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Abstract

VIP is highly expressed in the colon and regulates motility, vasodilatation, and sphincter

relaxation. However, its role in the development and progress of colitis is still controversial. Our

aim was to determine the participation of VIP on dextran sodium sulfate (DSS)-induced colonic

mucosal inflammation using VIP−/− and WT mice treated with VIP antagonists. Colitis was

induced in 32 adult VIP−/− and 14 age-matched WT litter-mates by giving 2.5 % DSS in the

drinking water. DSS-treated WT mice were injected daily with VIP antagonists, VIPHyb (n=22),

PG 97–269 (n=9), or vehicle (n=31). After euthanasia, colons were examined; colonic cytokines

mRNA were quantified. VIP−/− mice were remarkably resistant to DSS-induced colitis compared

to WT. Similarly, DSS-treated WT mice injected with VIPHyb (1 μM) or PG 97–269 (1 nM) had

significantly reduced clinical signs of colitis. Furthermore, colonic expression of IL-1, TNF-α, and

IL-6 was significantly lower in VIP−/− and VIPHyb or PG 97–269 compared to vehicle-treated

WT. Genetic deletion of VIP or pharmacological inhibition of VIP receptors resulted in resistance

to colitis. These data demonstrate a pro-inflammatory role for VIP in murine colitis and suggest

that VIP antagonists may be an effective clinical treatment for human inflammatory bowel

diseases.
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Introduction

The enteric nervous system (ENS) modulates intestinal inflammation through neuropeptides

acting on immune and central nervous systems (CNS) (Gross 2007). Vasoactive intestinal

peptide (VIP), a 28-amino acid neuropeptide is widely distributed in central and peripheral

neurons and is expressed in the colon with the highest concentration in the myenteric plexus

(Harmar 2012). VIP exhibits broad physiological intestinal functions, regulating motility,

secretory activity and vasodilatation, and inhibiting peristaltic reflex in the circular smooth

muscle layer and sphincter relaxation (Harmar 2012). In the immune system, VIP triggers

multiple complex effects through VPAC1 and VPAC2 receptors, which are expressed on T-

cells and macrophages (Delgado 1996; Delgado et al. 2004a, b) and less consistently on

dendritic cells, mast cells, and neutrophils (Delgado 2004a, b).

VIP is up-regulated in the peritoneal fluid during LPS-induced inflammation and inhibits

LPS-induced TNF-α, IL-6, and IL-12 production (Delgado et al. 1999a, b). Inflammatory

stimuli and cytokines can induce VIP expression in neurons and antigen-activated CD4

(Delgado 1999a, b, 2004a, b) cells. Similarly, endotoxic shock in humans elevated levels of

VIP in plasma (Brandtzaeg 1989). Patients with multiple sclerosis have reportedly increased

levels of VIP immunoreactivity in their cerebral spinal fluid (Andersen 1984). Furthermore,

patients with Sjögren’s syndrome, rheumatoid arthritis, and Crohn’s disease have altered

levels of VIP (Törnwall 1994; Belai 1997; Boyer 2007; Juarranz 2008). Administration of

VIP following murine endotoxic shock was reported to lower inflammation (Delgado 2004a,

b) while VIP and its analogs have been proposed as therapeutic agents in patients with

chronic inflammatory and autoimmune diseases (Delgado 2004a, b).

The role of VIP in inflammatory bowel diseases (IBD) has been very controversial and not

clearly defined. In murine TNBS-induced colitis some authors have shown that

intraperitoneal (ip) VIP was protective against mucosal inflammation by inhibiting pro-

inflammatory cytokines and downregulating Toll-like receptors 2 and 4 (Abad 2003). Others

have demonstrated that prophylactic or therapeutic treatment with VIP by ip injection or

continual infusion did not ameliorate colitis-induced weight loss, mortality, inflammatory

cytokine response, and histological damage, even though it abrogated chemokine-induced

chemotaxis (Newman 2005).

Recently, genetically engineered mouse models have allowed the characterization of the VIP

pathway in inflammatory models. VIP−/− mice were resistant to experimental autoimmune

encephalomyelitis (EAE) with reduced immune infiltrates in the brain parenchyma and

spinal cord (Waschek 2013). VIP−/− mice were also resistant to LPS-induced shock

(Waschek 2013) suggesting a functional deficit of myeloid cells, which are responsible for

the elevated levels of TNF-a, IL-6, and IL-12. Furthermore, VPAC1-null mice were resistant

to dextran sodium sulfate (DSS)-induced colitis, whereas VPAC2-null mice developed a

more severe colitis (Yadav 2011). To study the pharmacological effects of VIP signaling,

peptides with modified VIP sequences have been developed. VIPHyb, in which the first six

C-terminal amino acids were replaced with the neurotensin sequence, is a broad spectrum

VIP antagonist inhibiting human and mouse VPAC1, VPAC2, and PAC1 receptors (Moody

2002). VIPHyb has been shown to inhibit the growth of tumor cells of lung, breast, and
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pancreatic cancers (Moody et al. 2003; Zia 1996 ; Zia 2000). On T lymphocytes, VIPHyb

causes a half-maximal inhibition of VIP binding at 5 mM, and maximal inhibition of VIP-

induced cAMP generation at 10mM(Gozes 1991). Another VIP antagonist, PG 97–269,

selectively inhibits only VPAC1 receptors (Banks 2005).

In the present study, we examined the importance of VIP deficiency and the therapeutic

effects of VIP receptor antagonists in the DSS model of colitis. Consistent with the

attenuation of inflammation in VIP−/− models of EAE and LPS-induced shock, VIP−/− mice

with DSS-induced colitis exhibited reduced clinical signs and mucosa damage together with

reduced or absent mRNA expression of proinflammatory cytokines in colonic tissue. To

investigate whether pharmacological antagonists to VIP can play similar anti-inflammatory

effects in the colonic mucosa, an ip treatment with VIPHyb or PG 97–269 was utilized in

C57BL/6 WT mice using the same experimental models of DSS colitis.

Materials and Methods

Animals

Male VIP knockout C57BL/6J mice (VIP−/−) 6–12 weeks old, developed as described

(Colwell 2003), and age-matched wild type (WT) were housed and fed ad libitum in a

specific sterile animal facility at the Department of Veteran Affairs Greater Los Angeles

Healthcare System (WLAVA) animal facility. All experimental protocols and procedures

were approved by the WLAVA-IACUC and Research and Development Committee

(11030-11).

Dextran Sodium Sulfate-Induced Colitis

To induce colitis, 2.5 % (wt/vol) DSS (MW, 40,000–50,000; USB Corp, Cleveland, OH)

was given in drinking water as outlined in Fig. 1a (Melgar 2005). VIP−/− (n=32) and WT

(n=14) mice were allowed free access to DSS-containing or normal water during the

experiment. Body weight was recorded from day 0 to11. Control VIP−/− (n=25) and WT

(n=16) mice were given normal water from day 0 to 11. The volumes of DSS containing- or

normal water in the bottles were monitored. Stool appearance, physical activity, and general

well-being were assessed daily from day 0 to 11.

VIP Antagonists Treatment

VIP inhibitors, [Lys1, Pro 2, 5, Arg3, 4, Tyr6] VIP (VIPHyb) (American Peptides,

Sunnyvale, CA), or [acetyl-] VIP(3–7)/His1, D-Phe2, Lys15, Arg16, Leu17GRF(8–27) (PG

97–269), VPAC1 receptor-specific antagonist (SM Biochemicals, Anaheim, CA) were

injected daily from day 0 to 11, by ip in sterile saline in DSS-treated WT mice. Age- and

weight-matched WT (6–12 weeks old) were administered VIPHyb at 100 nM (n=9) or 1 μM

(n=22) or PG 97–269 at 1 nM (n=8), 10 nM (n=7), or 100 nM (n=9) in 200 μL of saline, as

outlined in Fig. 2a or saline (n=31) from day 0 to 11.
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Assessment of Histologic Injury Scores

After euthanasia, colons were removed and colonic weight to length ratio, a parameter of

mucosal inflammation (Okayasu 1990) was measured. Then, tissue segments were placed in

4 % paraformaldehyde or saved for RNA extraction.

Five micron paraffin sections, stained by H&E protocol, were analyzed in blinded fashion to

assess colitis using the following criteria: edema, crypt shortening, ulceration, and immune-

cellular infiltration. The proximal and distal colon of each animal was graded using a scale

from 0 to 4, with 0 indicating no sign and 4 being most severe.

Cytokine Analysis by Quantitative RT-PCR

Cytokine expression was measured in homogenized colonic tissue biopsies immediately

following necropsy. Total RNA was isolated using RNeasy kit (Qiagen, Valencia, CA)

according to manufacturer’s instructions. RNA yield and purity were assessed by

spectrometric measurements. RNA was applied for reverse transcriptase (RT) reaction using

Superscript first-strand synthesis kit (Invitrogen, Carlsbad, CA). One microgram of RT

product was then added in a reaction with SYBR premix Taq (Takara Bio, Shiga, Japan) for

qPCR, which was performed on the DNA Engine Opticon 2 system (MJ Research,

Waltham, MA). The cycle of threshold, C(T), was determined as the fluorescent signal of 1

standard deviation over background. The efficiency of each primer pair was measured by

amplification of the known amount of cDNA starting material (10 pg–10 ng). IL-6, tumor

necrosis factor α (TNF-α), IL-1β, IL-2, IL-23A, and T-bet target primer pair amplifications

were compared with the reference primer pair (α-actin) amplification in the same

experiment for each RT product tested. All reactions were carried out in duplicate. The

relative expression ratio of the target gene, compared to the reference gene, was calculated

according to the Pfaffl’s formula (Schmittgen 2008). Melting curves established the purity

of the amplified band. PCR products were sequenced to confirm identity. Primer pair

sequences and melting temperatures are listed in Supplemental Table 1.

Statistical Analysis

Data are expressed as mean±SEM. The statistical significance of differences between

VIP−/−, WT, VIP antagonists, and vehicle-treated groups were determined by factorial

ANOVA. Statistical analyses were performed using the SPSS software version-20 (IBM,

Armonk, NY).

Results

Clinical and Macroscopic Evidence of VIP−/− Mice Resistance to Colitis

Colitis was induced in C57BL/6J WTor VIP−/− mice as outlined (Fig. 1a). In control groups,

no change in physical activity or stool appearance was recorded. DSS-treated WT mice

developed colitis with bloody diarrhea, altered physical behavior, and significant body

weight loss percentage (−11.33±3.39, p<0.01). Conversely, DSS-treated VIP−/− presented

no clinical alterations and a modest body weight loss percentage (−4.47±1.15; Fig. 1b).

Vu et al. Page 5

J Mol Neurosci. Author manuscript; available in PMC 2014 July 29.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Upon necropsy, severe colonic inflammation was observed only in DSS-treated WT (Fig.

1c). Conversely, DSS-treated and control VIP−/− showed no macroscopic sign of colitis

(Fig. 1c). Colonic weight/length ratio, correlating with the clinical observations, was higher

in DSS-treated WT than VIP−/− mice (3.88±0.17 vs. 2.71±0.14, p<0.0001), thus indicating

greater tissue edema and immune-cellular infiltrates in WT than VIP−/−. Therefore, VIP

absence resulted in a significantly reduced colitis severity. No difference was found in the

colonic weight/length ratio of WT and VIP−/− controls.

VIP Antagonists, VIPHyb, and PG 97–269 Attenuate DSS-Induced Colitis

DSS-treated WT mice were administered daily ip injections of either increasing doses of

VIP antagonists or vehicle (Fig. 2a). WT mice injected with vehicle only, manifested

clinical signs of severe colitis with bloody diarrhea, reduced physical activity, and a

percentage of body weight loss of (−16.69±1.13). One hundred nanomoles VIPHyb reduced

weight loss (−12.05±2.16, p>0.05); however 1 μM VIPHyb treatment led to a significant

reduction of weight loss percentage (−11.78±1.14, p<0.05) as well as bloody diarrhea,

compared to vehicle-treated mice (Fig. 2b). To confirm that VIP antagonism ameliorates

colitis, we next treated another group of DSS-induced WT mice with daily ip injections of

VPAC1 antagonist, PG 97–269, at a dose of 1, 10, or 100 nM from day 1 to 11. PG 97–269

at 1 nM led to a weight loss improvement (−12.35±1.80) with absence of bloody diarrhea

compared to the vehicle-treated group (Fig. 2b). PG 97–269 at 100 and 10 nM resulted in a

lower weight loss percentage (−12.99±1.53 and −14.89±2.53 respectively) that was not

statistically significant.

The degree of colonic inflammation in DSS-treated WT mice injected with VIPHyb or PG

97–269 was evaluated according to the colonic weight/length ratio. DSS-treated WT mice,

vehicle-injected daily, presented significant intestinal inflammation with a colonic weight/

length ratio of 3.97±0.13 (Fig. 2c, d). Treatment with VIPHyb at 1 μM gave a significantly

lower colonic weight/length ratio (3.07±0.14, p<0.001; Fig. 2c, d). One hundred nanomoles

VIPHyb resulted in lower inflammatory clinical signs with no significant reduction of

colonic weight/length ratio compared to vehicle. One nanomole PG 97–269 was the most

effective dose against colonic inflammation, producing a significantly reduced colonic

weight/length ratio (3.04±0.21, p<0.05; Fig. 2c, d). PG 97–269 at 10 and 100 nM reduced

clinical signs of colonic inflammation but not the weight/length ratio. Therefore, in our

model of DSS-induced colitis in WT, treatment with VIPHyb at 1 μM or with PG 97–269 at

1 nM induced a significant resistance to colonic inflammation as seen in VIP−/− mice.

Histology of the Colon in DSS-Treated VIP−/− and VIP Antagonists-Treated WT Mice

Proximal colon sections from DSS-treated WT indicated the presence of significant

inflammation, edema, and ulceration, with shortening of the normal crypt architecture

compared to control WT mice (Fig. 3). However, in DSS-treated VIP−/− mice no

microscopic damage was observed (Fig. 3). In the proximal colon, the histological score

mirrored the clinical signs, with VIP−/− mice scoring significantly lower in edema

(1.00±0.29 vs. 3.0±0.58, p<0.05), villi shortening (0±0 vs. 2.33±0.33, p<0.01), ulceration

(0±0 vs. 2.33±0.33, p<0.01), and presence of immune-cellular infiltrates (0.78±0.22 vs. 2.67

±0.33, p<0.05; Table 1). Similarly, in DSS-treated WT mice injected with 1 μM VIPHyb or
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1 nM PG 97–269, lower colonic mucosal damage was observed compared to vehicle-

injected mice (Fig. 3). Treatment with 1 μM VIPHyb resulted in significantly lower scoring

compared to the vehicle-group considering edema (1.33±0.21 vs. 2.80±0.39, p<0.05), villi

shortening (0.33±0.21 vs. 2.20±0.53, p<0.01), ulceration (0.33±0.21 vs. 2.30±0.54,

p<0.001), and immune-cellular infiltrates (1.50 ±0.22 vs. 2.90±0.38, p<0.05; Table 1).

Similarly, treatment with PG 97–269 at 1 nM, the most effective dose, significantly lowered

inflammatory scores compared to vehicle when villi shortening (0.83±0.40, p<0.05),

ulceration (0.83±0.40, p<0.05) and immune-cellular infiltrates (1.67±0.33, p<0.05; Table 1)

were evaluated. Higher doses of PG 97–269 were excluded for lack of efficacy. Thus,

VIP−/− demonstrated resistance to colitis as shown by their relative absence of tissue

damage compared to WT mice.

In the distal colon DSS-treated WT showed significant mucosal inflammation with edema,

ulceration, and shortening of the crypts compared to controls, whereas VIP−/− mice had

significantly lower or absent mucosa damage than controls (Fig. 4). Scores of edema

(1.20±0.20 vs. 2.00±0.41, p<0.05), villi shortening (1.60±0.40 vs. 3.25±0.48, p<0.05),

ulceration (1.60±0.40 vs. 3.50±0.29, p<0.05), and immune-cellular infiltration (1.40±0.24

vs. 3.50±0.29, p<0.05) were significantly lower in VIP−/− than WT (Table 2). Additionally,

DSS-treated WT mice, given either 1 μM VIPHyb or 1 nM PG 97– 269 developed lesser

mucosal damage than vehicle group (Fig. 4). Treatment with 1 μM VIPHyb resulted in

lower scores of villi shortening (1.63±0.50 vs. 2.33±0.48, p<0.05) and ulceration (1.38±0.53

vs. 2.25±0.41, p<0.05; Table 2). PG 97–269 at 1 nM also decreased villi shortening

(0.83±0.40, p<0.01), ulceration (0.83±0.40, p<0.01), and immune cell infiltration

(1.67±0.33, p<0.05). In summary, VIPHyb at 1 μM and PG 97–269 at 1 nM administered to

DSS-treated WT, induced resistance to colitis in both proximal and distal colon, similar to

that observed in VIP−/− mice.

Pro-inflammatory Cytokines in DSS-Induced Colitis VIP−/− and VIP Antagonist-Treated WT
Mice Colons

Consistent with the reduced mucosal inflammation in both proximal and distal colon, VIP−/−

mice showed no change in mRNA expression for TNF-α (0.76-fold), IL-6 (0.34-fold), IL-

1β (1.16-fold), IL-2 (1.08-fold), IL-23A (0.73-fold), and T-bet (0.16-fold) compared to

controls (Fig. 5). In contrast, DSS-treated WT had significantly up-regulated TNF-α (8.63-

fold, p<0.01), IL-6 (13.93-fold, p<0.001), IL-1β (24.35-fold, p<0.01), IL-2 (18.76-fold,

p<0.001), IL-23A (5.13-fold, p<0.05), and T-bet (14.47-fold, p<0.01) compared to WT and

VIP−/− controls. In DSS-treated WT 1 μM VIPHyb or 1 nMPG 97–269 reduced significantly

TNF-α (0.24-fold, p<0.05), IL-6 (0.24-fold, p<0.05), and IL-1β (0.68-fold, p<0.05) mRNA

compared to vehicle-treated WT, Fig. 5. Similarly, PG 97–269 reduced significantly TNF-α

(0.24-fold, p<0.05), IL-6 (0.36- fold, p<0.05), and IL-1β (0.70-fold, p<0.05) mRNA levels

compared to vehicle-treated WT. However, IL-2, IL-23A, and T-bet levels were unchanged

by the VIP antagonists’ treatment. In conclusion, DSS-treated VIP−/− mice showed

suppressed colonic cytokine expression compared to WT. Similarly, 1 μM VIPHyb or 1 nM

PG 97–269 antagonist treatment suppressed colonic cytokines in DSS-treated WT mice.
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Discussion

In this study we report that VIP−/− mice are remarkably resistant to DSS-induced colitis,

showing little to no clinical and histopathological damage. The data further show that

treatment with VIPHyb or PG 97–269, in WT mice significantly improved the analyzed

parameters. This study highlights the complex role of VIP signaling in colitis and suggests

the potential VIP antagonists use as therapeutic modality in IBD.

VIP-Gene Deletion Confers Resistance to DSS-Colitis in C57Bl6 Mice

The development of a mouse model with VIP gene deletion (Colwell 2003) allowed us to

study endogenous VIP role during colitis, and to clearly elucidate VIP effects in the colonic

immune-inflammatory processes. VIP−/− mice showed a very significant resistance to colitis

with absent clinical signs, immune-inflammatory infiltrates, and proinflammatory cytokines.

Our results are consistent with the resistance to inflammation observed in the same VIP−/−

mice by other investigators (Waschek 2013) using EAE and LPS inflammatory models,

where immune-inflammatory response inhibition and impairment of NF-κB pathway was

documented. Furthermore, in a LPS-induced endotoxic shock model, VIP−/− mice had

suppressed levels of TNF-α and IL-6 mRNA as our DSS-treated VIP−/− (Waschek 2013).

Pharmacological Inhibition of VIP Attenuates DSS-Colitis in C57Bl/6 Mice

The role of VIP in colitis is still controversial. Several studies described an anti-

inflammatory role for VIP in vitro (Delgado et al. 2004a, b). VIP analogues have been

proposed as potential therapeutic agents against immune inflammation (Abad 2003, 2006;

Delgado 2004a, b) in mouse models of rheumatoid arthritis, EAE, and endotoxic shock

(Delgado et al. 2004a, b; Gonzalez-Rey 2006). However, in vivo data on the effects of VIP

during inflammatory states are not consistent. In a model of EAE (Abad 2010), genetic

deletion of VIP resulted in resistance to inflammation with mild or absent clinical signs and

lack of CD4 cells infiltration into the brain parenchyma. In another study, VIP−/− mice

exhibited resistance to LPS administration with decreased mortality, tissue damage, and pro-

inflammatory cytokines (Abad 2012). However, Abad et al. (2003) in a Crohn’s disease

murine model showed that TNBS-treated WT Balb/c mice injected daily with 1 or 5 nmol

VIP showed reduced clinical and histopathologic severity of colitis as well as Th1 cytokine

levels, whereas a higher 10 nmol VIP dose worsened the course of colitis. Conversely in the

same experimental model, Newman et al. (2005) reported that VIP by constant infusion with

mini-osmotic pumps or 1 or 5 nmol ip injections for 7 days enhanced the severity of colitis

(Newman 2005).

In our study, VIPHyb treatment resulted in a significant clinical and histological

improvement. VIPHyb at 1 μM significantly reduced weight loss and mucosal damage,

inhibiting TNF-α, IL-6, and IL-1β in the colon. VIP, acting on macrophages, can stimulate

or inhibit inflammatory response (Delgado 2004a, b). Furthermore, VIP through VPAC1 can

suppress the function of chemokine receptors in vivo on monocytes and CD4+ T-cells,

impairing their chemotaxis in both delayed type hypersensitivity (Grimm 2003) and TNBS-

treated Balb/c mouse models but only at high doses as 5× 10−4 M (Newman 2005). Ottaway

et al. (1987) previously showed that VIP plays a very important role in T-cells homing to
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mesenteric lymph nodes and Peyer’s patches. Others have observed that VIP plays a

chemoattractant role, as potent as chemokines, on T-cells (Wang et al. 1993). Johnston et al.

(1994) demonstrated in vitro that VIP at both 10−8 and 10−9 M induce chemotaxis in

unstimulated CD4 and CD8 but not in neutrophils or antigen-stimulated T-cells, in which

VPAC1 expression is suppressed. In this way, antigen-activated T-cells lacking VPAC1

become unable to infiltrate VIP expressing sites. Consequently, genetic or pharmacological

inhibition of VIP and VPAC1 could promote intestinal mucosa homeostasis, preventing

lymphocytes and neutrophils migration to damaged mucosa and consequently inflammatory

immune-cellular infiltrates and cytokine release.

We showed also that treatment with PG 97–269, a VPAC1 antagonist, at 1 nM significantly

reduced colonic damage. PG 97–269 at 10 and 100 nM did not significantly reduce the

colonic weight to length ratio; this effect could perhaps be attributed to a potential VPAC2

inhibition or molecular aggregation at those high doses. VIPHyb at 1 μM and PG 97–269 1

nM showed similar efficacies in reducing mucosal inflammation as observed in VIP−/−

mice. However, in the distal colon PG 97–269 treatment was more efficacious in reducing

the amount of immune-cellular infiltrates, ulceration, and villi shortening compared to

VIPHyb, consistent with the observation that DSS-induced colitis affects mainly the middle

and distal third of the large bowel (Perše 2012). Even though VIPHyb and PG 97–269 were

both efficient in targeting inflammation in the distal colon and provided a significant

decrease in the severity of DSS-induced colitis, VIPHyb required higher doses than PG 97–

269, which is VPAC1 specific. Conversely, PG 97–269 showed its highest efficacy in

reducing colonic inflammation at 1 nM, but not at 10 and 100 nM suggesting a potential

activation of VPAC2 receptor or a phenomenon of molecular aggregation and precipitation

at high doses. Considering that VPAC2 receptors are mainly expressed on antigen-activated

T lymphocytes while VPAC1 receptors are down-regulated on activated T-cells; the high

capability of PG97–269 to significantly reduce colonic inflammation suggest that VIP

inhibition plays an anti-inflammatory role by blocking cell chemotaxis, providing an

explanation for the absence of immune-inflammatory infiltrates and cytokines.

VPAC1 Mediates the Pro-inflammatory Effect of VIP in DSS Colitis

Similarly, WT mice injected with either VIPHyb at 1 μM or PG 97–269 at 1 nM, presented

lower immune cellular-infiltrates. IL-1β and IL-6 are mainly produced by innate immune

system cells, as macrophages, mast cells, and monocytes, which can indirectly recruit

neutrophils to the colon. Both cytokines were significantly lower in VIP−/− as well as in

VIPHyb- and PG 97-269-treated mice. Our data suggest that the VIP pro-inflammatory

effects are mediated through VPAC1 receptors. This is in agreement with Yadav et al.

(2011), where VPAC1-deficient mice were resistant to DSS-induced colitis as our VIP−/−.

These observations on the effects of VIP or VPAC1 inhibition, point to the crucial role of

VIP and VPACs in regulating colonic inflammation. In contrast, DSS-treated VPAC2-null

mice developed a worse colitis (Yadav 2011), while over-expression of VPAC2 on T-cells

in VPAC1-null mice did not alter their resistance to DSS-induced colitis (Yadav 2011).

These results suggest that in the colon, VIP signals predominantly through VPAC1

receptors, which are critical in modulating mucosal inflammation. Furthermore, blockade of

VPAC1 signaling through PKA inhibitors in VPAC2-deficient mice inhibited clinical
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disease and reduced IL-1β and IL-6 to levels as those that we found in our DSS-treated

VIP−/− mice (Yadav 2011). Therefore, targeting the VIP signaling axis primarily through

VPAC1 is critical in maintaining intestinal mucosa immune homeostasis and reducing

inflammation.

VPAC1 are expressed on immune cells in the gastrointestinal tract, especially on the lamina

propria CD68+ cells during both ulcerative colitis and Crohn’s disease (Yukawa 2007). The

entry of immune cells into mesenteric lymph nodes and Peyer’s patches is regulated by

VPAC1 signaling (Von der Weid 2012). Furthermore, in a model of EAE in VIP−/− mice, T-

cells and macrophages accumulated in the subarachnoid space but failed to enter the CNS

parenchyma (Abad 2010); the levels of chemokine expression in the CNS were significantly

lower in EAE-induced VIP−/− mice. Pharmacological inhibition of VIP in our model was

effective in inducing resistance to colitis as that observed in VIP−/− mice.

The apparent discrepancy between the different studies on the role of VIP in colitis may be

due to the complex VPAC1 and VPAC2 signaling, that may play differential roles. For

instance, VPAC1 and VPAC2 are highly localized on immune cells (Delgado 2004a, b), but

upon T-cell activation VPAC2 is upregulated, whereas VPAC1 is down-regulated (Delgado

1999a, b). VIP inflammatory effects during colitis appear to be mediated through the

VPAC1 pathway. The current report using VPACs antagonists seems to be in contrast with

those previous studies that showed that lower doses of VIP reduced intestinal inflammation

(Abad 2003), whereas it can explain the proinflammatory effects induced by higher doses of

VIP in the studies by Abad et al. (2003) and Newman et al. (2005). Our model along with

Yadav et al. uses DSS-induced colitis in C57Bl/6 mice, whereas Abad et al. (2003) and

Newman et al. (2005) used a TNBS model in Balb/c mice. DSS-induced colitis, considered a

model of ulcerative colitis, directly injures host intestinal epithelia allowing for the uptake of

bacterial endotoxin and peptidoglycan polysaccharide polymers by immune cells (Dieleman

1998). While TNBS-induced colitis is considered a model of Crohn’s disease, involves a T-

cellmediated immune responses and induces a Th1 cytokine profile (Alex 2009). It should

also be considered that C57Bl/6 mice have higher sensitivity to colitis compared to Balb/c,

and develop a severe colitis with only one cycle of DSS-treatment (Melgar 2005).

Studies using different therapeutic agents for IBD have shown that DSS-induced colitis is a

relevant model for the translation of mice data to human IBD studies (Melgar 2008).

VIPHyb and PG 97–269 have been both previously administered in vivo without adverse

effects and have very low neurotoxicity compared to other VIP antagonists (Banks 2005).

While VIPHyb is pharmacologically less potent than PG 97–269, VIPHyb was selected for

its ability to inhibit cAMP concentration and lack of toxicity in mice (Banks 2005). The

selective antagonism of VPAC1 may represent an efficacious clinical target to elicit anti-

inflammatory effects without the undesired side effects of a simultaneous VPAC2

antagonism, such as vasodilatation, hypotension, and diarrhea. Our data suggests that partial

or transient blockade of VPAC1 receptors may be sufficient in inhibiting the

pathophysiologic mechanisms of colitis.
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Conclusion

Our findings reveal that absence of VIP expression induces resistance to colitis in our DSS-

induced murine model, as well as VIP antagonism that inhibits VIP/VPAC1 signaling, thus

leading to a suppression of colonic mucosa inflammation and damage. Currently, treatment

options for human patients are associated with significant adverse effects (Truelove 1960;

Reshef 1992; Ballinger; 2008). Anti-TNF-α targeting agents have been effective; however,

up to half of the patients have developed no response, loss of response, or intolerance along

with significant side effects (Perrier 2012). A major advance in IBD therapy would be the

ability to target the site of inflammation and minimize systemic side effects. In humans there

is a predominant VPAC1 expression in the colonic mucosa, and on inflammatory immune

cells (Margolis 2009). VIPHyb and PG 97–269 represent potential novel candidates for the

treatment of colitis. These studies support the potential use of VIP antagonists for a clinical

treatment of patients with IBD.
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Fig. 1.
a Diagram of the experimental DSS-induced colitis study protocol: 2.5 % DSS in drinking

water was administered from day 0 to 5, followed by drinking water from day 6 to 11. Mice

were euthanized on day 11. b Body weight change percentage was calculated in DSS-treated

WT (white) and VIP−/− (black) mice. Data expressed as mean±SEM. c Photographs of large

intestine, oriented from cecum to rectum. Control WT (no DSS; top panel), DSS-treated WT

(second panel from top), control VIP−/− (no DSS; third panel from top), DSS-treated VIP−/−

(bottom panel). d Colonic weight/length ratio was measured in WT (white) and VIP−/−

(black) mice. Data expressed as mean±SEM. Statistical analysis was performed using two-

way ANOVA with Bonferroni post-test to calculate p values. Significant resistance to

colitis, as established by percent of weight loss (p<0.01) and colonic weight/length ratio

(p<0.001) were observed in DSS-treated VIP−/− as compared to WT mice. *p<0.05,

**p<0.01, ***p<0.001
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Fig. 2.
a Diagram of the experimental protocol followed to study the effects of VIP antagonists,

VIPHyb or PG 97–269, or vehicle, in DSStreated WT mice. b Percent of body weight

change in mice treated with DSS and daily ip injections with vehicle (saline), or 100 nM

VIPHyb, or 1 μM VIPHyb, or 1 nM PG 97–269, or 10 nM PG 97–269, or 100 nM PG 97–

269. Significant resistance to colitis was documented by assessing percentage of body

weight loss in mice injected with 1 μM VIPHyb compared to vehicle (p<0.01). Data

expressed as mean±SEM. c Photographs of large intestine oriented from cecum to rectum.

WT mice treated with DSS and vehicle (top panel), WT treated with DSS and 1 μM VIPHyb

(second from top panel), WT treated with DSS and 1 nM PG 97–269 (bottom panel). d
Colonic weight/length ratio in DSS-treated WT mice injected with vehicle, or 100 nM

VIPHyb, or 1 μM VIPHyb, or 1 nM PG 97–269, or 10 nM PG 97–269, or 100 nM PG 97–

269. Significant resistance to colitis, assessing colonic weight/length ratio was observed in 1

μM VIPHyb- and 1 nM PG 97–269-treated WT (p<0.001). Data are expressed as mean

±SEM. Statistical analysis was performed using one-way ANOVAwith Bonferroni post-test

to calculate the p values. *p<0.05, **p<0.01, ***p<0.001
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Fig. 3.
Proximal colon histopathology. a DSS-untreated VIP−/−. b 2.5 % DSS-treated mice VIP−/−;

c 2.5 % DSS-treated WT mice. d WT mice treated with 2.5 % DSS and 1 μM VIPHyb. e
WT mice treated with 2.5 % DSS and 1 nM PG 97–269. f WT mice treated with 2.5 % DSS

and vehicle (saline)
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Fig. 4.
Distal colon histopathology. a DSS-untreated VIP−/−; b 2.5 % DSS-treated mice VIP−/−; c
2.5 % DSS-treated WT mice. d WT mice treated with 2.5 % DSS and 1 μM VIPHyb. e WT

mice treated with 2.5 % DSS and 1 nM PG 97–269. f WT mice treated with 2.5 % DSS and

vehicle (saline)
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Fig. 5.
Cytokine profile, expressed as the ratio between the cytokine level in DSS-treated and

untreated mice. Results are expressed as fold up- or down-regulation from controls. WT

were compared to VIP−/− mice. Effect of attenuation of cytokine stimulation was evaluated

in WT treated with either 1 μM VIPHyb, 1 nM PG 97–269, or vehicle. Cytokine levels of a
IL-6, b TNF- α, c IL-1β, d IL-2, e IL-23A, and f T-bet were evaluated. Statistical analysis

was performed using two-way ANOVA with Bonferroni post-test to calculate the p values.

*p<0.05, **p<0.01, ***p<0.001
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Table 1

Summary data showing proximal colon histopathological score in mice treated with DSS

Proximal colon Edema Villi shortening Ulceration Immune cell infiltration

WT 3.00±0.58 2.33±0.33 2.33±0.33 2.67±0.33

VIP−/− 1.00±0.29* 0±0** 0±0** 0.78±0.22*

WT+vehicle 2.80±0.39 2.20±0.53 2.30±0.54 2.90±0.38

WT+1 μM VIPHyb 1.33±0.21* 0.33±0.21** 0.33±0.21*** 1.50±0.22*

WT+1 nM PG 97-269 1.67±0.33 0.83±0.40* 0.83±0.40* 1.67±0.33*

*
p<0.05,

**
p<0.01,

***
p<0.001
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Table 2

Summary data showing distal colon histopathological score in mice treated with DSS

Distal colon Edema Villi shortening Ulceration Immune cell infiltrates

WT 2.00±0.41 3.35±0.48 3.50±0.29 3.50±0.29

VIP−/− 2.20±0.20* 1.60±0.40* 1.60±0.40* 1.40±0.24*

WT+vehicle 2.67±0.26 2.33±0.43 2.25±0.41 2.83±0.34

WT+1 μM VIPHyb 2.25±0.25* 1.63±0.50* 1.38±0.53* 2.75±0.41

WT+1 nM PG 97–269 1.50±0.34 0.83±0.40** 0.83±0.40** 1.67±0.33*
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