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Abstract

Vasoactive intestinal peptide (VIP) has potent growth-re-
lated actions that influence cell mitosis, neuronal survival,
and neurodifferentiation in cell culture. VIP can also pro-
duce dramatic growth in postimplantation mouse embryos
in vitro, characterized by large increases in cell number.
The goal of the present study was to assess the role of VIP
on early nervous system development in vivo. Pregnant mice
were treated with a specific antagonist to VIP. Prenatal ad-
ministration of the antagonist early in development (E9-
Ell) produced severe microcephaly characterized by de-
creased embryonic brain weight with reduced DNA and
protein content. The retardation of growth was dispropor-
tionally manifested in the brain compared with the body
and was prevented by co-treatment with VIP. Identical
treatment with the antagonist later in gestation had no de-
tectable effect on embryonic growth. VIP receptors, which
were restricted to the central nervous system during this
stage of embryonic development, were increased in the neu-
roepithelium of antagonist-treated embryos while the num-
ber of cells in S-phase was significantly decreased. Thus,
VIP regulates brain growth in vivo and inhibition of its
action provides new insight into a molecular mechanism
for microcephaly. (J. Clin. Invest. 1994.94:2020-2027.) Key
words: mitosis * growth retardation * embryo * growth fac-
tor * vasoactive intestinal peptide antagonist

Introduction

Understanding the pathophysiology of microcephaly is not only
important for the development of preventive and therapeutic
strategies, but also for identification of the essential elements
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regulating central nervous system (CNS)1 ontogenesis. Al-
though environmental factors have been associated with micro-
cephalies, (1) no etiological factor has been unequivocally iden-
tified. Furthermore, information on the ontogenetic events and
molecular mechanisms involved in the pathology of CNS
growth retardation is sparse. Recent reports have shown that
inhibition of insulin-like growth factor-2 activity induced a re-
duction in brain size. However, insulin-like growth factor-2
blockade produced a proportional reduction in both brain and
body, (2) suggesting that microcephaly involves interference
with other, more specific, growth factors. The most extensively
studied experimental model for microcephaly is based on ad-
ministration of the alkylating agent, methylazoxymethanol to
pregnant rats (3-5). Prenatal treatment with this short-acting
antimitotic agent produces severe microcephaly and behavioral
deficits in newborn rats. Other substances that have been studied
as inducers of microcephaly and neuroanatomical deficits in-
clude methylnitrosourea (6) and ochratoxin A (7).

A new model for microcephaly is now proposed based on
the inhibition of the mitogenic and/or survival-promoting ac-
tions of vasoactive intestinal peptide (VIP) (8-11). This study
is the first to describe a microcephalic outcome produced by
the inhibition of a specific neurochemical: VIP. The growth
retardation was produced using a specific VIP antagonist (VA,
neurotensin-VIP 7-28 hybrid antagonist) (12-14).

This work had its foundation in previous observations indi-
cating that VIP has unique neurotrophic properties as demon-
strated in primary cultures from the central nervous system.
Subnanomolar amounts of VIP have been shown to increase
the survival of spinal cord neurons and blockade of endogenous
VIP by specific antiserum or VIP antagonists has produced
neuronal cell death (8, 12). These survival-promoting effects
were shown to be mediated by secondary molecules released
from glia (9, 15). Subsequent reports have indicated that VIP
can promote mitosis of astroglia (9) and neuroblasts from sym-
pathetic ganglia (11). These in vitro studies were extended re-
cently to whole embryo cultures (10). A 4-h treatment with VIP
(10-10 M to 10-7 M) was shown to dramatically stimulate
growth of embryonic mice at gestational day 9.5 (E 9.5). VIP
caused a concentration-dependent increase in somitic number,
a marker of growth and maturation. An average of 5.2 new
somites were produced with 10-7 MVIP, while control embryos
acquired an average of 2.2 new somites during the treatment
period. Similar VIP growth-stimulating effects (11-63% of in-
crease from control) were evident on embryonic volume. In
comparison to control embryos in culture, VIP increased the
DNAand protein content by 103 and 63%, respectively, indicat-
ing that VIP induced growth through large increases in mitotic
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activity and/or in survival of dividing precursors. When cells
were labeled in S-phase with bromodeoxyuridine, it became
evident that VIP produced a concentration-dependent increase
in the number of cells in S-phase (up to a 5-6-fold increase)
in both neuronal and nonneural tissues. At this stage, virtually
all of the detectable VIP binding sites were confined to the
central nervous system (10, 16) and addition of VIP to the
culture medium produced a concentration-dependent decrease
in binding sites. Addition of VA partially blocked both the VIP-
stimulated increases in embryonic growth and the VIP-induced
down-regulation of VIP binding sites (10). Together these data
suggest that during the period between E9 (closure of neural
tube) and E12 (onset of neocortical neuronal migration), VIP
regulates embryo growth through VIP binding sites localized
to the CNS. At this time, the embryo may be vulnerable to
pharmacological blockade of VIP actions that have conse-
quences to brain development. This is also the period in which
the production of precursor cells for the whole brain occurs, as
does the commitment of cells to the glial lineage (17). With
this critical period as a focus, the purpose of the present work
was to assess the role of VIP on early CNSgrowth by injecting
pregnant mice with an antagonist to VIP.

Methods

VA-hybrid VIP antagonist. To assess the role of VIP on early CNS
growth a VIP antagonist was used. The pharmacological specificity of
the VAhas been investigated (12-14). VAis a hybrid peptide consisting
of a carboxy fragment of VIP (VIP 7-28) and a six-amino acid frag-
ment of neurotensin (13). This antagonist was found to have no agonist
activity and to recognize both high and low affinity VIP binding sites
on astroglia (12). At the lower affinity site associated with the generation
of cAMP, VA exhibited 10-fold greater potency than VIP in displacing
radiolabeled VIP from cortical astrocytes. At the high affinity site, VIP
and VA were equipotent in binding displacement studies. The VIP
antagonist exhibited tissue specificity as it did not block VIP receptors
on lymphocytes (14). In contrast, VA inhibited VIP-stimulated prolifera-
tion and growth of lung cancer cells (18). Previous studies have shown
that VA treatment of CNScultures produced a 30% loss in the number
of neurons (12). Administration of VA to neonatal animals caused delays
in the acquisition of developmental milestones and damage to cerebral
cortical neurons (19, 20). Importantly, co-treatment with neurotensin
did not influence the biological activity associated with VA (19).

Drug administration. Pregnant NIH Swiss mice were injected intra-
peritoneally twice daily (8-9 AMand 6-7 PM) between E9.3 and
El 1.8 with 200 u1 of phosphate buffered saline (PBS) containing VA
(synthesized as described previously) (13) or various neuropeptides pur-
chased from Peninsula Laboratories Inc. (Belmont, CA) dissolved in
0.02% acetic acid. Experimental groups were as follows: 0.02, 0.2, or
2 HIg/g body weight of VA; 0.002, 0.02, 0.2, or 2 Jsg/g of VIP; 2 Jtg/g
secretin; co-treatment with 2 I.g/g of VIP and 0.2 ,g/g VA; co-treatment
with 2 ug/g pituitary adenylate cyclase activating peptide 1-38 (PACAP
1-38), a recently discovered VIP-like peptide (21) and 0.2 tzg/g VA;
2 ug/g PACAP6-27 (a partial PACAPantagonist) (22), and PBS con-
taining 0.02% acetic acid. At E9.8 and E11.8, one hour after the last
injection, and at E17.8, mothers were sacrificed and the embryos re-
moved. E17.8 was chosen as a termination point since at this gestational
age the cortical plate is formed and gliogenesis is occurring in the
germinal zone. To investigate the range of ontogenic vulnerability, ad-
ministration of VA from E9.3 to E9.8, El 1.8 or E17.8 was compared.
In addition, in a separate group of animals, 2 ,ug/g VA or PBS was
injected twice daily from E9.3 to E17.8, E12.3 to E14.8, or E15.3 to
E17.8 to compare effects of VA before and during neuronal migration.
At indicated ages, embryos were isolated and either frozen at -80°C

for biochemical analysis (DNA, protein and receptor assays) or fixed
in 70%ethanol and paraffin embedded for mitosis evaluation by bromo-
deoxyuridine (BRDU) immunocytochemistry.

Biochemical analysis of embryos. As separate tissues, the head and
the body were homogenized in 0.1 Mperchloric acid. The DNAcontent
was measured as previously described (23, 24) and the protein content
was measured using the protein analysis kit from Bio-Rad Laboratories
(Hercules, CA) (25). All statistical analyses were performed by analysis
of variance with Student-Newman-Keuls multiple comparison of means
test. 6-28 embryos from at least three mothers were used in each
experimental group. Values were obtained from three or more experi-
ments.

Immunocytochemistry. To test the effects of VA treatment from E9.3
to El 1.8 on mitosis, BRDU, a thymidine analog integrated in S-phase
cells (26), was incorporated and detected as described (27). 20 min
before sacrifice, 50 mg/kg BRDU, purchased from Sigma Chemical Co.
(St. Louis, MO) in 200 yII PBSwas injected intraperitoneally to pregnant
mice. Embryos were sacrificed at E9.8, El 1.8, or E17.8, and fixed in
70%ethanol and paraffin embedded. Sagittal 5-tim sections were cut and
stained with hematoxylin and eosin or used for immunocytochemistry to
detect nuclei which had incorporated BRDU. The proportion of BRDU-
labeled cells was compared at the level of the prosencephalon (E9.8
and El 1.8 embryos) or neocortical and cerebellar germinal zones (E17.8
embryos) and, in the body, at the level of somites (E9.8) or limb buds
(El 1.8). Cell counts were performed in four embryos per experimental
group. Five serial sections were taken at 10-,um intervals per embryo.
On each section, at least 200 cells were counted for each area studied.
In each group, embryos from at least two different pregnant mice treated
in two experiments were included.

To assess effects on glia, immunocytochemistry with the glial
marker RC2 (28) was performed on frozen sections. Embryos were
sacrificed on E9.8 or El 1.8 and then frozen by immersion in liquid
nitrogen and processed for immunocytochemistry as previously de-
scribed (17, 28, 29).

VIP binding analyses. To evaluate the effects of VA treatment on
VIP binding sites, in vitro autoradiography was performed on treated
embryos. Embryos were rapidly frozen at -80°C and 20-jsm cryostat
sections were processed for binding with 1"I-VIP as previously de-
scribed(30). Sections were incubated in "2I-VIP, purchased from Amer-
sham Corporation (Arlington Heights, IL), with and without 1 OMVIP.
The densitbof labeled VIP in various regions of the embryonic neural
tube was analyzed by digitizing the film images using a Macintosh-
II-based image analysis system (IMAGE, Wayne Rasband, Research
Services Branch, NLMH). Specific binding was determined by sub-
tracting the light transmittance from brain sections incubated with 1 LM
unlabeled VIP from the total light transmittance. Measurements were
made at the level of the prosencephalon at E9.8. The results were ex-
pressed as optical density units. In each experimental group, six embryos
from three different pregnant mice treated in two different experiments
were included.

Results

Biochemical analysis of embryos. Treatment with the VIP antag-
onist from E9.3 to El 1.8 induced a dose-dependent decrease in
the content of DNA (52% of controls) and protein (43% of
controls) in the heads of El 1.8 embryos (Fig. 1, A and B). In
contrast, the DNAand protein content of the body was less
affected (89 and 72% of controls, respectively). Using the same
VA treatment paradigm, animals that were sacrificed later at
E17.8 had brain weights and size (59% of controls, Figs. 1 C
and 2 A) that were reduced in a similar proportion to those from
animals taken at El 1.8; the weight loss was less marked in the
body (82% of controls). Increased duration of VA treatment
from E9.3 to E17.8 did not significantly change the extent of

Microcephaly Induced by Vasoactive Intestinal Peptide Blockade 2021



A
100j

80 .

C

T

*

0 2 0.2
CTRL VA

0.2+2 0.2+2 2 Ag/g
VA+V VA+P PA

I
2 40
D
E
0)
a 30
0.
m

E
. 20

co) 10
z
C.

0 2 0.2 0.02 0.2+2 0.2+2 2 ag/g
CTRL VA VA+V VA+P PA

A

T TT

0 2 0.2 0.02 0.2+2 0.2+2

CTRL VA VA+V VA+P

T D

I

0

E
s0

0.-
0)

.)

3:
C)

z

2 jig/g
PA

T

T
*

1000

800 -

.0
E

600 "

0)_ CL
400 E

I I

.0)_ cm

200 3

* 0

0

.v
CTRL E9.3-11.8 E9.3-17.7 E12.3-14.8 E15.3-17.8 (injections)

VA (2gg/g)

Figure 1. VA treatment produced a stage-dependent microcephaly. (A) DNAcontent of El 1.8 embryos (n = 7-12). (B) Protein content of El 1.8
embryos (n = 8-12). (C) Weights of E17.8 embryos injected between E9.3 and El1.8 (n = 7-24). (D) Weights of E17.8 embryos injected during
different developmental periods (n = 6-24). Solid bars, head (A and B) or brain (C and D). Hatched bars, body. CTRL, control; VA, VIP antagonist;
V, VIP; P, PACAP1-38; PA, PACAP6-27. Results are expressed as means±standard deviation; (*) differs from control P < 0.05; (A) differs
from the group treated with 0.2 ug VA (P < 0.05).

microcephaly from that obtained from E9.3 to El 1.8 (Fig. 1

D). Compared with controls, no significant reduction in brain
size was observed in the embryos of mice injected with VA
between E12.3 and 14.8 or E15.3 and 17.8 (Fig. 1 D). When
dams were allowed to deliver, VA-treated pups were born alive
at term. A related peptide, secretin, had no effect on the parame-

ters under study (not shown). Co-treatment with a ten-fold molar
excess of VIP abolished the VA-induced impairment of CNS
and body growth (Figs. 1 and 2 A). Co-treatment with the VIP-
like peptide, PACAP, did not prevent the impairment of growth
produced by VA (Figs. 1 and 2 A). However, PACAPco-treat-
ment resulted in greater decreases in body DNA, protein, and
weight than were produced by VAalone (Fig. 1). Furthermore,
PACAP6-27, a putative PACAPantagonist (22), failed to in-
hibit embryonic growth (Fig. 1). Treatment of the dams with

VIP alone was toxic (0.002 to 0.02 l.sglg) or lethal (0.2 to 2 jg/
g) to the embryos (not shown).

Histological and immunocytochemical analyses. Compared
with control, VA treatment resulted in a reduction in the thick-
ness of the cortical wall (Fig. 2, B and C). The thickness reduc-
tion affected the germinal and intermediate (prospective white
matter) zones, but spared the cortical plate itself. In all treated
embryos, the lower half of the intermediate zone was partially
depopulated when compared to controls. No detectable histolog-
ical lesions were observed in VA-treated tissue. The parallel
reduction in DNAand protein content as well as normal cytoar-
chitecture of VA-treated embryos suggested a decreased cell
number induced by mitotic inhibition and/or increased death of
mitotic precursor cells. To test this hypothesis, BRDUwas in-
jected into pregnant dams 20 min before sacrifice. In E9.8 em-
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Figure 2. VA-inhibited brain growth without producing detectable gross or histological lesions. (A) Representative macroscopic appearance of E17.8
embryo brain treated between E9.3 and E11.8 with PBS alone (CTRL), 2 Ag/g VA (VA), 0.2 jig/g VA (VA), 0.2 tzg/g VA plus 2 sg/g VIP (VA +
V), and 0.2 ,g/g VA plus 2 pHg/g PACAP1-38 (VA + P). Bar, 0.5 cm. (B) Histological appearance of neocortex from E17.8 embryo treated with
2 ig/g VA between E9.3 and El 1.8. Some variation in the cellular density in the cortical plate was observed in both control and treated embryos
and was probably due to irregularities in section thickness. (C) Neocortex from E17.8 embryo treated with PBS alone. Tissue stained with
hematoxylin and eosin.
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Figure 3. VA-inhibited mitotic activity and/or cell survival of neuronal
cells. The proportion of BRDUlabeled cells in the CNS (solid bars)
and body (hatched bars) of E9.8 embryos (n = 20) treated with VA,
VA and VIP (VA + V), or VA and PACAP1-38 (VA + P) was shown
in comparison with data obtained in controls (CTRL). Results are ex-
pressed as means±standard deviation; (*) different from control (P
< 0.05); (A) differs from the group treated with 0.2 ,ug/g VA (P < 0.05).

bryos, VA produced a decrease in the number of cells in S-
phase (Fig. 3), affecting predominantly neural (82% of control)
rather than non-neural (96% of control) tissues. Co-treatment
with VIP but not PACAP, prevented the VA-mediated decrease
in the number of BRDU-positive cells (Fig. 3). Co-treatment
with PACAPresulted in a reduction in cells in S-phase in the
body which was not observed in embryos treated with VAalone.

To investigate the range of ontogenic vulnerability of these
effects, BRDUincorporation was compared in embryos treated
with VA from E9.3 to either E9.8, E1.8 or E17.8. In contrast
to the VA-induced reduction of BRDUlabeled cells observed
at E9.8, the number of S-phase cells in the E11.8 and E17.8
embryos was not significantly changed from that of control
(data not shown).

The glial marker, RC2, was used to determine if antagonist
treatment altered glial morphology. The intensity of labeling,
the density of labeled glial fibers, the radial distribution and
fascicular organization were not modified by VA treatment in
the neuroepithelium of E9.8 and El 1.8 embryos (data not
shown) and in the cortical wall of E17.8 embryos. Secretin and
co-treatment of VA with VIP or PACAPdid not produce any
detectable change in the RC2 staining.

VIP binding sites. Autoradiographic studies of 125WINIP binding
on treated and control embryos revealed that at 2 jg/g of VA
elicited an increase in the density of VIP binding sites in E9.8
embryos (136% of controls) (Fig. 4). A lower concentration of
VA (0.2 jig/g) did not reveal a significant increase VIP binding
sites. The partial PACAPantagonist (PACAP 6-27) had no effect.
VIP binding sites were present in the germinal neuroepithelium at
E9.8 (Fig. 4) but were reduced by El 1.8 (data not shown).

Discussion
This study shows that blocking the functions of VIP or a VIP-
like molecule for a brief period during early organogenesis
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Figure 4. VA-increased `~I-VIP binding in E9.8 embryos (n = 6).
CTRL, control; VA, VIP antagonist; PA, PACAP6-27. Results are ex-
pressed as means±standard deviation. (*) Differs from control (P
< 0.05).

retarded growth of the embryonic brain. The preferential reduc-
tion in head size versus the body is very unusual in that most
prenatal insults result in sparing of the head in comparison to
the body. The reduction of head size, we believe, is due to
both the remarkable specificity of the VIP antagonist and the
fundamental regulatory influence of VIP on mitogenic events
in the brain during the critical period when neural tube closure
and associated processes are occurring. These studies clearly
show that mitogenic activity was inhibited by the specific VIP
antagonist at this embryonic stage and that the growth retarda-
tion was severe, even discernible by visual examination. An
alternate or co-existing mechanism potentially explaining the
microcephalic brains is a selective death of mitotic precursors
in the primitive neuroepithelium induced by the VIP antagonist.
This hypothesis is consistent with previous studies indicating a
survival-promoting effect of VIP (8, 9, 15) and cell death induc-
tion by the VIP antagonist (12). Death rather than the inhibition
of mitosis in precursor cells during this critical period could
account for the loss of cells later in gestation.

But the question remains: why was the head preferentially
affected in comparison to the body? One possible explanation
resides in the distribution of VIP receptors in the embryo at
this developmental stage. In the embryo, almost all the VIP
receptors are restricted to the CNS(10, 16). Furthermore, previ-
ous studies with whole embryo cultures at E9.5 have indicated
that VIP-stimulated growth in the brain was completely inhib-
ited by the VIP antagonist (10). These data strongly indicate
that the vulnerability of the embryonic CNS to VIP blockade
resides in the presence of VIP receptors playing an important
regulatory role in stage-specific mitogenesis and/or cell sur-
vival. The more difficult question is why the embryonic body
was decreased (< 10%) by so little in comparison to the brain
losses (50%) in DNA, protein and weight. Two previous obser-
vations made on whole embryo cultures may contribute to our
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understanding of why body growth was less retarded than brain
growth after maternal VA treatment. Despite the absence of
detectable VIP binding sites in the body, treatment of a E8.5
embryo in vitro with VIP resulted in a dramatic growth of both
the brain and the body (10). Therefore, at some level, the body
was capable of responding to a VIP-mediated stimulus. What
is not yet clear, is whether the growth of the body is due to:
(a) the stimulation of low abundance, undetectable VIP recep-
tors or, (b) a response of the body to secondary molecules
elicited by VIP stimulation of CNS receptors. If the low level
receptor hypothesis is true, then the lack of response of the
body to the VIP antagonist could be explained by the known
preference of the VIP antagonist for CNSreceptors versus those
in the periphery (14). The tissue specificity of the antagonist
may account for the observed preferential loss in the head in
comparison to the body. Alternatively, if it is true that VIP
receptors are restricted to the CNSat this stage in development,
then a two-receptor hypothesis must be invoked to explain the
observed effects: one receptor that regulates CNSmitosis and/
or cell survival of dividing cells in the neuroepithelium, and
another receptor that regulates the secretion of secondary fac-
tor(s) that control body growth. As with the first hypothesis,
the lower response of the body would be attributed to a reduced
ability of the antagonist to block the second class of VIP recep-
tors regulating body growth.

The molecular identity of the receptor(s) mediating the
growth-promoting actions of VIP is not yet clear. However,
cDNA's encoding rat (31) and a similar human (32) form of
the VIP receptor recently have been cloned. This receptor was
detected in lung, liver and intestine as well as in the cortex,
hippocampus, hypothalamus, and cerebellum of the brain. A
second, high affinity receptor for VIP has been cloned which
was enriched in rat pituitary, olfactory bulb, thalamus, hippo-
campus, and the suprachiasmatic nucleus (33). The two VIP
receptors were found to be pharmacologically distinct and had
a 50% identity at the amino acid level. Similarities were greatest
in the putative transmembrane domains. A similarity in trans-
membrane domains was also found between the two VIP recep-
tors and the PACAPfamily of receptors, which consists of five
receptors derived from the same gene by alternative splicing
(34, 35). These PACAPreceptors have different affinities for
PACAP38, PACAP27, and VIP and in several tissues including
lung, liver, and intestines a shared PACAP/VIP receptor has
been identified. However, specific high affinity PACAPrecep-
tors have been identified in the brain which do not recognize
VIP (36). The failure of PACAPto act like VIP and prevent
VA-mediated inhibition of growth and development suggests
that PACAPwas unable to act at those receptor sites at which
VA inhibited growth and development. Previous studies of the
mitogenic properties of low concentrations (< 100 pM) of VIP
on astroglia suggested that the receptor mediating these events
was not linked to adenylate cyclase (9); rather, a calcium mobi-
lizing mechanism was most likely associated with both the se-
cretory and mitogenic actions of VIP (37). Whenthe expression
and signal transduction pathways of the known VIP and PACAP
receptors have been characterized in the embryonic CNS, the
identity of the growth-related receptor(s) may become apparent.

The previous discussion presumed that VIP was the endoge-
nous ligand that was blocked by administration of the hybrid
peptide antagonist. Certainly, the fact that the antagonist has a
80% identity with VIP (amino acids 7-28) supports the conclu-

sion that VIP is the natural ligand for this drug. Furthermore,
in vitro studies (12, 14) and in vivo studies (13, 19) have demon-
strated specificity. In the current study, co-treatment with a 10-
fold molar excess of VIP (and not with VIP-related peptides)
abolished the VA-induced impairment of CNSand body growth
(Fig. 1 and 2), demonstrating the specificity of the observed
effects. However, these results could have been achieved if
the antagonist was blocking some other VIP-like substance. To
address this possibility, a series of experiments were designed
to test whether PACAPmight play such a role. However, co-
treatment of the VIP antagonist with PACAPdid not prevent
the impairment of growth produced by VA (Fig. 1 and 2 A).
Furthermore, PACAP6-27, a partial PACAPantagonist (22),
had no effect on embryonic growth (Fig. 1), suggesting that
VA inhibits a specific VIP function not shared by PACAP.
Although co-treatment with PACAPhad no effect on the VA-
induced reduction of cells in S-phase in the CNS, it resulted in a
decrease of BRDUlabeling in the body not observed in embryos
treated with VA alone (Fig. 3). This suggests that PACAP, at
this concentration, had an effect on cell number opposite to that
reported for VIP. Thus, based on these experiments, the most
likely explanation of the data was that the hybrid antagonist
was not only specifically blocking the effects of VIP, but also
acting at a VIP receptor which was not stimulated/recognized
by PACAP.

The radial glial fascicles and their affiliated migrating neu-
rons constitute an ontogenic unit organizing the developing ce-
rebral cortex (38, 39). The extent of the cortical surface is
determined by the number of these adjacent neuronal-glial mod-
ules. These units are present in the primitive neuroepithelium
soon after neural tube closure, much earlier than the initiation
of neuronal migration (17). In VA-treated animals, the integrity
of the neuronal-glial unit was preserved, as demonstrated by
the normal glial organization and density and by the conserved
cortical plate cytoarchitecture and thickness. In contrast, the
cortical surface was reduced, strongly suggesting a diminished
number of neuronal-glial modules formed in VA-treated em-
bryos. Three possibilities have been considered: (a) the mitotic
inhibition and/or cell death induced by the VA in the primitive
germinal zone primarily affected the glial precursors with a
secondary inhibition of neuronal production due to lower
amounts of neurotrophic factors secreted by glial cells; (b) the
reverse may also occur; i.e., the neuronal precursors may be
reduced with a secondary effect on glia production; (c) both
neuronal and glial populations could be affected by VA.

Treatment with the VIP antagonist resulted in a reduction
of the intermediate zone of the cortical wall. This loss might
reflect a decreased neuronal migration due to a reduced number
of neuronal precursors in the germinative zone.

VIP antagonist treatment of mid-gestation mice resulted in
an increase in the number of VIP binding sites observed in the
CNS of the embryos. Additionally, in previous studies we
showed that VIP treatment decreased VIP binding in both the
neonatal (20) and embryonic (10) brain and that VA treatment
increased VIP binding (10). Our explanation of this response
was that the VIP antagonist-induced an upregulation of VIP
receptors. This increase in VIP binding sites strongly suggests
that the antagonist reached CNSreceptors in the present study
and that the increase was a supersensitivity pharmacological
response attributable to chronic blockade of the VIP receptors.
These findings indicate that the effects of the VIP antagonist
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on embryonic growth were due to actions on VIP receptors in
the embryonic CNS. As emphasized previously, the lack of any
apparent growth in response to PACAP suggests that those
receptors which can be occupied by both VIP and PACAPwere
probably not involved in VIP-mediated increases in mitogen-
esis.

The microcephaly produced by the VIP antagonist showed
striking age dependency. In contrast to the mitotic inhibitory
effects of VA observed at E9.8, the number of S-phase cells in
the El1.8 and E17.8 embryos was not significantly changed
from that of control (data not shown). In addition, the embryos
treated between E12.3-14.8 and E15.3-17.8 did not display
growth retardation of either CNSor body. These data suggest
that the VIP regulation of cell division was stage specific as it
was limited to the developmental period between E9 and Eli,
in agreement with previous in vitro results (10). The transient
presence of VIP receptors on germinal neuroepithelium may
explain this marked stage dependency to the vulnerability to
VA. In addition, the marked developmental sensitivity argues
against the VIP antagonist producing indirect effects on the
fetus through hemodynamic, ischemic, and/or possible toxic
effects on maternal systems. Alternatively, the stage depen-
dency of the VIP antagonist effects on brain growth might be
related to a reduced ability of the antagonist to reach the embry-
onic brain at later stages, making it necessary to use higher
doses of VA to elicit changes in older brains. However, radiola-
beled VA has been found to reach the brains of E16 to E18 rat
fetuses after either intraperitoneal (0.005% reached the fetal
brain) or intrauterine (0.01% reached the fetal brain) treatment
of the mother (I. Gozes, unpublished results). These data suggest
that VA was accessible to the fetal brain of the mouse from
El1 to E17, but did not have a growth-inhibiting effect.

The present study has shown that administration of a VIP
antagonist to a mid-gestational mouse produced a severe micro-
cephaly in the fetus. This effect is believed to be associated with
inhibition of mitosis and/or decreased cell survival of dividing
precursors in the primitive neuroepithelium during a critical
period in development. This in vivo evidence underscores the
importance of VIP in the normal growth and development of
the embryo and also furnishes a model for microcephaly. These
data imply that any interference, whether pharmacological, vi-
ral, or nutritional, with VIP action at this critical period in
development may result in reduced brain size. Our hope is that
an understanding of VIP action during pregnancy may provide
insight into formulating a more unifying hypothesis for micro-
cephaly in children.
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