this peptide, or a homologous sub- 
stance, for neuronal survival (Brenneman and 
Eiden, 1986). The survival-promoting action 
of VIP was subsequently shown to be media- 
ted indirectly through nonneuronal cells, most 
likely astroglia (Brenneman et al., 1987b). Both 
the effect of VIP on astroglial proliferation 
mentioned above and the action of VIP to re- 
lease neurotrophic substances (Brenneman, 
1988a) may mediate this developmental role 
for VIP. Thus, a tightly regulated VIP synthe- 

sis is probably necessary not only to maintain 
brain activity, but also obtain homeostasis and 
cellular survival. 

VIP and Disease 
One of the pathological syndromes de- 

scribed early on in VIP research involves the 
watery diarrhea syndrome that occurs in pa- 
tients with pancreatic, bronchogenic, and 
other tumors (Said and Faloona, 1975). A re- 
cent progress in the treatment of diarrhea has 
been the development of a long-acting synthe- 
tic analog of somatostatin (SMS 201-995) that, 
when administered subcutaneously, has a bio- 
logical half-life of 90-120 min and can be ad- 
ministered 2-3 times per day. Eighty-five per- 
cent of patients with pancreatic islet tumors 
that produce VIP responded to this drug with 
a reduction in the diarrhea, which often has 
been resistant to all other therapy (Gorden 
et al., 1989). It should also be noted that pa- 
tients with malignant pancreatic endocrine 
tumors may develop symptomatic secondary 
hormone-induced syndromes, such as gastro- 
intestinal perforation (Wynick et al., 1988). 

VIP seems to be involved in hormone-re- 
lated diseases like diabetes. An animal model 
for diabetes is the streptozotocin-induced dia- 
betes in rats. Here, an increase in VIP and a de- 
crease in calcitonin gene-related peptide was 
reported for the myenteric plexus of the dia- 
betic rat ileum, which can be reversed by insu- 
lin (Burnstock et al., 1988). A similar increase 
in VIP was reported for the iris of the diabetic 
rat (Crowe and Burnstock, 1988). The increase 
in VIP immunoreactivity may be a transient 
one, leading to a later degeneration of these 
peptidergic nerves in the proximal colon of 
streptozotocin-diabetic rats (Belai et al., 1988). 
In addition to changes in VIP content, changes 
in VIP responsiveness have also been observed 
in the stomach fundus (Kamata et al., 1988), 
suggesting an involvement of VIP in the path- 
ology of diabetes. 

In the lungs, the bronchodilator component 
has been associated with VIP and PHM, 
whereas the bronchoconstrictor component 
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has been associated with substance P, neuro- 
kinin A, and calcitonin-gene-related peptide. 
These peptides are not limited to the regula- 
tion of bronchial smooth muscle tone, they 
may, in fact, intervene in the regulation of vas- 
cular tone, in the production of mucous and in 
the expression of immediate hypersensitivity 
reaction at the pulmonary level and, thus, may 
be associated with the pathophysiology of 
asthma (Devillier et al., 1988). Furthermore, in 
patients with asthma, there is a loss of detec- 
tible VIP-like immunoreactivity compared to 
lung tissue from patients without asthma 
(Ollerenshaw, 1989). 

In the peripheral nervous system, VIP has 
been shown to be involved in the regulation 
of pain transmission. Thus, in the tail flick test, 
which is a response to thermal stimuli, VIP ad- 
ministration to the L5 vertebral level resulted 
in a decrease in the reaction time to 37% of con- 
trol values at 1 min after injection (Cridland 
and Henry, 1988). In addition, low frequency 
vibration, which is a reported epidemiological 
cause of low-back pain, causes a two-fold in- 
crease in VIP in the L4-5 and L5-6 dorsal root 
ganglia and a similar decrease in substance P 
(Weinstein et al., 1988). 

In the central nervous system, VIP may be 
associated with epilepsy. The E1 epileptic 
mouse is a model of hereditary sensory precip- 
itated temporal lobe epilepsy. In this model 
system, VIP concentrations in various brain 
areas were found to be different than the con- 
trol values and changed after seizures, sug- 
gesting that VIP plays a role in E1 mouse 
seizures (King and LaMotte, 1988; Kanamatsu 
and Hirano, 1988). 

In a rat model for spontaneous hyperten- 
sion, we discovered an increase in brain VIP 
gene expression using in situ hybridization 
histochemistry (Avidor et al., 1989). This 
change in VIP gene expression may be associ- 
ated with the pathophysiology of the disease. 

In other genetic diseases, a decreased VIP 
innervation of sweat glands in cystic fibrosis 
patients was suggested as a pathogenic factor 

in sweating abnormalities in disease-afflicted 
individuals (Heinz-Erian et al., 1985). How- 
ever, the VIP gene is not the afflicted gene in 
this disease since it was located on human 
chromosome 6, which is a different site from 
the cystic fibrosis gene location (see above and 
Gozes et al., 1987a). Finally, at the neuroim- 
mune axis, human autoantibodies to VIP were 
present in plasma from 29.6% healthy human 
subjects who habitually performed muscular 
exercise, compared to 2.3% healthy subjects 
who did not. These autoantibodies may not 
interfere with VIP-receptor binding, but are 
potential inhibitors of the proteolytic inacti- 
vation of VIP (Paul and Said, 1988). In addi- 
tion, recent in vitro studies suggest an immu- 
nomodulatory (depressant) role for VIP. Thus, 
acute infusions of VIP into cannulated affer- 
ent lymphatic of popliteal lymph nodes pro- 
duced prompt and marked depressions in the 
output of both small recirculating and blast 
lymphocytes into popliteal efferent lymph, 
with a selective effect on T4 (CD4) lympho- 
cytes (Moore et al., 1988). Indeed, it has been 
suggested that the HW (AIDS) virus may em- 
ploy VIP or VIP-like receptors on brain cells 
and lymphocytes for intracellular access (see 
below). 

Recent studies from our laboratory have 
indicated that low concentrations of VIP can 
prevent neuronal cell death produced by the 
external envelope protein (gp120) of the hu- 
man immunodeficiency virus, the etiologic 
agent of Acquired Immunodeficiency Syn- 
drome (Brenneman et al., 1988c). Previous 
work has suggested that VIP(1-12) is a ligand 
for the CD4/human immunodeficiency virus 
receptor (Sacerdonte et al., 1988). This hypo- 
thesis is based on the following observations: 
(1) the peptide T sequence of gpl20 can prevent 
viral infectivity in systems of low virus/target 
cell ratios (Pert et al., 1986); (2) peptide T shares 
sequence homology to VIP (7-11),TDNYT; (3) 
VIP and VIP fragments mimic peptide T in T4 
receptor-mediated monocyte  chemotaxis 
(Sacerdote et al., 1987; Ruff et al., 1987); (4) 
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Peptide T and VIP prevent neuronal cell death 
associated with gpl20 in developing hippo- 
campal cultures (Brenneman et al., 1988b, c); 
and (5) VIP is a potent inhibitor of specific pep- 
tide T receptor binding to mouse macrophage 
membranes and a human T-cell line (Pert et al., 
1988). One interpretation of these data is that 
there is a high affinity VIP receptor in the CNS 
that has characteristics that are similar to a CD4 
receptor in the brain (Taylor and Pert, 1979; 
Hill et al., 1986; Perry and Gordon, 1987; Pert et 
al., 1988). Thus, if VIP has a similar neuronal 
survival-promoting effect in the human brain 
as described in vitro (Brenneman and Eiden, 
1986; Brenneman and Foster, 1987a; Brenne- 
man, 1988a; Brenneman et al., 1987b, 1988c), 
then the functional interference posed by 
gp120 may contribute to the loss of memory- 
associated neuronal activity observed in AIDS 
dementia. 

Finally, VIP has been shown to produce in- 
hibitory effects in fear motivated behaviors 
(Cottrell et al., 1984). This could be mediated 
via modulation of the number of serotonin re- 
ceptors of hippocampal neurons. Thus, the ac- 
tions of VIP in the nervous system are of a 
complex nature encompassing receptor modu- 
lation, induction of the release of neurotrophic 
factors, and neurotransmission-neuromodu- 
lation. 

Summary: Prospective 
and Perspectives 

Factors that lead to a change in VIP content 
are now being discovered. Very sensitive tech- 
niques to identify VIP-mRNA, which were re- 
cently developed, allow further examination 
of VIP gene activity in situ at the single cell 
level. Such studies should contribute to the 
understanding of VIP gene activity in health 
and disease (Rostene, 1984). Recent research 
has shown progress from a molecular point of 
view, identifying control sequences on the 

VIP gene that interact with factors that stimu- 
late transcription. Future research could be 
directed toward better understanding of tis- 
sue-specific VIP expression and answerig the 
question of how all the VIP-stimulating factors 
are acting in concert. 

From a functional point of view, characteri- 
zation of the VIP receptor molecules should al- 
low for a more thorough understanding of 
VIP's mechanism of action. Identification of 
factors that are secreted by VIP will open new 
horizons in cellular communications. Finally, 
from a therapeutical point of view, designing 
new specific VIP agonists and antagonists may 
be of medical benefit for the pathological syn- 
dromes associated with VIP. 
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