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Abstract
In 1970, Drs. Said and Mutt isolated a novel peptide from porcine intestinal extracts with powerful
vasoactive properties, and named it vasoactive intestinal peptide (VIP). Since then, the biological
actions of VIP in the gut as well as its signal transduction pathways have been extensively studied.
A variety of in vitro and in vivo studies have indicated that VIP, expressed in intrinsic non-adrenergic
non-cholinergic (NANC) neurons, is a potent regulator of gastrointestinal (GI) motility, water
absorption and ion flux, mucus secretion and immune homeostasis. These VIP actions are believed
to be mediated mainly by interactions with highly expressed VPAC1 receptors and the production
of nitric oxide (NO). Furthermore, VIP has been implicated in numerous physiopathological
conditions affecting the human gut, including pancreatic endocrine tumors secreting VIP (VIPomas),
insulin-dependent diabetes, Hirschsprung’s disease, and inflammatory bowel syndromes such as
Crohn’s disease and ulcerative colitis. To further understand the physiological roles of VIP on the
GI tract, we have begun to analyze the anatomical and physiological phenotype of C57BL/6 mice
lacking the VIP gene. Herein, we demonstrate that the overall intestinal morphology and light
microscopic structure is significantly altered in VIP−/− mice. Macroscopically there is an overall
increase in weight, and decrease in length of the bowel compared to wild type (WT) controls.
Microscopically, the phenotype was characterized by thickening of smooth muscle layers, increased
villi length, and higher abundance of goblet cells. Alcian blue staining indicated that the latter cells
were deficient in mucus secretion in VIP−/− mice. The differences became more pronounced from
the duodenum to the distal jejunum or ileum of the small bowel but, became much less apparent or
absent in the colon with the exception of mucus secretion defects. Further examination of the small
intestine revealed larger axonal trunks and unusual unstained patches in myenteric plexus.
Physiologically, the VIP−/− mice showed an impairment in intestinal transit. Moreover, unlike WT
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C57BL/6 mice, a significant percentage of VIP−/− mice died in the first postnatal year with overt
stenosis of the gut.

INTRODUCTION
Since its original characterization by Drs. Victor Mutt and Sami Said in the early 1970’s, the
actions of vasoactive intestinal polypeptide (VIP) on the gastrointestinal (GI) tract have been
extensively studied [30]. VIP displays a 28-amino acid sequence highly conserved between
species, and belongs to the secretin/glucagon/pituitary adenylyl cyclase-activating peptide
(PACAP) family. Among these members, VIP and PACAP are the most closely related
peptides in terms of structure, function and signaling.

VIP has been shown to interact with two differentially expressed, high-affinity, polyvalent
VIP/PACAP receptors (VPAC1 and VPAC2), and a PACAP-preferring receptor called
PAC1. Its interaction with these receptors triggers a cascade of intracellular events that differ
between the cellular and receptor subtypes. However, in peripheral organs including the GI
tract, VIP interacts most commonly with VPAC1, but also VPAC2 receptors [31]. VPAC
receptors were initially pharmacologically characterized in membrane extracts from intestinal
cells [4] and in colonic adenocarcinoma cell lines [14–15]. VIP was also shown to interact with
natriuretic receptors [24] and a recently cloned VIP-specific receptor [41] in guinea pig taeniae
coli smooth muscle. In addition, immune cells that are intrinsically present, and that infiltrate
the tissue in inflammatory conditions, express both VPAC receptor subtypes. PACAP action
and PAC1 expression appear rather limited in this system, but may play an important
physiological role in the digestion-related stomach and pancreas [20].

Among the multiple signaling pathways that VIP activates in the GI tract, the cAMP/PKA
pathway is the canonical cascade associated with its intestinal secretagogue functions.
However, VIP cAMP-dependent, PKA-independent pathway activation of chloride channels
also plays a key role in intestinal absorption. VIP also regulates GI smooth muscle function.
These actions may be primarily mediated by VPAC1-initiated phospholipase activities (for
review, [18]), including PLC, PLD and PLA. Furthermore, numerous studies have highlighted
the functional interaction between VIP and nitric oxide (NO) signaling in GI relaxation, through
both cAMP and cGMP signaling cascades (for review, [35]).

VIP is highly expressed in certain specialized enteric neurons. In particular, it has been
calculated that VIP-positive neurons represent 45% of the submucosal and 20% of the
myenteric neurons in rodent intestine, and 40% of the submucosal innervations of the rat small
bowel (for review, [8]). VIPergic innervation along the GI tract plays an important role in the
mediation of non-adrenergic, non-cholinergic (NANC) inhibition of smooth muscle
contraction, facilitating the relaxation phase of peristalsis. In the GI tract, VIP also acts as a
prosecretory neurotransmitter. Since 1971, with the initial demonstration by Barbezat and
Grossman that intravenous administration of VIP resulted in fluid accumulation in small bowel
of dogs [2], its effects on mucus secretion and electrolyte transport have been extensively
studied in primary cell cultures isolated from stomach [11] and colonic cell lines [7,28].
Pathophysiological consequences of this key function in intestine are highlighted by the
presence of severe electrolytic diarrhea (Verner and Morrison’s syndrome) in patients suffering
from VIPomas (for review, [13]).

Actions of VIP on physiological and pathological conditions of the GI tract have been
extensively studied using various animal models. Among the wide range of GI pathologies in
which VIP may be involved, it is notable that VIP receptors are commonly overexpressed in
digestive tumors (including pancreatic tumors and colonic adenocarcinoma). VIP was shown
to regulate colonic tumor cell proliferation in vitro [17] and radiolabeled VIP analogs have

Lelievre et al. Page 2

Peptides. Author manuscript; available in PMC 2008 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



proven useful as agents to image tumors in vivo [27]. Furthermore, changes in VIP levels have
been associated with inflammatory syndromes. That VIP may exert primarily anti-
inflammatory actions was illustrated by its beneficial effects in experimental models of
inflammatory bowel disease including Crohn’s disease [1] and ulcerative colitis [23]. Finally,
VIP may also play a role in peristaltic defects as observed in Hirschsprung’s Disease, small-
bowel obstruction and paralytic ileus [6]. However, direct evidence linking VIP to the etiology
of any GI disorder in humans is lacking.

The development of VIP-deficient mice has provided a unique opportunity to assess the normal
biological functions of the peptide, and to assess the potential contribution of its loss to GI
disorders in humans. Herein, we report selected baseline anatomical and physiological
abnormalities in VIP deficient mice relevant to intestinal disorders such as chronic ileus and
Hirschsprung’s Disease. Our major findings revealed that the morphology of both epithelium
and smooth muscles are affected by loss of VIP, with an overall reduction in secretion of mucus
from goblet cells and a major increase in thickness of the muscular layers. These modifications
were found to be associated with an intestinal transit defect assessed by invasive methods using
non-absorbable materials.

METHODS
Animals

VIP deficient mice backcrossed for at least six generations in a C57BL/6 background housed
and fed ad libitum in a specific pathogen free animal facility were used in the study [5]. . As
controls, WT (VIP+/+) age-matched mice from the same genetic background were analyzed.
All experiments were approved by the Institutional Animal Care Committees.

Anatomical analyses of gut overall structure
All mice examined in this study were sacrificed by carbon dioxide inhalation. Animals were
then weighed and autopsied with systematic analysis of organs weights and potential
pathologies. The intestine from the stomach to the rectum was rinsed three times with PBS,
prior to fixation with 10% formalin. Cross-sections of the duodenum, proximal, mid and distal
jejunum, ileum, proximal, mid and distal colon were collected based on anatomical
characteristics. All sections were embedded in paraffin and 5μm sections were cut and stained
with hematoxylin and eosin (H&E) (Pathology Inc., Torrance, CA). Sections were observed
on a Zeiss microscope and pictures were taken with a 5M pixels digital camera (evolutionMP,
Mediacybernetics). Morphometric analyses performed using Q-capture Pro software.

Histological and immunohistological studies
To further analyze differences observed in gut structures in WT vs. VIP−/− animals, periodic
acid-schiff (PAS) and Alcian blue stainings were performed using standard procedures on
7μm sections to visualize mucous-secreting cells in both colon and duodenum. In addition,
immunostainings to reveal the presence of Schwann cells and axons were performed using
S100β, raised in rabbit against a purified bovine S100β (Swant), and pan-neurofilament (NF),
raised against a highly purified bovine 150 KD NF peptide (AB1981, Chemicon), respectively.
Sections were deparaffinized, rehydrated, and incubated with blocking solution (PBS
supplemented with 4% triton X100 and 10% goat serum) for 45 min, prior to primary antibodies
(1/1,000 and 1/1,600, respectively). Slides were then rinsed twice with PBS and incubated with
HRP-conjugated anti-rabbit IgG goat serum for 45 min according to the original protocol (ABC
Vectastain kit) for S100β or with a goat, anti-rabbit IgG conjugate labeled with Fluoprobes
488 dye (FT-FN291, Interchim) for NF, at the working dilution of 1/400. After washes with
PBS, sections were directly mounted after serial dehydration in Pertex™ solution for NF
labeling or incubated with H202 for 45 s for HPRT staining. Pictures were taken at x40

Lelievre et al. Page 3

Peptides. Author manuscript; available in PMC 2008 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



magnification either on Zeiss light microscope equipped with a 5M pixels digital camera
(evolutionMP, Mediacybernetics) or on a Leica fluorescent microscope using an Apogee™

LCD digital camera.

Gastrointestinal motility
Two different methods using non-absorbable boluses were used:

Charcoal gum protocol—Two-month-old female mice (7 wild-type, 9 VIP−/−) were
previously fasted for 24h (water ad lib.). Gavage on lightly-anaesthetized animals was
performed with 200μl of a freshly prepared mixture of gum tragacanth and charcoal (4%/7.5%,
respectively) in water. Mice were euthanized 30 min after recovery from anesthesia. GI tracts
were dissected and carefully placed on a flat surface. The bolus was easily visualized through
the intestinal wall by the black taint of charcoal. Distance from stomach to the most downstream
trace of charcoal was measured.

Fluorescein-labeled dextran protocol—Transit through the stomach and intestine was
measured in VIP−/− mice and WT controls by evaluating the location of fluorescein-labeled
dextran (MW 70 kDa) in the GI tract. After fasting overnight, mice were lightly anesthetized
with isoflurane and then gavaged with 150μl of fluorescein-labeled dextran dissolved in
distilled water (5 mg/ml). Sixty minutes later, the animals were sacrificed with an overdose of
sodium pentobarbital. The entire GI tract from stomach to distal colon was excised and divided
into stomach, 10 segments of small intestine with equal length, cecum, proximal colon and
distal colon. Dissection of the gut and division into segments were performed carefully with
minimal pulling to avoid moving of the gut contents. The content of each segment was collected
into a small tube with 1 ml of distilled water. The samples were vortexed and then clarified by
centrifugation. The fluorescence of the cleared supernatant from each bowel segment was read
at excitation wavelength of 494 nm and emission wavelength of 521 nm. A mean histogram
of the fluorescence was then plotted for analysis of transit. The transit of fluorescein-labeled
dextran along the GI tract was summarized by calculating the geometric center (GC) using the
following formula: GC = (percentage of total fluorescent signal per segment × segment
number)/100.

RESULTS
VIP−/− animals show gross anatomical abnormalities in the gastrointestinal tract

Autopsy performed on healthy adult animals revealed obvious anatomical differences in the
intestinal tract of knock-out (KO) vs. WT mice. Investigators blind to the genotype could easily
distinguish a WT from KO mouse due to rubbery appearance of the gut in VIP−/− mice. In
addition, as visualized in Figure 1, an overall reduction in intestinal length was observed in
VIP-deficient mice. This difference was noticeable in heterozygous mice, but was more
pronounced in KO animals. In addition, we observed a very interesting anatomical abnormality
in small bowel (black arrows) associated with degenerated appendices (arrowhead). The weight
and density of the small intestinal was found to be greater, but the length reduced in VIP−/−

mice (Tables I and II), providing a possible explanation for the ‘rubbery’ phenotype

Differential changes in small bowel and colon light microscopic structure
Detailed morphometric analyses were on performed on histological sections of different parts
of the gut, including duodenum, jejunum and ileum for the small bowel and the three sections
(ascending, transverse and descending) of the colon. Results are shown in Table III (see the
schematic small bowel section in Fig. 1B for structure identification and measurements).
Overall, an increase of the cross sectional diameter of the gut sections was observed throughout
the small intestine. However, this phenomenon tended to decrease in the small bowel from
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140% of the control in duodenum, 128% in proximal jejunum, and 120% in distal jejunum to
a non-significant 110% in ileum. The increases in diameter were associated with an increase
in the length of villi. These tended to completely fill the lumen of the duodenum, as easily
observed in Figure 2A (vs. 2B). At the cellular level, an increase in enterocytic height in VIP-
deficient mice was also observed (Table III).

In addition, a significant increase in thickness of the muscularis propria was observed (Figure
2D & F and Table III). This increase in thickness primarily affected the inner (circular) layer.
For example, the thickness of the inner layer was almost double in distal jejunum in VIP−/−

animals when compared to controls, whereas the thickness of the outer (longitudinal) layer was
increased by only 20%. This striking observation is obvious from the pictures presented in
Figure 2A–F, but to some extent differentially affected the various parts of the small intestine,
with an increased severity in the jejunum, when compared to the duodenum or large intestine
(Figures 2E vs. 2F and 3C vs. 3D).

We also investigated the colon of VIP−/− mice for anatomical differences. Unlike that observed
in the small intestine, VIP-deficient mice did not appear significantly different to WT mice
with respect to villus architecture or smooth muscle thickness (Figure 3, left vs. right panels).
Only small differences were observed (Table III), however, these were not consistently seen
at all levels of the colon.

Evidence of dysfunctions in goblet cell mucus secretion in VIP−/− animals
Because VIP has long been considered to be a prosecretory neuropeptide, we also focused on
the histology of goblet cells in both small and large bowels. In small intestine, we observed a
significant increase of the number of mucus-secreting cells in jejunum and ileum in VIP KO
mice (Table III). This increase in cell number was associated with a robust increase in the
average diameter of the mucus vacuoles of the cells (Table III). The latter is easily observable
on HE-stained sections, as shown on figures 2G vs. 2H from proximal jejunum. These
differences were further confirmed by selectively labeling mucus using PAS (data not shown)
and Alcian blue staining (Figure 4A–D). Alcian blue staining demonstrated mucus
accumulation inside the goblet cells in VIP KO mice, correlated with a lack of mucus deposits
within the lumen of the duodenum (Figure 4C vs. 4D). The number of goblet cells could not
be accurately assessed in colon using H&E (Figures 3C vs. 3D) and specific PAS stainings
(data not shown), because of their extremely high abundance.

Effects of VIP on submucosal and myenteric neural innervations
VIP is expressed within neurons of the myenteric plexus, located between the outer longitudinal
and inner circular muscle layers of the muscularis propria, and in neurons in the submucosal
plexus, located between the submucosa and lamina propria. To determine if loss of VIP affected
their anatomical structure, we examined the light microscopic appearance of these plexuses in
both small and large intestine. These studies revealed unusual large H&E-negative negative
patches within the myenteric and submucosal plexus (Figures 5A vs. 5B) in VIP KO but not
WT mice. These patches did not react with the Schwann cell S100β antibody (Pictures C vs.
D). In an attempt to further characterize these unstained patches we incubated duodenal sections
with fluorescent antibody directed against pan-NF to test whether these patches corresponded
to enlarge nerve trunks. This procedure failed to highlight these particular structures, but
revealed instead the presence of thicker and brighter axons on sections from VIP-deficient
animals (Figures 5E vs. F), suggesting the presence of hypertrophied axons. H&E (Figure 5,
G vs. H) and S100 immunostaining (Figure 5, I vs. J) of colonic sections failed to reveal similar
differences in large bowel.
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Impaired gastrointestinal transit and incidence of early death in VIP-deficient animals
Motility in the upper part of the GI tract was examined in fasted WT and VIP-deficient mice
using two different methodologies. In the first of these, charcoal stained gum tragacanth was
used as a bolus. This experiment revealed that VIP−/− animals displayed a significant reduction
in motility. Indeed, when animals were sacrificed 30 minutes after feeding, we observed an
overall 36% decrease (p=0.0002) in bolus distance in VIP-deficient mice when compared to
controls (Figure 6A). In the second experiment, we used a fluorescent dextran methodology
in which the concentration of fluorescent intensity was determined along the length of the
intestine. Based on our previous experience with this model, we sacrificed the mice one hour
after the beginning of the experiment. As shown in Figure 6B, there was a significant reduction
in intestinal transit time in the VIP−/− mice compared to WT mice. Peristalsis and fixed time
analysis revealed significant differences in motility pattern indicating that the lack of VIP and
associated microscopic abnormalities were reflected in a functional change in motility.

Day to day monitoring of our VIP−/− animal colony in our specific pathogen-free facility
revealed that approximately 10–15% of VIP-deficient mice experienced sudden death before
the age of twelve months, whereas less than 2% of the wild-type mice in the colony expired
during the same period. Origins of these early deaths were difficult to elucidate because of the
short time window allowing the autopsy of the carcasses to be performed prior to autolysis.
Nonetheless, an abrupt blockade in movement of intestinal contents was observed in most of
these mice, as revealed by a gross swelling of the intestine at all levels above an apparent
stricture. In a few cases, we were able to euthanize before they had succumbed. H&E stained
sections did not reveal physical block or inflammatory infiltrates, or any obvious pathology
except for typical GI stenosis (data not shown). These findings suggested that the early death
in these mice was due to stenosis of the gut.

DISCUSSION
VIP was first characterized as a peptide expressed in the intestine and the lung, but was later
found to be widely expressed in the central and peripheral nervous systems. A wide variety of
experimental approaches indicate that this peptide acts as a neurotransmitter or neuromodulator
in the brain and nearly all peripheral systems, including cardiovascular, reproductive, and
immune systems. We report here the first description of the GI phenotype of mice deficient in
this peptide. While some of the anatomical findings were unexpected, functional studies
revealed that GI motility was impaired in VIP−/− mice, a finding fully in line with studies
showing that this peptide acts in the gut as a smooth muscle relaxant. Moreover, the ratio of
goblet cell-retained vs. secreted mucus was higher in VIP KO mice, suggesting a pro-secretory
role for VIP in goblet cells, another finding in accordance to considerable work of others.

The most obvious anatomical alteration in VIP KO mice was that the intestine was heavier but
shorter compared to WT controls. The higher density was reflected in an increased luminal
diameter at several levels of the GI tract, especially in the duodenum and jejunum portions of
the intestine. Part of the increased diameter could be accounted for by a thickening of both the
outer longitudinal and inner circular layers of the muscularis propria. Some peculiar findings
were that VIP-deficient mice exhibited increases in the mean enterocyte length (basal to
serosal) and villus length.

A possible explanation for the decreased length and increased thickness of the bowel is that
the intestine might have been in a relatively enhanced state of tonic contraction. However, this
mechanism cannot account for the substantial increase in overall mass of the small intestine
(>60%, see Table I). This increased mass could be triggered in some way in response to the
impaired GI function in VIP KO mice. Another possibility is that some of the changes are due
to a developmental loss of VIP. In this regard, VIP has been shown to exhibit growth factor-
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like action in vitro on many different types of primary cells and tumor cell lines (reviewed in
[22,36–37]. With respect to the intestine, VIP has been shown to regulate the proliferation of
intestinal epithelial cells [32–34] and cell lines [10,17,40]. This peptide might also regulate
intestinal smooth muscle proliferation, because VIP was show to inhibit the proliferation of
vascular smooth muscle [19]. In this regard, we recently showed that VIP−/− mice exhibit
pulmonary hypertension with thickening of the smooth muscle layers in the pulmonary artery
and smaller branches [29].

The possibility that VIP acts a growth factor in the gut is interesting in light of recent findings
that hedgehog proteins regulate GI development [9]. Hedgehog actions are antagonized by
cAMP-dependent protein kinase A (PKA). The VIP-related peptide PACAP was shown to
inhibit sonic hedgehog-induced proliferation of cultured cerebellar granule precursors [25].
The growth factor-like actions of VIP and PACAP raise the possibility that these peptides have
significance in intestinal tumor pathogenesis. In this regard, VIP and PACAP have been shown
to modulate proliferation of adenocarcinoma cell lines [17] and VIP levels are enhanced in
serum samples from patients suffering from colonic carcinoma [12]. The interaction with the
hedgehog pathway might also be relevant in these tumors because the hedgehog pathway has
been found to be overactive in human intestinal carcinomas [3] and associated with tumor cell
survival [26]. In these respects, VIP-deficient mice may be a useful model to study the role of
the endogenous peptide in the pathogenesis and/or progression of intestinal tumors.

An appealing extrapolation of the present results is to link the observed phenotypes with major
human digestive disorders. Among the characteristic GI features observed in VIP−/− animals
was small bowel dilatation and muscular hypertrophy associated with an apparent reduction
of peristalsis. Thus, mice lacking VIP-ergic innervation might represent a model for human
pathologies characterized by peristaltic defects, for example Hirschsprung’s disease, or
children with constipation associated with clinical symptoms of intestinal pseudo-obstruction.
The potential clinical relevance of this comparison is reinforced by the observation of lethal
duodenal stenosis in VIP−/− animals and by analogies in clinical features previously observed
in a rat model for long segment Hirschsprung’s disease [38]. Furthermore, while a reduction
in VIP innervation has been reported in these pathologies (for review, [16]), it is still quite
unclear whether reduction in VIPergic innervation is indeed causative or resultant in the disease
progression. In addition, the unusual spotted plexuses observed in VIP−/− animals may in fact
correspond to the increase in nerve trunks in the muscularis propria previously reported from
biopsies of patients suffering from Hirschsprung’s disease [21]. Moreover, as speculated
above, interactions between VIP and hedgehog pathway might also play a role the generation
of Hirschsprung’s-like phenotype in mice, since overexpression of human gli1 gene in
transgenic mice triggered patches of GI dilatation [39].

In conclusion, the present data represent the first direct evidence that VIP has an endogenous
effect on digestive function and GI tract integrity. Additional work is necessary to fully describe
the overall digestive phenotype observed in VIP null mice and understand the relationship
between lack of VIP and GI disorders. These studies provide an insight into the pathogenesis
of intestinal motility abnormalities in humans and provide an experimental model to study
intestinal ileus, pseudoobstruction (Oglievie’s Syndrome) and Hirschsprung’s disease.
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Figure 1.
A: Low magnification picture of the GI tract of representative WT, VIP+/−, and VIP−/− mice.
Of interest, total GI length and appendix size are reduced when compared to their dimensions
in the tract from a representative age-matching control animal B. High magnification
photomicrographs showing some of the anatomical details reported in Table III. Left panel
shows individual villi: arrows point to enterocytes (EC) and mucous-secreting (goblet) cells
(GC); VW- and EL-labeled brackets denote villus width and enterocyte length, respectively.
Right panel is a high power view showing the muscularis propria (MP), consisting of the outer
(longitudinal) cell layer (OCL) and the inner (circular) cell layer (ICL). Arrow points to a
myenteric plexus (MyP), which lies between the two muscle layers of the muscularis propria.
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Figure 2.
Microscopic structure of the proximal jejunum in WT and VIP−/− mice. Small bowel sections
were stained using standard H&E staining. Pictures at low (x2.5, x10, upper panel) and higher
magnification (x20, x40; mid and lower panels, respectively) revealed an overall increase in
thickness of muscularis mucosa in VIP KO (B, D and F) vs. controls (A, C and E), as well as
higher numbers of mucus-forming cells (G vs. E).
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Figure 3.
Microscopic structure of the colon in WT and VIP−/− mice. Gut sections were stained using
standard H&E staining.
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Figure 4.
Alcian blue staining to visualize mucus deposits on sections in duodenum (A–D) and distal
colon (E–H) from WT (left panel) and VIP−/− mice (right panels). As expected from H&E
staining shown in figures 2 & 3, Alcian blue staining revealed a significant difference in mucus-
positive cells in the small intestine, but no change in colon. However, sections from VIP−/−

showed a dramatic reduction in the amount of mucus released in the lumen in both small (A,
C vs B, D), and large (E, G vs F, H) bowels.
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Figure 5.
Microscopic structure of myenteric plexus in duodenum and distal colon of WT and VIP−/−

mice. H&E (A, B, G and H) and S100β (C–D & I–J) and pan-neurofilaments (NF) (E, F)
stainings are shown in WT and VIP KO mice (left and right panels, respectively). Structural
differences were observed in duodenum of VIP deficient mice when compared to WT controls.
Plexuses from KO mice showed enlarged unstained patches (A vs B) that were non-
immunoreactive with S100β or NF antibodies used to specifically reveal Schwann cells and
axons (C vs. D & E vs. F, respectively). However, immunofluorescence emitted by the pan-
NF antibody coupled with green fluorescent dye-labeled conjugates (E vs. F) revealed larger
area signals within the external plexus of the KO mice than WT controls, suggesting the
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presence of bigger axons within the myenteric plexus of VIP-deficient mice. Conversely, no
obvious differences in plexus structures of the large bowel (G–J) were using these techniques
(pan-NF not shown).
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Figure 6.
Peristaltic activity in WT vs. VIP−/− mice. A: migration of charcoal-stained bolus along the GI
tract 30 min after gavage. B: Distribution of fluorescein-labeled dextran along the gastro-
intestinal tract 60 minutes post administration in WT controls vs. VIP−/− mice. Procedures are
described in methods. Data are presented as mean ± SEM (n=3).
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Table I
Morphometric analyses of digestive organs from VIP KO mice compared to age-matching wild type controls.

Organs WT VIP KO
Weight (% of body weight)
Liver
Pancreas
Colon
small intestine

4.70 +/− 0.62
0.98+/− 0.22
0.98+/− 0.18
4.31+/− 0.34

4.34 +/− 0.17
1.37+/− 0.15*

1.23 +/− 0.13*

7.13 +/− 0.28*

Density (g/cm)
Pylorus to colon
Colon to rectum

0.036 +/− 0.0021
0.032 +/− 0.0043

0.051+/− 0.0016*

0.067 +/−0.0028 *

*
Indicates statistically significant differences between VIP KO (n= 8) and control (n= 13) mice; (p<0.05).
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Table II
Morphometric analyses of intestinal structures in WT and VIP−/− mice. * Indicates statistically significant differences
between VIP KO (n= 6) and control mice (n= 5)

Intestinal structures Measurements (cm +/− SD) Differences
(% of WT control)WT VIP−/−

Length
Pylorus to rectum

57.00+/− 0.71 50.25+/−2.72 88.16*

Pylorus to cecum 47.13 +/− 1.03 42.12+/−3.11 89.39
Cecum to rectum 9.88 +/− 0.63 8.00+/−0.72 81.01*
Cecum 2.63 +/− 0.25 3.25+/−0.52 123.81
*
p<0.05,

**
p<0.01

***
p<0.005
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