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Abstract

 

Vasoactive intestinal peptide (VIP) has been shown to regu-

late early postimplantation growth in rodents through cen-

tral nervous system receptors. However, the source of VIP

mediating these effects is unknown. Although VIP binding

sites are present prenatally, VIP mRNA was not detected in

the rat central nervous system before birth and was detected

in the periphery only during the last third of pregnancy. In

the present study, the embryonic day (E11) rat embryo/tro-

phoblast was shown to have four times the VIP concentra-

tion of the E17 fetus and to have VIP receptors in the cen-

tral nervous system. However, no VIP mRNA was detected

in the E11 rat embryo or embryonic membranes by in situ

hybridization or reverse transcriptase–PCR. RIA of rat ma-

ternal serum revealed a peak in VIP concentration at days

E10–E12 of pregnancy, with VIP rising to levels 6–10-fold

higher than during the final third of pregnancy. After intra-

venous administration of radiolabeled VIP to pregnant fe-

male mice, undegraded VIP was found in the E10 embryo.

These results suggest that maternal tissues may provide

neuroendocrine support for embryonic growth through a

surge of VIP during early postimplantation development in

the rodent. (

 

J. Clin. Invest.

 

 1996. 97:202–208.)
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Introduction

 

Intrauterine growth retardation resulting in small-for-gesta-
tional-age babies occurs in 

 

z

 

 7% of all pregnancies (1) and is
associated with a high incidence of mortality, morbidity, and
neurodevelopmental handicaps (2); however, for as many as
30% of these births, causal factors are unknown (3). In addi-
tion, current knowledge of first trimester phenomena that pre-
cede intrauterine growth retardation is especially poor (4).

Vasoactive intestinal peptide (VIP),

 

1

 

 a central nervous sys-
tem (CNS) neurotransmitter and neuromodulator with neu-

rotrophic properties (5–10), has recently been shown to regu-
late growth in rodents during the early postimplantation
period (11, 12). This midgestational period, embryonic days
(E) 9–11 in the mouse, follows neural tube closure and the be-
ginning of neurogenesis and is characterized by critical devel-
opmental events including embryogenesis, organogenesis, and
the transfer from yolk sac to placental exchange. In the cul-
tured whole mouse embryo at E9.5, VIP dramatically acceler-
ated embryonic growth (11). A 4-h treatment with VIP re-
sulted in a doubling of the DNA content and stimulated
mitosis as measured by concentration-dependent increases in
the number of cells in S-phase (up to a sixfold increase).
Blocking VIP functions during this period, by treating preg-
nant mice with a VIP antagonist from E9.5 to E11.5, produced
growth retardation accompanied by microcephaly (12). Impor-
tantly, since blockage of VIP after E11.5 in the mouse did not
retard growth (12), the regulatory effects of VIP on growth are
apparently limited to a brief early postimplantation period in
the rodent. In human pregnancy, the postimplantation period
from approximately days 22 to 32 corresponds to the midgesta-
tional period of the rodent and is the time span in which simi-
lar developmental events occur in the human embryo (13).

The growth-regulating actions of VIP occurred through
VIP binding sites which, at midgestation, were restricted to
CNS structures. VIP treatment down-regulated VIP binding
sites (11), and treatment with a VIP antagonist up-regulated
these sites (12). VIP receptors have been shown to be abun-
dant throughout the development of the nervous system and
demonstrated dynamic distribution patterns, exhibiting changes
in receptor types and numbers relative to changing ontogenic
events (14). However, the mRNA for VIP was not apparent in
the CNS at any time before birth; in other sites, such as the
sphenopalatine ganglion and intestine, VIP mRNA was ob-
served only during the last third of pregnancy in the rat (14).

The apparent absence of VIP synthesis in the embryo dur-
ing the early postimplantation period, when growth is under
VIP regulation, suggests that VIP from an extraembryonic
source reaches the embryonic nervous system to regulate the
growth and development of the embryo. The purpose of the
present work is to examine extraembryonic tissues and mater-
nal blood as potential sources of VIP.

 

Methods

 

Measurement of VIP in the embryo/fetus during mid- and late ges-

tation.

 

To determine if VIP was present in the rat embryo during the

early postimplantation period (midgestation) and to compare the

concentration at this time period with the last third of gestation, VIP

was measured in E11 embryos including extraembryonic fluids and

membranes and compared with the VIP concentration in fetuses in-

cluding membranes and fluids at E17. To avoid the addition of any

maternal decidua, the embryo trophectoderm in the region of implan-

tation was excluded in the E11 embryo. Rats were chosen for this
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study due to the large quantities of tissues and fluids available for

measurement. Mouse and rat exhibit similar developmental rates;

however, the developmental events occurring in the mouse embryo

during E9 to E11 occur from E10 to E12 in the rat (15, 16). Ten preg-

nant rats were guillotined on day E11 of gestation and seven on E17

of gestation and the embryos and fetuses were dissected from the

uterus, weighed, and homogenized in 1 ml of 0.1 N HCl. The E17 pla-

centae were homogenized and analyzed separately. The E11 embryos

were pooled in groups of three, but E17 fetuses were homogenized

separately. The homogenates were immediately frozen on dry ice and

stored at 

 

2

 

80

 

8

 

C. To extract VIP from the tissues for RIA measure-

ment, homogenates were thawed and transferred to glass tubes. The

volume was brought up to 3 ml with 0.1 N HCl and the contents

mixed thoroughly. Tubes were placed in a heating block at 100

 

8

 

C for

10 min. After cooling on ice, the samples were thoroughly mixed, and

1-ml samples from each tube were spun at 10,000 

 

g

 

 for 30 min. 500 

 

m

 

l

of the supernatant was transferred to polystyrene tubes and diluted 1:1

with deionized water. The tubes were evaporated to dryness in a vac-

uum concentrator. The residue was dissolved in RIA buffer and VIP

measured with an RIA kit from Peninsula Laboratories Inc. (Bel-

mont, CA) with an IC

 

50

 

 of 14.9 pg/100-

 

m

 

l sample. Data were analyzed

by Student’s 

 

t

 

 test using Statview software from Abacus Concepts Inc.

(Berkeley, CA).

 

In vitro autoradiography with 

 

125

 

I-VIP and in situ hybridization

histochemistry.

 

Binding sites for VIP were examined on six embryos,

including extraembryonic tissues on each of days E10–E13 of gesta-

tion. Three placentae were examined for each day throughout the re-

mainder of pregnancy for the distribution of VIP binding sites. From

E10 to E13, embryos and all embryonic membranes were dissected

from the uterus and immediately frozen on dry ice. From E13 to E21,

three placentae per age were dissected out separately and immedi-

ately frozen on dry ice. Tissues were sectioned at 20 

 

m

 

m on a cryostat,

dried, and frozen at 

 

2

 

80

 

8

 

C until use. Alternate sections were used for

in situ hybridization histochemistry.

To localize binding sites for VIP, in vitro autoradiography with

 

125

 

I-VIP was performed as described previously (14, 17). Briefly,

slides were brought to room temperature and preincubated for 30

min in 10 mM Hepes with 130 mM NaCl, 4.7 mM KCl, 5 mM MgCl

 

2

 

, 5

mM MnCl

 

2

 

, 1 mM EDTA and 1% BSA with pH adjusted to 7.4 with

NaOH, followed by a 1-h incubation in the same buffer at room tem-

perature with 1 mg/ml bacitracin and 50 pM 

 

125

 

I-labeled VIP (Amer-

sham Corp., Arlington Heights, IL) with and without 1 

 

m

 

M VIP (Pen-

insula Laboratories Inc.) to determine specific binding, or 10 

 

m

 

M of

the stable GTP analogue guanylyl imidodiphosphate to differentiate

GTP-sensitive from GTP-insensitive binding sites (17). After incuba-

tion, the slides were transferred through three 1-min rinses of cold

PBS, pH 7.4, and rapidly dried under a stream of cool air. Sections

were placed in a cassette with Hyperfilm-

 

3

 

H (Amersham Corp.) for

4 d. The autoradiograms were developed in Kodak D-19 (Eastman

Kodak Co., Rochester, NY). The density of labeled VIP binding was

analyzed by digitizing the film images using a Macintosh-II–based im-

age analysis system (IMAGE; Wayne Rasband, Research Services

Branch, National Institute for Mental Health, Bethesda, MD). Light

transmittance measures were determined from at least four embryo/

trophoblasts, and specific binding was determined by subtracting the

transmittance of tissue incubated with 1-

 

m

 

M unlabeled VIP (nonspe-

cific binding) from the total transmittance. Data were analyzed by

ANOVA using Statview by Abacus Concepts Inc.

In situ hybridization histochemistry was performed on E10–E13

embryos and extraembryonic membranes and on placentae from E13

to the end of gestation. The tissues were prepared as above and the

sections used were adjacent to those used for in vitro autoradiogra-

phy. The preparation of probes and in situ hybridization histochemis-

try was performed as previously described (14). In brief, oligonucle-

otide probes were derived from published rat cDNA sequences (18).

They were end-labeled individually using terminal deoxynucleotidyl

transferase from Bethesda Research Laboratories (Bethesda, MD)

and [

 

35

 

S]deoxyadenosine 5

 

9

 

-(alpha-thio)triphosphate purchased from

DuPont New England Nuclear (Boston, MA) as previously described

(19). Slides were thawed, fixed, and hybridized as previously described

(14). After hybridization and subsequent washes (14), the slides were

placed against 

 

b

 

Max film (Amersham Corp.) for an exposure of

11–17 d at room temperature. Film was developed in Kodak D19.

 

Reverse transcriptase

 

 

 

(RT)-PCR.

 

RT-PCR, to detect VIP mRNA,

was performed on E11 rat embryos, extraembryonic membranes, and

the placentae from E15, E16, E17, and E18. Adult rat cortex was used

as a positive control tissue. Tissues were dissected from four embryos.

To avoid the addition of maternal decidua, care was taken to exclude

the embryonic trophectoderm in the region of implantation. The em-

bryos and membranes were washed separately three times in PBS, im-

mersed in 1 ml Stat-60 from Tel-Test “B” (Friendswood, TX), and dis-

solved by sonication for isolation of total RNA by the acid

guanidinium/phenol chloroform method (20). RNA samples were re-

verse transcribed, and a portion of the cDNA product was semiquanti-

tated using the PCR (21). Cyclophilin was used as a standard to deter-

mine the amount of cDNA in each reaction. DNA sequences for VIP

(M86835) and cyclophilin (M19533) were obtained from the Gen-

Bank. The primer sets were designed using Oligo software from Na-

tional Biosciences, Inc. (Plymouth, MN) and were synthesized by Cru-

achem Inc. (Dulles, VA). The following primer sequences were used

(22, 23): (

 

a

 

) VIP/5: 5

 

9

 

-ATGCCTTAGCGGAGAATGAC-3

 

9

 

; (

 

b

 

) VIP/

3: 5

 

9

 

-TTCTAAGGCGGGTGTAGTTATC-3

 

9

 

; (

 

c

 

) cyclophilin/5: 5

 

9

 

-

GGTCAACCCCACCGTGTTCT-3

 

9

 

; (

 

d

 

) cyclophilin/3: 5

 

9

 

-TGC-

CATCCAGCCACTCAGTCT-3

 

9

 

. As previously described (24), 20%

of each RNA sample was reverse transcribed with random hexamer

primers and 8 

 

m

 

l of the cDNA products were subjected to PCR ampli-

fication with the VIP and cyclophilin primers. Reactions were carried

out in 

 

Taq

 

 DNA polymerase buffer (50 mM KCl, 10 mM Tris-HCl, pH

8.3) containing 200 

 

m

 

M dNTP’s, 2 mM MgCl

 

2

 

, 0.5 

 

m

 

M of each primer,

and 2.5 U 

 

Taq

 

 DNA polymerase purchased from Boehringer Mann-

heim Biochemicals (Indianapolis, IN). To prevent evaporation, sam-

ples were overlaid with 50 

 

m

 

l mineral oil. PCR amplification was car-

ried out in a thermal controller (N801; Perkin-Elmer Corp., Norwalk,

CT). The amplification program consisted of a denaturing step at 95

 

8

 

C

for 1 min, an annealing step at 60

 

8

 

C for 1 min, and a synthesis step at

72

 

8

 

C for 1 min. PCR reactions were performed for each primer pair,

and 5-

 

m

 

l aliquots were removed every 4 cycles from 15 to 35 cycles to

determine the kinetics of amplification. Products were separated

through a 4–20% acrylamide minigel from Novex (San Diego, CA)

and stained in 1 

 

m

 

g/ml ethidium bromide from GIBCO BRL (Gaith-

ersburg, MD). Gel Marker-1 from Research Genetics (Huntsville,

AL) was used as an electrophoresis marker to determine product size.

 

Measurement of VIP, somatostatin, and 

 

a

 

-melanocyte–stimulating

hormone in maternal serum.

 

Beginning at E9, the maternal blood

was examined daily for the presence of VIP. The concentrations of

somatostatin and 

 

a

 

-melanocyte–stimulating hormone (

 

a

 

-MSH) were

also measured as reference peptides to control for variation in sample

preparation and testing. Blood was collected from a minimum of nine

Sprague-Dawley rats on each day of pregnancy from E9 to E21 (at

least three animals per age in each of three separate experiments).

The rats were guillotined, and the blood was collected in a beaker

containing 50 

 

m

 

l of a 15% solution of EDTA for each 10 ml blood.

Immediately upon collection, 3,500 KIU of aprotinin from Boeh-

ringer Mannheim Biochemicals was added for each 10 ml of blood.

The blood was spun at 1,600 

 

g

 

 for 10 min. The supernatant was frozen

on dry ice, and kept at 

 

2

 

80

 

8

 

C until use.

The RIA for VIP, somatostatin, and 

 

a

 

-MSH measures were per-

formed by Hazelton Washington, Vienna, VA, with the use of RIA

kits from IncStar Corp. (Stillwater, MN) Data were analyzed by one-

way ANOVA using Statview.

 

Determination of transport of VIP from maternal blood to the em-

bryo and stability of VIP in rat serum.

 

To determine if intact VIP

could be transported from mother to embryo during the critical pe-

riod for VIP regulation of growth two E10 pregnant mice were in-

jected in the uterine vasculature with 10–20 

 

m

 

Ci of 

 

125

 

I-VIP from Am-

ersham Corp., and after 15 min the mice were guillotined and the
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embryos removed. The embryos plus extraembryonic membranes

(excluding the embryonic trophectoderm in the region of implanta-

tion) were dissected and pooled, three to a sample, and homogenized

in 300 

 

m

 

l of PBS to which SDS was added to make a 2% solution. The

homogenized material was spun at 10,000 rpm for 10 min, and the su-

pernatant was removed. Samples of the embryo supernatant were ap-

plied to 16% acrylamide SDS electrophoresis gels from Novex along

with stock 

 

125

 

I-VIP which were run according to the manufacturer’s

instructions. The gels were then dried, wrapped in plastic film, and

exposed to Hyperfilm-

 

3

 

H for 10 d.

To evaluate the stability of 

 

125

 

I-VIP exposed to serum for 15 min,

serum from two E11 day pregnant rats and two adult male rats was

collected as above without the addition of EDTA and aprotonin. 50

 

m

 

l of each sample were incubated with 15,000 cpm of 

 

125

 

I-VIP in 40 

 

m

 

l

PBS for 15 min at 37

 

8

 

C. Samples of the E11 serum, both before and

after incubation, and the male serum were applied to SDS electro-

phoresis gels and treated as above.

As an estimate of the amount of intact VIP reaching embryonic

and fetal tissues from maternal blood, size-separation chromatogra-

phy was performed on tissues from eight pregnant rats, four at E10

and four at E17, injected in the femoral or uterine vasculature with

10–20 

 

m

 

Ci of 

 

125

 

I-VIP. After 15 min to 1 h, the rats were guillotined

and the embryo/fetuses removed. E10 embryos plus extraembryonic

membranes (excluding the embryonic trophectoderm in the region of

implantation) were pooled, three to a sample, and homogenized in

300 

 

m

 

l of 0.1 N HCl. The E17 fetuses were gently perfused through

the heart with 200 

 

m

 

l of PBS and the brains removed. The brains from

the fetuses were pooled, three to a sample, and homogenized in 300

 

m

 

l of 0.1 N HCl. Placentas from E17 fetuses were also homogenized.

The homogenized material was spun at 10,000 rpm for 10 min, and

the supernatant was removed. Samples of the stock solution of 

 

125

 

I-

VIP and the tissue supernatants were applied to a fast performance

liquid chromatography size-separation column, the fractions col-

lected, and the radioactivity in each fraction counted. Some E17 fe-

tuses, from mothers that had been injected with 

 

125

 

I-VIP, were frozen,

sectioned at 20 

 

m

 

m, dehydrated overnight at 0

 

8

 

C, and exposed to Hy-

perfilm-

 

3

 

H in a cassette for 15 d. Autoradiographic films were devel-

oped in D19 for 4 min.

 

Results

 

Comparison of VIP in embryo/trophoblasts at midgestation

and fetuses at late gestation.

 

The VIP content (mean

 

6

 

SEM) of
the rat E11 embryo (including fluids and embryonic mem-

branes) was 0.91

 

6

 

0.2 pg VIP/mg wet wt (33 embryos from 10
mothers) and was significantly greater than the VIP content of
the E17 fetuses and their membranes and fluids which was
0.23

 

6

 

0.02 pg VIP/mg wet wt (20 fetuses

 

 

 

from 7 mothers) (Stu-
dent’s 

 

t

 

 test, 

 

P

 

 

 

,

 

 0.0001). The VIP concentration of the E17
placenta was 0.24

 

6

 

0.02 pg VIP/mg wet wt (7 placentae from 3
mothers).

 

In vitro autoradiography.

 

Due to the small size of E10 em-
bryos (3 and 8 somites) an accurate assessment of VIP binding
could not be made from autoradiographs. In the older em-
bryos, 

 

125

 

I-VIP bound to receptors throughout the brain and
spinal cord (Fig. 1 

 

A

 

), and the addition of 1 

 

m

 

M unlabeled VIP
to the incubation medium reduced 

 

125

 

I-VIP binding to almost
background levels (Fig. 1 

 

B

 

). In the E11 and E12 embryos,
moderately dense specific VIP binding was seen only in the
brain and spinal cord. This binding was GTP insensitive as
none was displaced with GTP. In the E13 embryo (Fig. 1 

 

A

 

),
VIP binding sites were also limited to the brain and spinal
cord; however, in the spinal cord, binding sites were approxi-
mately triple the density seen at E11. Within the possible opti-
cal density range of 0–255, the E13 spinal cord had an OD of
99

 

6

 

4.2 (mean

 

6

 

SEM) compared with a density of 38

 

6

 

4.5 for
E11 spinal cord, ANOVA, 

 

P

 

 

 

,

 

 0.001, and reached the high
levels achieved in the spinal cord of E14 rat embryos (14).
About 50% of the binding in the E13 spinal cord was displaced
with GTP. Specific VIP binding was not seen in the placenta.

 

In situ hybridization histochemistry and RT-PCR.

 

In situ hy-
bridization histochemistry did not reveal mRNA for VIP in the
embryo, embryonic membranes, or the placenta at any stage of
pregnancy examined. However, abundant mRNA for alpha
adrenergic receptor subtypes (25) was apparent on embryo
sections adjacent to those previously used to localize the mRNA
for VIP during development (14), sustaining the integrity of
the tissue and methodologies. In addition, in adult rat brain
sections processed as positive controls, the oligonucleotide lo-
calized abundant VIP mRNA as previously described (14).
RT-PCR did not reveal mRNA for VIP in either E11 embryo
or the extraembryonic membranes examined with 35 cycles
amplification. This method detected mRNA for VIP in the adult
rat cortex at 25 cycles and in the E15–E18 placenta at 30 cycles.

 

VIP, somatostatin, and 

 

a

 

-MSH in maternal serum.

 

During

Figure 1. Autoradiograph of 125I-VIP binding in an E13 rat embryo within extraembryonic membranes. (A). Total 125I-VIP binding. (B) 125I-VIP 

binding in the presence of 1 mM unlabeled VIP. Specific VIP binding is limited to the brain and spinal cord. Sagittal view, 310. Tissue slices were 

incubated under the conditions described in Methods. E, embryo; EM, extraembryonic membranes; SC, spinal cord.
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midgestation, maternal serum exhibited a peak in VIP concen-
tration 6–10 times greater than levels seen later during preg-
nancy (Fig. 2). Beginning at 

 

z

 

 90 pg/ml at day 9, VIP levels
rose to a peak of 170 pg/ml by day 11, which was maintained
for 2 d then gradually decreased until day 15. From day 15 to
the end of pregnancy, a lower level of 

 

z 30 pg/ml was main-
tained.

The concentrations of a-MSH and somatostatin, which
were relatively constant from day 9 until the end of pregnancy
(Fig. 2), suggested that the serum collection and handling pro-
cedures were consistent throughout the study. a-MSH levels
were z 125 pg/ml throughout most of pregnancy with a rise to
z 150 pg/ml beginning at about day 17 and lasting until birth.
Somatostatin levels remained at z 40 pg/ml throughout preg-
nancy.

Transport of VIP from maternal blood to the embryo and

stability of VIP in rat serum. SDS gel electrophoresis of E10
embryo/trophoblast supernatant from pregnant mice receiving
125I-VIP in the uterine vasculature 15 min before killing, re-
vealed that radiolabeled material reached the embryo (Fig. 3,
lane E). Since both the stock radiolabeled VIP (lanes D and F)
and the radiolabeled material from the supernatant of E10 em-
bryos (lane E) migrated to z 3.3 kD, the molecular mass of
VIP, 125I-VIP apparently underwent little degradation in its
passage to the embryo. However, a slight smear under the
3.3-kD band of the E10 embryo suggests some degradation
took place. Most of the radiolabeled material from 125I-VIP in-
cubated in serum from both E11 pregnant rats (lane B) and
adult male rats (lane C) also migrated to 3.3 kD, with small
amounts appearing as a smear under the major band. Little
degradation of 125I-VIP was apparent in nonincubated E11 se-
rum (lane A). In size-separation chromatography of homoge-
nates of whole E10 embryo (including embryonic fluids and

membranes) from mothers receiving 125I-VIP in the uterine
vasculature 15 min before killing, 22% of the labeled material
coeluted with intact VIP in fractions 36–40 (Fig. 4). The re-
maining label was associated with smaller fragments. In homog-
enates of perfused brain tissue from E17 rat fetuses, the moth-
ers of which were injected into the uterine vasculature with
radiolabeled VIP 15 min before dissection, 28% of the radiola-
beled material in brain coeluted with intact VIP. In placentae,
46% of the radiolabeled material coeluted with VIP. Autorad-
iography of sections taken from fetuses, the mothers of which
were injected into the femoral vasculature with 125I-VIP, re-
vealed that radiolabeled material reached the fetal brain (Fig.
5). In the brain, a small amount of radiolabeled material was
localized to the superficial layers of the cortex and the brain
tissue surrounding the lateral ventricle. Radiolabeled material
was also dense in the placenta and eye.

Discussion

The results of the current study suggest that the maternal tis-
sues are a source of VIP acting on VIP binding sites in the em-
bryonic nervous system to regulate growth during the early
postimplantation period of embryogenesis. The concentration
of VIP in the E11 embryo was found to be four times the con-
centration at E17, despite the fact that at this earlier age, VIP
mRNA was not revealed by either in situ hybridization or RT-
PCR. However, the maternal blood exhibited a peak in VIP
concentration which coincided with this critical midgestational
period during which VIP has been shown to regulate embry-
onic growth (11, 12). A mechanism for the transfer of VIP
from maternal circulation to the early postimplantation em-
bryo exists since labeled VIP introduced into the maternal vas-
culature was found in the embryo and, 15 min after introduc-
tion, much of this material remained undegraded. Thus, the
surge of VIP in the rat maternal circulation during this critical
period could result in the transfer of VIP to the embryo. Al-
though the source of serum VIP is not yet known, the peak in

Figure 2. Mean concentration in pg/ml6SEM of VIP, a-MSH, and 

somatostatin in maternal rat serum from days 9 to 21 of pregnancy as 

determined by RIA. Data was obtained from three separate experi-

ments. The concentration of VIP in serum on days 11 and 12 was sig-

nificantly different from other days of pregnancy, P , 0.05, ANOVA. 

d, VIP; s, a-MSH; ., somatostatin.

Figure 3. SDS gel electrophoresis of 125I-VIP after 15-min incubation 

at 378C in serum or recovered from E10 mouse embryos the mothers 

of which received 125I-VIP via intrauterine vasculature injection 15 

min before dissection. Tissue preparation and gel electrophoresis 

were performed as described in Methods. (A) 125I-VIP in serum from 

pregnant rats at E11 of gestation before incubation; (B) 125I-VIP in 

E11 pregnant rat serum after incubation; (C) 125I-VIP in serum from 

adult male rat; (D) and (F) 125I-VIP stock solution before incubation 

or injection; (E) 125I-VIP recovered from E10 mouse embryos. Molec-

ular mass markers: 6.5 and 3.4 kD. Arrow indicates dye front.



206 Hill et al.

VIP concentration in maternal serum may reflect increased
synthesis in maternal tissues and/or decreased degradation in
the serum.

We previously reported that VIP binding sites were abun-
dant during the early postimplantation period in mouse em-
bryos and limited to the CNS (11, 12). We show here that the
early postimplantation embryonic rat also exhibited VIP bind-
ing sites which were restricted to the CNS. In addition, the cur-
rent study shows that the type of VIP binding site undergoes a
change after this critical period. At E11 and E12, during the
peak of VIP in maternal serum, VIP binding sites throughout
the CNS were moderately abundant, but were only of the
GTP-insensitive type. By day 13, coinciding with a fall in ma-
ternal serum VIP, VIP binding sites tripled in the spinal cord
and were 50% GTP insensitive and 50% GTP sensitive. Previ-
ous studies have linked the GTP-insensitive VIP binding site
in the midgestational embryo CNS with the promotion of
growth through VIP-stimulated mitogenesis of the neuroepi-
thelium (11). The current data are consistent with this concept
since the GTP-insensitive binding site is the first to appear and
is present in the CNS during the time when VIP is known to
stimulate CNS growth and development. The increase in VIP
binding sites may also indicate a role for VIP in neuronal mi-
gration, differentiation, and/or axogenesis, for these events are
known to begin in the ventral horn motor neurons of the cervi-
cal region of the rat spinal cord on E12 (26).

The fall of VIP in maternal serum is also closely followed
by the appearance of VIP mRNA in fetal peripheral tissues
(14, 27), including the peripheral nervous system where VIP is
seen to peak in the stellate ganglia at E14.5 (28), and signifi-
cant amounts of VIP were also detected in the superior cervi-
cal ganglia (10). The VIP synthesized by peripheral fetal tis-

sues during the last third of pregnancy may provide a source of
VIP to act on the abundant VIP binding sites seen throughout
the CNS during this time (14). Although the levels of VIP
mRNA were undetectable in the E13 to E21 placenta by in
situ hybridization techniques, RT-PCR provided evidence that
the mRNA was present in the E15 to E18 placenta suggesting
that, at this age, the placenta may also provide VIP. Whether
the more sensitive methods of RT-PCR will reveal low levels
of VIP mRNA in preplacental tissues earlier in gestation is not
yet known; however, in situ hybridization histochemistry did
not reveal VIP mRNA in the E11 embryonic trophectoderm
or maternal decidua at the site of implantation.

The recognized receptor for VIP is linked to adenylate cy-
clase, and GTP sensitivity is characteristic of these receptors
(29). The second messenger system through which the GTP-
insensitive binding sites operate is unclear; however, in astro-
cyte cultures a high affinity non–cAMP-linked VIP binding
site has been identified which is associated with glial mitosis,
secretion, and the neurotrophic actions of VIP (5–8). In addi-
tion, recent studies have shown that subnanomolar concentra-
tions of VIP stimulate the accumulation of intracellular cal-
cium, increase inositol phosphates in astrocyte cultures (30),
and produce translocation of selected protein kinase C
isozymes (31). Although it is not known if the growth-regula-
tory functions of VIP in the CNS are synonymous with the
promotion of neuronal survival, current data suggest that these
activities may occur through high affinity VIP binding sites
linked to a non-cAMP, calcium-generating second messenger
system. It is of additional interest that the peak concentration

Figure 4. Radiolabeled material (CPM) recovered from size-separa-

tion chromatography fractions from E10 embryos, the mothers of 

which received 10 mCi of 125I-VIP injected into the uterine vascula-

ture 15 min before killing. Stock 125I-VIP eluted into fractions 36–40 

and the material appearing in these fractions is considered to be un-

degraded VIP. The labeled material occurring in fractions 41–80 rep-

resents degradation products.

Figure 5. Autoradiography of the head of an E17 rat fetus the mother 

of which received 10 mCi 125I-VIP into the femoral vasculature 1 h be-

fore killing. Labeled material reached the brain where it can be seen 

in the cortex and surrounding the ventricle. The eye exhibits dense 

accumulation of radiolabeled material. Sagittal view, 35. C, cortex; 

Ey, eye; V lateral ventricle.
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of VIP in the maternal serum of 170 pg/ml is within the 30–50
pM range (99–165 pg/ml) which is the Kd reported for the high
affinity VIP receptor in astrocytes (32).

The VIP concentration of 0.91 pg/mg in the E11 embryo is
higher than the 170 pg/ml (0.17 pg/mg) of VIP found in mater-
nal serum at this time suggesting that there is a concentrating
effect in the embryo and/or the uterine circulation. The mea-
sure we obtained from the maternal serum was from blood col-
lected from the entire circulatory system; however, higher con-
centrations of VIP may be reached within the uterine
vasculature. The concentration of VIP in the human umbilical
vasculature has been reported to be z 2.5 times greater than in
maternal venous blood (33), suggesting that VIP is selectively
concentrated in the uterine circulation.

Past work has suggested that VIP concentration is held
within a narrow range during midgestation (12). Cotreatment
of pregnant mice with intraperitoneal injections of 0.2–2.0 mg/g
VIP and a VIP antagonist prevented the antagonist-induced
growth retardation; however, this concentration of VIP was le-
thal to embryos when pregnant mice received it alone (12).
There was no apparent damage to the mothers at any dose.
These data suggest that the in vivo levels of VIP optimal for
the promotion of growth are regulated within a relatively nar-
row range of concentrations and that potential defects in CNS
growth could be associated with disregulation of this peptide
during development.

An alternate explanation of the observation that embry-
onic growth is regulated by VIP in the absence of VIP synthe-
sis in the embryo is that this occurs through a related peptide
such as peptide histidine isoleucine, secretin or pituitary ade-
nylate cyclase–activating polypeptide (PACAP) acting on VIP
receptors. However, peptide histidine isoleucine has not been
detected in the CNS prenatally (14), and neither secretin (11)
nor PACAP (Hill, J. M., unpublished data) stimulated growth
of cultured mouse embryos. Additionally, PACAP was not
only unable to prevent the impairment of growth produced by
the blockage of VIP in midgestation but also had an effect on
cell number opposite to that of VIP (12).

Although the maternal circulation provides nutrients for
the developing young, maternal neurotransmitters and hor-
mones have not commonly been thought to undergo maternal-
to-fetal transfer. Exceptions to this are the rather free passage
of steroid hormones and the slower transfer of the thyroid hor-
mones (34). Thyroid hormone is necessary for CNS develop-
ment and maternal serum provides a source of thyroid hor-
mone during in utero development (35, 36). Recent evidence
has indicated that at E11 maternal insulin is available to the rat
embryo (37). In addition, several cytokines are thought to play
a role in early gestation (38, 39). Among these, granulocyte
colony–stimulating factor has been shown to undergo transpla-
cental maternal-to-fetal transport and play a role in fetal bone
marrow and spleen myelopoiesis (40). These recent findings
indicate that several maternal factors may be involved in the
regulation of the complex sequence of events resulting in coor-
dinated prenatal development.

Although other growth-promoting substances could possi-
bly be acting at VIP binding sites regulating embryonic growth,
current information would suggest that the maternal tissues
are an important source of VIP for the developing embryo.
Additionally, the coincidence of a peak in maternal circulatory
VIP occurring exactly within the critical period for VIP regula-
tion of embryonic growth is perhaps the most salient indicator

that maternal VIP contributes to the regulation of embryo-
genesis.
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