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Abstract

Excitotoxic damage may be a critical factor in the formation
of brain lesions associated with cerebral palsy. When in-
jected at birth, the glutamatergic analog ibotenate induces
mouse brain lesions that strikingly mimic human microgy-
ria. When ibotenate is injected at postnatal day 5, it pro-
duces transcortical necrosis and white matter cysts that
mimic human perinatal hypoxic-like lesions. Vasoactive in-
testinal peptide (VIP) has potent growth-related actions
and neuroprotective properties that influence mitosis and
neuronal survival in culture. The goal of this study was to
assess the protective role of VIP against excitotoxic lesions
induced by ibotenate in developing mouse brain. VIP
cotreatment reduced ibotenate-induced microgyric-like cor-
tical lesions and white matter cysts by up to 77 and 85%, re-
spectively. VIP protective effects were reproduced by a pep-
tide derived from activity-dependent neurotrophic factor
(ADNPF), a trophic factor released by VIP-stimulated astro-
cytes, and by stearyl norleucine VIP, a specific VIP agonist
that does not activate adenylate cyclase. Neither forskolin,
an adenylate cyclase activator, nor pituitary adenylate cy-
clase—activating peptide, provided VIP-like protection. VIP
and neurotrophic analogs, acting through a cAMP-indepen-
dent mechanism and inducing ADNF release, could repre-
sent new avenues in the understanding and prevention of
human cerebral palsy. (J. Clin. Invest. 1997. 100:390-397.)
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bral palsy - ibotenic acid « N-methyl-D-aspartate « vasoac-
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Introduction

Although prenatal and perinatal care have greatly improved
neonatal mortality and morbidity in the last 40 yr, cerebral
palsy remains prevalent with an increasing incidence in some
western countries (1), due in part to the increased survival of
extremely low birth weight infants (2). The pathophysiology of
cerebral palsy has been revisited during the last decade (3-8).
The current hypothesized etiology, rather than being limited
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to hypoxic-ischemic mechanisms, seems to be multifactorial,
involving several preconceptional and prenatal factors, possi-
bly including hypoxia/perfusion failure, thyroid hormone defi-
ciency, growth factor deficiency, and maternal infection pro-
ducing excess cytokines. For several risk factors of cerebral
palsy, excitatory amino acids could represent a common final
pathway leading to neural cell damage and death (for review
see reference 9). We recently used ibotenate, a glutamatergic
agonist, to produce an animal model of excitotoxic brain le-
sions (10). When administered soon after completion of neu-
ronal migration to the infragranular layers, ibotenate induces
lesions that mimic microgyria, a cortical lesion for which an
etiological event (when diagnosed) is more frequently found
between 14 and 28 wk of human gestation (11, 12). When
ibotenate is administered after all neurons have completed mi-
gration in the neocortex, a spectrum of cortical-subcortical in-
juries is produced that strikingly mimics cortical damage (trans-
cortical necrosis) observed more frequently in babies born
after 32 wk of gestation in humans (13, 14), and also certain
types of periventricular leukomalacias (white matter cystic le-
sions) most frequently observed in fetuses and preterm neo-
nates between 24 and 32 postconceptional wk (8, 15, 16). Fur-
thermore, in this mouse model, magnesium sulfate was shown
to prevent neural cell death, demonstrating the usefulness of
such methodological tools for designing future clinical inter-
vention studies (17).

Vasoactive intestinal peptide (VIP),' a 28—-amino acid pep-
tide, is a central nervous system (CNS) neurotransmitter and
neuromodulator with neurotrophic properties, including stim-
ulation of astrocytic mitoses (18), increase of neuronal survival
(19-21), and promotion of early embryonic growth (22, 23).
Many trophic actions of VIP are indirect, occurring through
the VIP-induced release of other factors such as activity-
dependent neurotrophic factor (ADNF) (24), IL-1a (25), and
protease nexin 1 (26), all of which are released from glial cells.
VIP is a member of a superfamily of peptides including pitu-
itary adenylate cyclase-activating polypeptide 1-38 (PACAP),
which exhibits a high sequence homology with VIP. PACAP
and VIP share some common receptors (for review see refer-
ence 27). Two transduction systems have been described for
VIP: one mechanism involves stimulation of adenylate cyclase
(28, 29), while the second pathway is independent from cAMP
production (see Discussion). VIP has also recently been shown

1. Abbreviations used in this paper: ADNF, activity-dependent neu-
rotrophic factor; CNS, central nervous system; NMDA, N-methyl-D-
aspartate; P, postnatal day; PACAP, pituitary adenylate cyclase—acti-
vating polypeptide 1-38; SNV, stearyl norleucine vasoactive intestinal
peptide; VA, vasoactive intestinal peptide antagonist; VIP, vasoac-
tive intestinal peptide.



to potentiate c-fos expression induced by low concentrations
of glutamate in cultured cortical neurons (30), and to attenuate
excitotoxic pulmonary edema (31), suggesting some interac-
tions between transduction pathways of VIP and glutamate.

Together, these data prompted us to investigate, in devel-
oping mouse brain, the protective effects of VIP against neural
cell death induced by intrapallial injections of ibotenate. VIP
effects were compared with PACAP protection, and the trans-
duction pathways involved in the protective mechanisms were
evaluated by the use of specific agonists. Involvement of
ADNEF in the VIP effects was also tested in our model.

Methods

Drug administration and histological procedures. Pregnant NMRI
(Naval Medical Research Institute; Centre d’Elevage R. Janvier, Le
Genest-St. Isle, France) mice were housed in groups and fed with lab-
oratory chow and water ad libitum. Several litters of mice pups of
both sexes were used for the experiments. As previously described
(10, 17), at postnatal day (P) 0 or P5, pups were anesthetized with
ether inhalation and kept under a warming lamp. Intracerebral injec-
tions were performed with a 26-gauge needle on a 50-pl Hamilton sy-
ringe mounted on a calibrated microdispenser. The needle was in-
serted 2 mm under the external surface of scalp skin in the
frontoparietal area of the right hemisphere, 2 mm from the midline in
the lateral-medial plane, and 2 (at P0) or 3 (at P5) mm (in the rostro—
caudal plane) from the junction between the sagittal and lambdoid
sutures. Histological analysis of brain tissues from > 1,500 animals in-
jected in our laboratory confirmed that these visual coordinates result
in highly reproducible injections (Gressens, P., and S. Marret, per-
sonal communication). Two 1-pl boluses were injected at a 30-s inter-
val. The needle was left in place for an additional 30 s. In cases where
a second delayed injection was performed (see below), the initial site
of injection was easily recognized because of the presence of a punc-
tuate blood clot underneath the skin. In all these experiments, the tip
of the needle reached the periventricular white matter (some animals
injected with toluidine blue confirmed the correct positioning of the
needle). After the injections, pups were allowed to recover from an-
esthesia, and were returned to their dams. 5 d later, the surviving
pups were killed under ether anesthesia by intracardiac perfusion
with 4% paraformaldehyde. The brains were removed and postfixed
in the same fixative solution for an additional 24 h at 4°C.

After fixation, the brains were dehydrated in alcohol and embed-
ded in paraffin. 15-um-thick coronal serial sections were cut, and ev-
ery third section was stained with cresyl violet. Brain was completely
and serially sectioned from the frontal pole to the occipital lobes. In
theory, neocortical and white matter lesions can be defined by the
maximal length of three orthogonal axes: the lateral-medial axis (in a
coronal plane), the radial axis (also in a coronal plane, from the pial
surface to the lateral ventricle), and the fronto—occipital axis (in a
sagittal plane). Because of the difficulty of accurately evaluating the
degree of damage to neurons in neocortical layers in the epicenter of
the lesion focus, the radial axis did not appear as an objective mea-
sure of the lesion size. In preliminary studies (10; Gressens, P., and S.
Marret, personal communication), we had shown an excellent corre-
lation between the maximal size of the radial and fronto—occipital di-
ameters of the ibotenic-induced lesions. Based on these observations,
we sectioned serially the entire brain in the coronal plane. This sec-
tioning permitted an accurate and reproducible determination of the
maximal sagittal fronto-occipital diameter (which is equal to the
number of sections where the lesion was present multiplied by 15
wm), and was as an index of the volume of the lesion. In subsequent
sections of this paper, this maximal diameter will be referred to as the
length of the lesion in the sagittal fronto—parietal axis. Statistical anal-
yses were performed by ANOVA with Dunnet’s multiple comparison
of means test. Results are expressed as means=SEM.

Experimental groups. Tbotenate (lot 94H37971; Sigma Chemical

Co., St. Louis, MO), VIP (Peninsula Laboratories, Inc., St. Helens,
United Kingdom), PACAP (Peninsula Laboratories, Inc.) and neuro-
tensin 1-6 VIP 7-28 hybrid, a VIP antagonist (VA) (32, 33), were di-
luted in 0.02% acetic acid, 0.1 M phosphate buffer saline. Stearyl nor-
leucine VIP (SNV) (a) was diluted in 0.002% acetic acid/0.008%
dimethyl sulfoxide/8% ethanol and forskolin (an adenylate cyclase
activator) (BIOMOL Research Labs, Inc., Plymouth Meeting, PA),
(b) was diluted in 0.01% acetic acid/0.05% dimethyl sulfoxide/0.1 M
phosphate buffer saline. ADNF was diluted in 0.1 M phosphate
buffer saline. Heat-inactivated VIP, used as a control peptide, was
heated at 65°C for 45 min, and diluted the same as active VIP.

Ibotenate, a glutamate analog extracted from the Muscarina
amanita mushroom, activates both N-methyl-D-aspartate (NMDA)
and metabotropic receptors, but not the alpha-3-amino-hydroxy-5-
methl-4-isoxazole (AMPA) and kainate receptors.

VA, a hybrid peptide consisting of a carboxy fragment of VIP
(VIP 7-28) and a six-amino acid fragment of neurotensin, was synthe-
sized and purified as previously described (32, 33). This antagonist
has no agonist activity, and can distinguish between central and pe-
ripheral VIP receptors (33). Previous studies have shown that VA
treatment of CNS cultures produced a 30% loss in the number of
neurons (32). Injection of VA to pregnant mice at early stages of
brain development induced a 50% microcephaly in the embryos (23).
Administration of VA to neonatal animals caused damage to cerebral
cortical neurons (34) as well as delays in the acquisition of develop-
mental milestones (35). Importantly, cotreatment with neurotensin
did not influence the biological activity associated with VA (35).

SNV is a novel agonist of VIP, exhibiting (a) a 100-fold greater
potency than the parent molecule, and (b) specificity for a VIP recep-
tor associated with neuronal survival (36). This VIP analog acts
through cAMP-independent mechanisms (36, 37). The new molecule
contains two chemical modifications in VIP: the addition of an NH,-
terminal long-chain fatty acid, and the substitution of the methionine
in position 17 with norleucine. Synthesis and purification of SNV was
performed as previously described (38).

Table I. Mortality Rate

Mortality

Experimental groups PO P5
Ibotenate 4/30 117
Ibotenate + VIP 1 pg 1/25 4/15
Ibotenate + VIP 0.1 pg 1/6 0/6
Ibotenate + VIP 0.01 pg 0/6 0/6
Ibotenate + VIP 1 pg heat inactivated 1/6 1/6
Ibotenate + PACAP 1 pg 1/8 1/9
Ibotenate + PACAP 0.1 pg 3/8 0/6
Ibotenate + PACAP 0.01 pg 1/8 0/6
Ibotenate + PACAP 0.001 pg 2/8 0/6
Ibotenate + VA 1 pg 3/8 077
Ibotenate + SNV 0.1 pg 17 1/8
Ibotenate + VIP 1 pg + VA 1 pg 0/6 0/6
Ibotenate + forskolin 5 pg 0/6 0/5
Ibotenate + forskolin 0.5 pg 0/7 1/6
Ibotenate + forskolin 0.05 pg 1/6 1/5
Ibotenate + ADNF 10 pg 0/6 0/5
Ibotenate + ADNF 1 pg 0/6 0/6
Ibotenate + ADNF 0.1 pg 1/6 0/6
Ibotenate + VIP 1 pg 2 h later 0/6 0/6
Ibotenate + VIP 1 pug 4 h later 0/5 411
Ibotenate + VIP 1 g 8 h later 0/5 0/6
Total 20/179 14/154
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ADNF-14 is a 14—amino acid peptide derived from activity-depen-
dent neurotrophic factor, a protein released from astroglia by VIP
(24). The structure of ADNF-14 is VLGGGSALLRSIPA. Peptide
synthesis was conducted on a solid support, and the product was puri-
fied on Sephadex G-25 and reversed HPLC. The peptide showed the
desired molar ratios of amino acids. This peptide has similar neuro-
protective properties to that of intact ADNF. ADNF-14 has been
shown to protect CNS neurons from NMDA, beta amyloid peptide,
and gp120, the envelope protein from the human immunodeficiency
virus. The peptide was dissolved in PBS just before injection.

In the first set of experiments, ibotenate (5 pg at PO and 10 g at
P5) was coinjected with one of the following peptides or combination
of peptides: 1, 0.1, or 0.01 pg VIP; 1 pg heat-inactivated VIP; 1 pg
VIP + 1 ng VA; 1, 0.1, 0.01, or 0.001 g PACAP; 0.1 ng SNV; 5, 0.5,
or 0.05 pg forskolin; 10, 1, or 0.1 pg ADNF; controls received only
ibotenate.

In another set of experiments, PO and P5 pups were injected with
ibotenate (5 or 10 pg, respectively) followed by an injection, in the
same site, of 1 pg VIP 2, 4, or 8 h after the ibotenate injection.

5-23 pups from at least two different litters were used in each ex-
perimental group. Values were obtained from two or more successive
experiments.

VIP binding sites analysis. The heads of untreated PO and P5
pups were frozen rapidly at —80°C. 20-wm cryostat sections were pro-

cessed for binding with ['*°I]-VIP, and for subsequent autoradiogra-
phy as previously described (39). Sections were incubated in ['21]-
VIP with and without 1 wM VIP (Peninsula Laboratories, Inc.) or 1 uM
SNV. The density of labeled VIP in the neocortex was analyzed by
digitizing the film images using a Macintosh II-based image analysis
system (IMAGE; Wayne Rasband, Research Services Branch, Na-
tional Institutes of Mental Health, Bethesda, MD). Specific binding
was determined by subtracting the light transmittance from brain sec-
tions incubated with 1 uM unlabeled VIP from the total light trans-
mittance.

Results

Mortality and epileptic manifestations. Overall mortality was
low in the present study (10.2%), both in PO and P5 experi-
ments (11.2 and 9.1%, respectively) (Table I). The mortality
rate observed with ibotenate is lower than previously observed
(10), probably because of differences of activity in successive
batches of ibotenate (Marret, S., and P. Gressens, personal
communication). In the present study, all animals were in-
jected with a single lot of ibotenate. No significant difference
was observed in a test of contingency (exact Fisher test) when
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Figure 1. VIP prevents ibotenate-induced PO neuronal death and P5 white matter cyst. Cresyl violet—stained sections showing brain lesions in-
duced by ibotenate injected at PO (a—c) or P5 (d—e) and studied at the age of P5 (a—c) or P10 (d-e). (@) Brain injected with ibotenate alone, show-
ing the typical neuronal loss predominating in layers V and VIa with the sulcus formation (arrow) and the absence of detectable white matter
cystic lesion. (b and ¢) Brains cotreated with ibotenate and VIP (b) or SNV (c). Note the absence of detectable cortical lesion. (d) Brain injected
with ibotenate alone, showing the typical neuronal loss in layers II-VI and the white matter cystic lesion. (e and f) Brains cotreated with iboten-
ate and VIP (e) or SNV (f). Note the absence of detectable white cystic matter lesion, but the persistence of neuronal loss in the cortical plate.

Bar, 40 pm.
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Figure 2. VIP and SNV display similar protective effects against neo-
cortical lesions induced by ibotenate. Bar represents mean length of
the neocortical lesion in the sagittal fronto-occipital axis=SEM. As-
terisks indicate difference from control (*P < 0.05, **P < 0.01 in
ANOVA with Dunnet’s multiple comparison test). Control animals
(Ctrl) were injected with ibotenate alone; all the other experimental
groups were cotreated with ibotenate and the indicated peptide(s) (P,
PACAP). (A) Size of the lesion observed in neuronal layers V and VIa
after ibotenate injection at PO. (B) Size of the lesion observed in neu-
ronal layers II-VI after ibotenate injection at P5. (C) Size of the cystic
lesion observed in the white matter after ibotenate injection at P5.

the different treatment groups were compared to the animals
injected with ibotenate alone. Epileptic manifestations includ-
ing clonic or tonic seizures and apneas were observed in al-
most all PO- and P5-treated animals. No difference in intensity,
clinical phenotype, or incidence of epileptic manifestations
was observed between the different experimental groups.

Protective effects of VIP against ibotenate injections per-
formed at PO. Brain serial sections stained with cresyl violet
showed focal damage in 100% of the animals injected with
ibotenate alone. All these brains displayed a dramatic neu-
ronal loss predominating in neocortical layers V and VIa (Fig.
1 A), without detectable white matter cystic lesion. Generally,
a microgyric sulcus was present because of the infolding of the
molecular and the upper cortical layers. The mean length+
SEM of the ibotenate-induced cortical lesion along the sagittal
fronto—parietal axis was 558+44 pm (Fig. 2 A).

When different concentrations of VIP, but not heat-inacti-
vated VIP, were coinjected with ibotenate, a dose-dependent
reduction of the cortical lesion size was observed (71 and 77%
decrease of the mean length of the lesion in the sagittal fronto—
parietal axis with 0.1 and 1 pg VIP, respectively) (Fig. 1 B and
Fig. 2 A). With the highest dose of VIP, 47% of cotreated ani-
mals displayed completely normal cortex. In most of these nor-
mal brains, no needle tract was observed. The absence of nee-
dle tract is generally the case when early postnatal brain is
injected with PBS alone (9). No protection of cortical neurons
was obtained when VIP treatment was delayed after ibotenate
administration (Fig. 3). SNV, a specific VIP agonist, remark-
ably mimicked the protective effects of VIP against excitotoxic
cortical lesions (86% lesion size reduction and absence of
histological lesion in 60% of treated animals) (Fig. 1 C and
Fig. 2 A). Cotreatment with VA, 1 ng PACAP, or forskolin,
exacerbated the excitotoxic lesion (80, 60, and 99-127%, re-
spectively, increase of mean cortical lesion size in the sagittal
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Figure 3. VIP protects against white matter excitotoxic lesions 4 h af-
ter ibotenate injection. Bar represents mean length of the neocortical
lesion in the sagittal fronto—occipital axis=SEM. Asterisks indicate
difference from control (*P < 0.05, **P < 0.01 in ANOVA with
Dunnet’s multiple comparison test). Control animals (Ctr/) injected
with ibotenate alone; the other experimental groups were either
cotreated with ibotenate and 1 ug VIP (VIP 0 h) or were injected ini-
tially with ibotenate, and received a second injection of 1 pg VIP at
different times (VIP 2, 4, or 8 h) after the initial ibotenate injection.
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Figure 4. ADNF mimics VIP effects on excitotoxic neocortical le-
sions. Bar represents mean length of the neocortical lesion in the sag-
ittal fronto-occipital axis=SEM. Asterisks indicate difference from
control (*P < 0.05, **P < 0.01 in ANOVA with Dunnet’s multiple
comparison test). Control animals (Ctrl) injected with ibotenate
alone; ADNF, animals cotreated with ibotenate and ADNF.

fronto—occipital axis) (Fig. 2 A). Cotreatment with lower doses
of PACAP did not affect the size of the excitotoxic lesion (Fig.
2 A). Coinjection of VIP and VA completely abolished the
VIP protective effect against ibotenate-induced lesions (Fig.
2 A). ADNF-14 (10 pg) induced a significant protection against
excitotoxic neuronal death (67% reduction of mean length of
the lesion in the sagittal fronto—occipital axis) (Fig. 4).

VIP-induced protection against ibotenate injections per-
formed at P5. All PS5 animals injected with ibotenate alone
displayed cortical lesions (mean length of the lesion in the sag-
ittal fronto—occipital axis: 90678 wm) (Fig. 1 D and Fig. 2 B),
and 88% of these animals also had large periventricular white
matter cysts (mean length of the lesion in sagittal fronto—occip-
ital axis: 51662 pm) (Fig. 1 D and Fig. 2 C). The cortical le-
sion was typical, with a dramatic neuronal loss in neocortical
layers II, III, IV , V, VIa, and VIb, with an almost complete
disappearance of neuronal cell bodies along the axis of iboten-
ate injection.

Cotreatment of P5 animals with ibotenate and either VIP,
VA, SNV, PACAP, forskolin, or ADNF-14 had no significant
effect on the ibotenate-induced neuronal death (Fig. 2 B and
Fig. 4). In contrast, VIP provided a dose-dependent protection
against the excitotoxic white matter cyst (20, 67, and 85% de-
crease of the mean lesion length in the sagittal fronto—occipital
axis with 0.01, 0.1, and 1 pg VIP, respectively) (Fig. 1 e and Fig.
2 C). With the highest dose of VIP, 38% of cotreated animals
displayed completely normal white matter. 1 pg heat-inacti-
vated VIP had no protective effect on white matter lesions. A
significant VIP protection against excitotoxic white matter
damages was observed when VIP was coinjected with iboten-
ate, or was injected up to 4 h after ibotenate administration
(Fig. 3). As at PO, coinjection of SNV reproduced VIP protec-
tive effects against excitotoxic lesions (93% lesion size reduc-
tion and absence of detectable histological lesion in 50% of
treated animals) (Fig. 1 fand Fig. 2 C). Co-treatment with VA
and ibotenate aggravated the excitotoxic lesion (64% increase
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of white matter cyst size in the sagittal fronto—occipital axis)
(Fig. 2 C). Coinjection of VIP and VA completely abolished
VIP protection against ibotenate-induced lesions (Fig. 2 C).
Different doses of forskolin had no detectable effect on iboten-
ate-induced white matter lesions (Fig. 2 C). While lower doses
of PACAP had no detectable protective effects, animals coin-
jected with ibotenate and 1 pg PACAP had a tendency to dis-
play smaller white matter cysts (49% lesion size reduction)
that were not statistically significant. ADNF-14 (10 pg) signifi-
cantly protected the neocortical white matter against iboten-
ate-induced lesions (94% lesion size reduction in the sagittal
fronto—occipital axis, and absence of detectable histological le-
sion in 60% of animals) (Fig. 4).

Distribution of VIP binding sites in the PO and P5 neocortex
(Fig. 5). In the PO mouse brain, VIP binding was widespread,
moderately dense, with higher densities seen in regions con-
taining dividing neuroepithelial cells such as the developing
striatum (Fig. 5 a). Throughout most of the neopallium, bind-
ing was moderate, but exhibited slightly higher levels in the
molecular layer, the highest levels in the periventricular neu-
roepithelium, and the lowest levels in the white matter (Fig. Sa).
In the presence of 1 uM SNV, ~ 70% of the VIP binding was
displaced throughout all neopallium layers, including the re-
maining neuroepithelium (Fig. 5 ). The high binding in the
neuroepithelium of the striatum was also displaced by SNV.
The labeled VIP binding in the brain was specific since it was
displaced by 1 uM VIP (Fig. 5 ¢).

In the PS5 mouse brain, VIP binding was also widespread,
moderately dense, and exhibited a higher density in the stria-
tum compared with adjacent brain regions (Fig. 5 d). VIP
binding was fairly uniform throughout the neocortical plate,
however, the deeper layers had the highest density of binding
sites (Fig. 5 d). SNV (1 pM SNV) displaced ~ 65% of the VIP
binding in the superficial neocortical layers, and ~ 75% of the
binding in the deeper layers (Fig. 5 ¢). As in PO mouse brain,
VIP binding was low in white matter of the PS5 mouse brain.

Discussion

The most salient feature of this study is the demonstration that
VIP potently protects the developing brain from ibotenate in-
sults. VIP is particularly efficient in preventing excitotoxic
neuronal loss in cortical layers V-VIa at PO, and white matter
cystic lesions at P5. In contrast, VIP has no significant effect on
ibotenate-induced neuronal loss in cortical layers II-VI at P5.
These protective effects of VIP are in agreement with previous
in vitro data showing that VIP prevents embryonic neural cell
death (18-21). Recent experiments have also reported that
c-fos upregulation induced by nontoxic low concentrations of
glutamate can be potentiated by VIP, suggesting possible in-
terrelations between VIP and glutamatergic agents (30). Fur-
thermore, in nonneural tissues, NMDA-induced lung edema
can be attenuated by VIP (31).

In vitro, the survival-promoting action of VIP on neurons is
mediated by astrocytes that display VIP receptors, and release,
after VIP stimulation, neurotrophic factors including ADNF,
IL-1, and protease nexin 1 (18, 24-26). In the present model,
although direct effects of VIP on cortical neurons and on white
matter axons cannot be excluded, both cortical plate and white
matter protective effects of VIP could be mediated by astro-
cytes and glial-released factors, as demonstrated by the protec-
tive effects of ADNF administration.
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VIP rescued PO (but not P5) neocortical neurons from exci-
totoxic cell death, although VIP binding sites (which do not
discriminate between VIP receptor subtypes and between neu-
ronal and glial populations) were present in the PO and PS5 neo-
cortical plates. Similarly, VIP protected PS5 white matter, but
not P5 neurons from excitotoxicity, although this differential
VIP action was not explained by the injection procedure (see
Methods). Several hypotheses could explain these differences:
(a) the mechanism of ibotenate toxicity is different at PO and
PS5 and/or between cortical plate and white matter; (b) PO and
P5 neurons exhibit different sensitivity to glia-derived neu-
rotrophic factors; (c) diffusability or degradation of VIP could
be different in neocortical layers at PO compared with P5, or in
white matter compared with neocortical layers at P5; (d) at PO,
VIP receptors are abundant on astrocytes, inducing the release
of neurotrophic factors while, at P5, most VIP receptors are
present on neurons; and (e) the subtype of VIP receptors
present in the neocortex changes between PO and PS5, or be-
tween PS5 cortical plate and P5 white matter.

While VIP injections given up to 4 h after ibotenate admin-
istration at P5 provide a significant protection against white
matter lesions, VIP seems to be mostly preventive and poorly
therapeutic against excitotoxic lesions at PO, as VIP has to be
coinjected with ibotenate to observe a protective effect at PO.
The molecular basis of this disparity in VIP effects at PO and
P5 is still unclear, and could reflect differences between white
matter cells and cortical neurons. Alternatively, diffusability
and degradation of VIP could be different after ibotenate in-
jection in PO cortical plate and in P5 white matter. In particu-
lar, we observed a higher frequency of hemorrhage at the sec-
ond delayed injection in PO brains when compared to P5 pups
(Gressens, P., and S. Marret, personal communication).

The protection afforded by VIP treatment in the ibotenate-
induced lesions seems to be specific for VIP and/or a VIP-
related molecule (see below), and is likely receptor-mediated.
Several lines of evidence support this statement: (¢) VIP ef-

Figure 5. Autoradio-
graphs of ['I]VIP bind-
ing in coronal sections of
PO and PS5 brains. Tissue
slices were treated under
conditions described in
Methods. (a) Total VIP
binding in PO mouse
brain. (b) Section of PO
mouse brain adjacent to
a, VIP binding in the
. presence of 1 pM SNV.
- %E- ) (c) Section of PO mouse
T brain adjacent to b, VIP
% binding in the presence of
i 1 uM VIP. (d) Total VIP
binding in PS5 mouse
brain. (e) Section of P5
mouse brain adjacent to
d, VIP binding in the
presence of 1 puM SNV.
Bar, 500 pm. ml, molecu-
lar layer; ne, neuroepithe-
o lium; S, striatum.

fects are dose dependent; (b) VIP-induced protection is sup-
pressed by cotreatment with VA, a specific VIP antagonist; (c)
injection of VA aggravates ibotenate-induced lesions; and (d)
VIP binding sites are present in the neocortical layers where
VIP exhibits protective effects.

Receptors and transduction pathways underlying VIP ef-
fects. As previously mentioned, PACAP and VIP share some
common receptors (for review see reference 27). Two of them
have been cloned recently, and tentatively called VIP-1/
PACAP-2 (40, 41) and VIP-2/PACAP-3 receptors (42, 43).
PACAP, but not VIP, also acts on some PACAP-1 receptors
(44). Similarly, specific VIP receptors (which we propose to call
VIP-3 receptors) not shared by PACAP have not yet been
cloned, although their existence, based on physiological effects of
VIP not reproduced by PACAP, has been hypothesized (23, 45).

Two transduction pathways have been reported for VIP and
PACAP: (a) VIP and PACAP can stimulate the production of
cAMP (28,29); and (b) recent studies have shown that subnano-
molar concentrations of VIP and PACAP stimulate the accu-
mulation of intracellular calcium and increase inositol phos-
phates in astrocyte cultures (46, 47), and that VIP produces
translocation of protein kinase C—a, -3 and —§ isozymes (48).

In our mouse model of excitotoxicity, the neuronal protec-
tion induced by VIP at PO is unlikely to be mediated through a
VIP-PACAP or a PACAP receptor, since treatment with 1 pug
PACAP increases the size of the ibotenate-induced lesion.
These data support the hypothesis of the existence, at least
during brain development, of some specific VIP receptors not
shared by PACAP. Since SNV, but not forskolin, protects the
cortical plate against the excitotoxic cascade, VIP protective
effects at PO seem to be cAMP independent, and mediated by
an alternate transduction mechanism, possibly involving intra-
cellular calcium, phosphate inositol, and some protein kinase
C. This observation is confirmed by the displacement of the la-
beled VIP from cortical binding sites by SNV, suggesting that
70% of the VIP binding sites in the neocortex at this age are
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not linked to cAMP. These data are in agreement with previ-
ous cell culture studies, showing that subnanomolar concentra-
tion of VIP and SNV, which do not activate adenylate cyclase,
promote neuronal survival (19, 20, 36, 37). In contrast, nega-
tive effects of high-dose PACAP on excitotoxic lesions at PO
could be mediated by cAMP, as forskolin also aggravates
ibotenate-induced lesions.

At P35, after ibotenate injection, VIP and SNV provide a
significant protection (85-88% reduction of lesion size) in the
white matter in contrast to PACAP and forskolin, which do
not induce a statistically significant reduction of lesion size.
These data suggest that, as at P0, the hypothesized VIP-3 re-
ceptor is involved, and uses a cAMP-independent transduction
pathway to prevent ibotenate-induced white matter lesions.
Although data are not statistically significant, 1 ug PACAP may
provide a 50% protection against ibotenate white matter le-
sions. Based on the available data on receptors, the tendency
of PACAP to protect partially against excitotoxic white matter
lesions could be explained by activation of the specific PACAP-1
receptor or a common VIP-PACAP receptor.

Implications for human fetuses and preterm neonates. The
administration of ibotenate in the developing mouse brain re-
capitulates the sequence of hypoxic-like CNS lesions observed
in human fetuses and preterm/term neonates (10). In the
present study, we have shown that VIP and SNV provide sig-
nificant protection against lesions mimicking microgyria (neu-
ronal loss predominating in layers V-VIa at P0) and periven-
tricular leukomalacias (white matter cysts at P5) that seem to
occur in human brains more frequently between 14 and 28
postconceptional wk (11, 12) and 24 and 32 postconceptional
wk (8, 15, 16), respectively. The present data support the hy-
pothesis of a disturbed balance between protective mecha-
nisms (such as free radical scavengers and growth factors in-
cluding VIP) and toxic factors (such as excitatory amino acids,
free radicals, nitric oxide, cytokines, and hypoxic—ischemic
conditions) as the pathophysiological mechanism leading to
some hypoxic-like lesions of the developing brain.

The maternal circulation provides not only nutrients for
the developing fetus, but also hormones and growth factors
such as insulin (49), thyroid hormones (50), steroids (51),
G-CSF (52), TGFB (53), and VIP (54). Transplacental transfer
of several of these factors is probably limited to the early
stages of brain development, and the fetus produces some of
these factors at later stages of development. Premature deliv-
ery, however, potentially induces a brutal loss of the maternal
supply of molecules that are not produced or not in sufficient
amount by the fetus. With regard to VIP, this peptide is
present in human maternal and fetal circulations throughout
the whole gestation (55), but no data are available on the pro-
duction of VIP by the human fetal brain. VIP mRNA begins to
be detected easily by in situ hybridization after 120 d of gesta-
tion in monkey brain (56), and during the first postnatal week
in rat brain (57), although Waschek and collaborators have de-
scribed recently mouse hindbrain cells expressing VIP mRNA
as early as E11 (58). Future studies will have to determine the
importance of these early cells producing VIP in comparison
to circulating VIP in brain development and neuroprotection.
In particular, further analyses are required to correlate the risk
of cerebral palsy with circulating VIP levels in premature in-
fants.

Beyond clues for a better understanding of the pathophysi-
ology of brain lesions observed in human fetuses and preterm
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neonates, the present data also provide experimental data to
support intervention studies to prevent such brain lesions.
Glutamate receptor antagonists and inhibitors of glutamate re-
lease (for review see reference 9), free radical scavengers (59),
growth factors including nerve growth factor (60), and insulin-
like growth factor 1 (61), have been shown to protect partially
rodent brains against excitotoxic and/or hypoxic-ischemic
damages. VIP derivatives could represent an alternate ap-
proach to treat these disorders in premature infants. Highly li-
pophilic SNV is able to reach the CNS after peripheral admin-
istration (37), and has potentially fewer side effects than VIP
since it does not stimulate cAMP production (36-38). ADNF
and derivatives could also represent an interesting approach to
prevent excitotoxic lesions in premature infants.

Conclusion. This study demonstrates that, in a developing
mouse model of excitotoxic neural cell death, VIP prevents le-
sions that strikingly mimick polymicrogyria and periventricu-
lar leukomalacia. This VIP protection seems to be mediated
largely by a specific novel VIP receptor using a cAMP-inde-
pendent transduction pathway, probably leading to the release
of ADNF. SNV, a VIP-lipophilic analog, and ADNF could
represent new pharmacological tools to be tested in human
premature infants at high risk of cerebral palsy.
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