
iNOS-Dependent Increase in Colonic Mucus Thickness in
DSS-Colitic Rats
Olof Schreiber, Joel Petersson, Tomas Waldén, David Ahl, Stellan Sandler, Mia Phillipson, Lena Holm*

Department of Medical Cell Biology, Uppsala University, Uppsala, Sweden

Abstract

Aim: To investigate colonic mucus thickness in vivo in health and during experimental inflammatory bowel disease.

Methods: Colitis was induced with 5% DSS in drinking water for 8 days prior to experiment, when the descending colonic
mucosa of anesthetized rats was studied using intravital microscopy. Mucus thickness was measured with micropipettes
attached to a micromanipulator. To assess the contributions of NOS and prostaglandins in the regulation of colonic mucus
thickness, the non-selective NOS-inhibitor L-NNA (10 mg/kg bolus followed by 3 mg/kg/h), the selective iNOS-inhibitor L-
NIL (10 mg/kg bolus followed by 3 mg/kg/h) and the non-selective COX-inhibitor diclofenac (5 mg/kg) were administered
intravenously prior to experiment. To further investigate the role of iNOS in the regulation of colonic mucus thickness, iNOS
2/2 mice were used.

Results: Colitic rats had a thicker firmly adherent mucus layer following 8 days of DSS treatment than untreated rats
(8862 mm vs 7661 mm). During induction of colitis, the thickness of the colonic mucus layer initially decreased but was
from day 3 significantly thicker than in untreated rats. Diclofenac reduced the mucus thickness similarly in colitic and
untreated rats (21665 mm vs 21462 mm). While L-NNA had no effect on colonic mucus thickness in DSS or untreated
controls (+362 mm vs +361 mm), L-NIL reduced the mucus thickness significantly more in colitic rats than in controls
(23364 mm vs 21063 mm). The importance of iNOS in regulating the colonic mucus thickness was confirmed in iNOS2/2
mice, which had thinner colonic mucus than wild-type mice (3563 mm vs 5062 mm, respectively). Furthermore,
immunohistochemistry revealed increased levels of iNOS in the colonic surface epithelium following DSS treatment.

Conclusion: Both prostaglandins and nitric oxide regulate basal colonic mucus thickness. During onset of colitis, the
thickness of the mucus layer is initially reduced followed by an iNOS mediated increase.
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Introduction

A continuous mucus layer covers the epithelium of the

gastrointestinal tract extending from the stomach to the colon.

The colonic mucus is composed of gel-forming Muc2 mucins

secreted by mucus producing goblet cells scattered throughout the

colonic epithelium [1,2,3]. This mucus comprises an important

barrier that prevents bacteria and other inflammatory agents from

invading the mucosa, which is demonstrated by genetically

modified mice. These mice are completely (Muc2-/2) [4,5] or

partially deficient in gel-forming Muc2 protein (C3GnT [18]) and

spontaneously develop colitis and later colorectal tumors, in

addition to being more susceptible to DSS-induced colitis. We

have shown that the colonic mucus can be divided into two layers,

an outer layer which is easily removed by suction, the loosely

adherent mucus, and a firmly adherent layer that cannot be

removed unless harming the underlying mucosa [2,6]. The

thickness of the mucus layer is the result of mucus secretion and

erosion by mechanical shear and bacterial enzymatic degradation

[7]. Little is known about the regulation of colonic mucus thickness

mainly due to technical difficulties and the lack of intestinal

in vitro culture systems that replicate the complexity of the in vivo

mucus barrier.

Inflammatory bowel disease, IBD, is comprised of a group of

chronic autoimmune inflammatory conditions with unknown

etiology, e.g. ulcerative colitis and Crohn’s disease. The experi-

mental model used in this study resembles ulcerative colitis in

terms of localisation and clinical symptoms, since only the mucosa

of the colon becomes affected [8]. The colon houses a vast number

of bacteria, the commensal flora, which has been implicated in the

pathogenesis of IBD [9]. Under normal circumstances, these

bacteria do not cause clinical inflammation, at least partly due to

the firmly adherent mucus layer. In contrast to the firmly adherent

mucus layer, which has been shown to exclude a majority of the

colonic bacteria [2,10], the loosely adherent mucus harbours

much of the commensal microbiota and prevent it from being lost

with the faeces. Further studies have demonstrated that the

bacterial products PGN and LPS stimulate mucus secretion [3].

Thus bacteria induce its own environment for colonization, but

also the protective barrier to avoid contact with the epithelium.
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Both the nitric oxide (NO) system and prostaglandins have been

shown to regulate many events in the gastrointestinal tract. We

have earlier shown that the endothelial NO-synthase, eNOS is

involved in the increased colonic mucosal blood flow observed in

colitic rats [11]. In addition, prostaglandins have been shown to

stimulate mucin secretion thereby enhancing colonic mucosal

barrier function [12,13]. We have also shown that gastric mucus

secretion, containing Muc 5AC and Muc 6 mucins, is influenced

by both prostaglandins and NO, and these mediators have been

shown to play different roles in secretion of the different mucus

layers [14]. Little is known about the Muc 2 colonic mucus

thickness during the onset of colitis, partially depending on the

heterogeneous nature of inflammation signifying the importance of

concomitant studies of the mucus and mucosal inflammation

performed at the same site. Human studies in ulcerative colitis

patients have shown an altered and less effective mucus barrier

[15,16,17,18]. Other studies in mice indicate that mucus thickness

is reduced when disease activity is increased [3].

In the current study, the influence of onset of DSS-induced

colitis on colonic mucus was investigated in vivo in rats. Further,

the involvement of prostaglandins and nitric oxide were studied in

the regulation of mucus thickness in the basal situation as well as

during colitis.

Materials and Methods

Ethics Statement
All animal experiments were approved by the Swedish

Laboratory Animal Ethical Committee in Uppsala (animal

experiments numbers C286/8 and C110/8) and were conducted

in accordance with guidelines of the Swedish National Board for

Laboratory Animals.

Animals
Eighty-five male Sprague-Dawley rats (B&K, Sollentuna,

Sweden) weighing between 190 and 290 g (weight before

treatment), 18 male C57Bl/6 mice and 9 male C57Bl/6x129SvEv

mice deficient in iNOS, were kept under standardized conditions

at a temperature of 21–22uC and with 12 h light and 12 h dark a

day. The animals were allowed to acclimatize for 1 week before

the experiments were commenced.

Rat Preparation
The rats were anesthetized with 120 mg kg21 body weight of

5-ethyl-5-(1-methylpropyl)-2-thiobutabarbital sodium (InactinH,
Sigma, St. Louis, MO), given intraperitoneally. The body

temperature was maintained at 37–38uC using a heating pad

controlled by a rectal thermistor probe. To facilitate spontane-

ous breathing a short PE-200 cannula was placed in the

trachea. To monitor blood pressure, a PE-50 cannula contain-

ing heparin (Leo Pharma AB, Sweden, 12.5 IU ml21 dissolved

in 0.9% saline) was placed in the right femoral artery, and the

right femoral vein was catheterized to enable a continuous

infusion of Ringer’s solution (120 mM NaCl, 25 mM NaHCO3,

2.5 mM KCl and 0.75 mM CaCl2) at a rate of 1 ml per hour

during the experiment. In some experiments the right femoral

vein was also the route for administration of the unselective

NOS-inhibitor Nv-nitro-L-arginine (L-NNA) (Sigma, St Louis,

MO), the iNOS inhibitor L-N6-(1-iminoethyl)-lysine (L-NIL)

(Sigma, St. Louis, MO) or the COX inhibitor diclofenac,

(Voltaren, Novartis, Täby, Sweden) in the Ringers solution. The

colon was exteriorized through a midline abdominal incision

and 1–2 cm of the descending colon was opened longitudinally.

The rat was placed on its right side on a Lucite microscope

stage. The colon was everted and loosely draped over a

truncated cone. A double-bottom mucosal chamber with warm

circulating water and a hole in the bottom was fitted over the

mucosa, exposing approximately 0.5 cm2 of the mucosal surface

through the hole. The junction was sealed with silicon grease

(Dow Corning high vacuum grease, Dow Corning GmbH,

Weisbaden, Germany). The mucosal chamber was filled with

approximately 5 ml of saline at 37uC to keep the tissue moist

and warm. This model is further described by Atuma et al. [6].

At the end of the experiments, the anesthetized rats were

euthanized by an intravenous injection of 2 ml saturated

potassium chloride.

Mouse Preparation
The mice were anesthetized with spontaneous inhalation of

isoflurane (Forene, Abbott Scandinavia, Solna, Sweden). The

inhalation gas (<2.2% isoflurane) was continuously administered

through a breathing mask (Simtec Engineering, Askim, Sweden) in

a mixture of 40% oxygen and 60% nitrogen. The body

temperature was maintained at 37–38uC using a heating pad

controlled by a rectal thermistor probe. The descending colon was

exteriorized in the same way as the rat colon, but exposing

approximately 0.05 cm2 of the mucosal surface through the hole.

In 4 of the C57Bl/6 and 4 of the iNOS2/2 mice diclofenac

(Voltaren, Novartis, Täby, Sweden) was injected through a PE-50

cannula placed in the right jugular vein. At the end of the

experiments, the anesthetized mice were euthanized by cervical

dislocation.

Induction of Colitis
Rats were given 5% (wt/wt) Dextran Sulphate Sodium (DSS

37–40 kilodaltons; TdB Consultancy, Uppsala, Sweden) in the

drinking water for 8 days. The control rats for the DSS group were

untreated.

Assessment of Severity of Colitis
The severity of the colitis was assessed on the basis of clinical

parameters such as stool consistency and fecal blood content. This

severity, together with any weight loss was scored daily with the

use of Disease Activity Index (DAI), a scoring method described in

detail by Cooper et al [19].

Rat Experimental Protocol
After the surgical preparation the rats were given 1 hour to

stabilize before the mucus measurements began. The rats were

divided into control groups and DSS colitis groups, and these

two groups were further divided into subgroups in respect to

treatment: I) Saline, II) the NOS inhibitor L-NNA (10 mg kg21

bolus in 1.0 ml followed by an i.v. infusion of 3 mg kg21h21

infused at 1.0 ml h21), III) the iNOS inhibitor L-NIL (10 mg

kg21 bolus in 1.0 ml followed by an i.v. infusion of 3 mg

kg21h21 infused at 1.0 ml h21) and IV) the cyclooxygenase

inhibitor diclofenac (5 mg kg21 bolus in 1.0 ml). To investigate

colonic mucus thickness during colitis induction, we also

measured mucus thickness in 28 rats, 4 per day, on days 1–7

of the DSS-regimen.

Mouse Experimental Protocol
After the preparation the mice were given 1 hour to stabilize

before the mucus measurements began. Firmly adherent mucus

thickness was measured in 18 control C57Bl/6 mice and 9

iNOS2/2 C57Bl/6x129SvEv mice. In 4 of the control and 4 of

the iNOS2/2 mice, diclofenac (5 mg/kg in 1.0 ml) was given as

iNOS and Colonic Mucus Thickness in Colitic Rats
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a bolus injection i.v. in the jugular vein and the mucus thickness

was measured 60 minutes later.

Mucus Measurements
Glass micropipettes (custom glass tubing; OD, 1.2 mm; ID,

0.6 mm; Rederick Haer, Brunswick, ME) were pulled to a tip

diameter of 1–2 mm. The micropipettes were siliconized to

obtain a non-adhesive surface, which facilitates repeated

measurements. After the animals had stabilized for one hour,

total mucus thickness was measured. Then the loosely adherent

mucus was removed by suction and the firmly adherent mucus

thickness was measured. By subtracting the firmly adherent

mucus thickness from total mucus thickness, the loosely

adherent mucus thickness was obtained. The animal were

administered either saline, L-NNA, L-NIL or diclofenac, and a

second mucus thickness measurement was performed after one

hour. Before each measurement, the mucus gel was covered

with enough carbon particles (activated charcoal, extra pure,

Kebo Lab, Huddinge, Sweden) suspended in saline to visualize

the surface of the otherwise near-transparent gel. The micro-

pipettes were held by a micromanipulator (Leitz, Wetzlar,

Germany) and pushed into the mucus gel at an angle (a) of 30–

35u to the cell surface. The distance (l) from the luminal surface

of the mucus layer to the epithelial cell surface of the mucosa

was measured with a ‘‘digimatic indicator’’ (IDC series 543;

Mitutoyo, Tokyo, Japan) connected to the micromanipulator.

The mucus gel thickness (T) could then be calculated from the

formula T= l 6 sin a. The measurements were made at five

different spots over the colonic mucosal surface and a mean

value was calculated. The same spots were used for the second

measurements after intervention. For detailed description of the

method for mucus measurements see [20].

Histology
Samples of the distal colon from controls and DSS-colitic rats

were fixed in 4% formalin, processed, embedded in wax, sectioned

and stained with Periodic Acid Shiff’s stain. The number of PAS-

positive cells, as well as area per goblet cell was evaluated.

Immunohistochemistry
Distal colon tissue samples in Neg50 OCT-medium (Cellab,

Stockholm, Sweden), from 4 control- and 4 DSS-rats, were snap-

frozen in liquid nitrogen, sectioned (8 mm), fixated in ice-cold

methanol, permeabilized (0.05% Triton X) before antibody

incubation. Thereafter, the slides were incubated with a primary

antibody targeting iNOS (ab31630, Abcam, Cambridge, UK) and

thereafter with secondary antibody (Alexa 488, Life Technologies).

Nuclei were stained with Hoechst 33345 (Life Technologies).

Images were acquired using a laser scanner confocal microscopy

(Nikon C1 on a TE-2000-U base with Plan APO VC 20x/0.75)

and analyzed using EZ-C1 software (Nikon) and ImageJ (NIH,

Bethesda, MD).

Statistical Analysis
All values are expressed as means 6 SEM. Multiple compar-

isons were performed using one way ANOVA in R (Version

2.11.1; R Foundation for Statistical Computing, Vienna, Austria).

If the ANOVA was significant, Fisher’s PLSD post hoc test was

performed. Single comparisons were performed using Student’s t-

test. For all comparisons, P,0.05 was considered statistically

significant.

Results

The Firmly Adherent Mucus Thickness Increased during
Established Colitis in Rats
During established colitis at 8 days following induction of DSS

treatment, the firmly adherent mucus thickness was significantly

thicker (8862 mm, n= 24) compared to in untreated rats

(7661 mm, n= 24, Fig. 1, day 0), while no difference in the

thickness of the loosely adherent mucus was observed

(211639 mm vs 183633). Interestingly, when the mucus layer

was investigated during onset of colitis by measuring its thickness

in different individuals treated with DSS for 1 up to 8 days, we

found that the mucus thickness initially decreased (6361 mm and

6761 mm at day 1 and 2, respectively) compared to basal levels in

untreated rats (7661 mm). This initial mucus reduction was

followed by a gradual increase, resulting in a significantly thicker

mucus layer from day 3 compared to basal levels (Fig. 1). The

increased mucus thickness coincided with an elevated disease

activity index (DAI) from day 3 in response to DSS treatment.

Untreated rats had a DAI of 0 during the period of 8 days.

The Number of Goblet Cells Increased in DSS Colitis
To investigate if the increased mucus thickness observed in

colitic rats was a result of altered goblet cell numbers, PAS-staining

of histological slides was performed (Fig. 2A). The PAS-staining

demonstrated an increased number of PAS-positive cells per crypt,

8 days after DSS-induction of colitis, compared to untreated rats

(Fig. 2A and B). There was no difference in average goblet cell size

between untreated and colitic rats (270669 vs 280640 mm2,

respectively). The thickness of the mucosa did not either differ

between untreated and colitic rats (437620 vs 420670 mm,

respectively).

Inhibition of iNOS Decreased Mucus Thickness more in
DSS Colitis than in Controls
The mechanisms leading to mucus secretion was then

investigated by pharmacological inhibition of NO-synthases and

the prostaglandin-generating enzyme cyclooxygenase, COX. The

non-selective NOS-inhibitor L-NNA did not alter mucus thickness

in either control (delta value +361 mm) or DSS-treated rats (delta

value +362 mm, Fig. 3A). However, selective inhibition of the

inflammatory NOS, iNOS, by L-NIL resulted in a significant

decrease in basal mucus thickness (delta value 21063 mm,

Fig. 3B). This mucus decrease was even more pronounced in

DSS-colitic rats (delta value 23363 mm) and significantly greater

compared to what was observed in control rats (Fig. 3A).

Diclofenac-inhibition of COX resulted in a similar reduction of

the firmly adherent mucus layer in control rats (delta va-

lue 1462 mm) and in DSS-colitic rats (delta value 21665 mm)

(Fig. 3C). Further, inhibition of iNOS and COX reduced the

mucus thickness similarly during basal (non-colitic) conditions.

However, in DSS colitic rats, the mucus thickness was significantly

more reduced by L-NIL than by diclofenac. The thickness of the

loosely adherent mucus layers did not differ between groups.

Before pharmacological intervention, the mean arterial blood

pressure did not differ between the groups (range 85–95 mmHg)

but L-NNA induced an increase in arterial blood pressure in both

control (from 9061 to 12863 mmHg) and DSS-treated rats (from

8762 to 12963 mmHg), confirming an effect on eNOS by L-

NNA but not L-NIL.

iNOS and Colonic Mucus Thickness in Colitic Rats
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iNOS and Prostaglandins Regulate Mucus Thickness in
Distal Colon of Mice
To expand the observation of a regulatory role of iNOS-

generated NO and prostaglandins in mucus secretion, the

thickness of the colonic firmly adherent mucus layer was measured

in iNOS deficient and diclofenac-treated mice. As previously

reported, wild-type mice have a thinner firmly adherent colonic

mucus layer (5062 mm, Fig. 4) than rats (7661 mm). Mice

deficient in iNOS had a significantly thinner mucus layer

(3563 mm) than wild-type mice (Fig. 4A), confirming the results

from the rat after L-NIL-inhibition of iNOS (Fig. 3B). The role of

prostaglandins in regulating basal colonic mucus secretion was also

similar in rats and mice, since COX-inhibition reduced the mucus

thickness with2964 mm (Fig. 4B). In addition, COX inhibition in

iNOS2/2 mice further reduced mucus thickness slightly but

significantly (2562 mm) indicating both a serial and parallel effect

by nitric oxide and prostaglandins (Fig. 4C).

Induction of Colitis Increased the Levels of iNOS in the
Colonic Epithelium
Immunohistochemical evaluation of sectioned distal colon from

untreated rats demonstrated that iNOS was constitutively

expressed in the crypt cells and weakly expressed in the surface

epithelium. During established DSS-induced colitis, the iNOS

level was substantially increased in the surface epithelium and

slightly in the crypt area (Fig. 5).

Discussion

The present study demonstrates that the thickness of the firmly

adherent colonic mucus was reduced during onset of DSS-induced

colitis, which was followed by a significantly increased mucus

thickness during established colitis in rats. This in vivo observation

Figure 1. Firmly adherent mucus thickness in DSS-treated rats. Firmly adherent mucus thickness during 8 days following colitis induction
with DSS. The initial decrease in mucus thickness was followed by an increased mucus thickness from day 3 compared to controls, day 0 (p,0.05).
Disease Activity Index was also significantly increased from day 3 and onward.
doi:10.1371/journal.pone.0071843.g001

Figure 2. Goblet cell count in control- and DSS-treated rats. (A)
PAS-staining of the colon of control rats (left) and DSS treated rats 8
days after colitis induction (right). Pink cells are PAS-positive. Bar
200 mm. (B) Quantification of the number of goblet cells per crypt
(p,0.05). n = 24 in each group.
doi:10.1371/journal.pone.0071843.g002

iNOS and Colonic Mucus Thickness in Colitic Rats
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was supported by histological data showing increased number of

PAS-positive mucus-producing goblet cells in the inflamed colonic

mucosa. We found that iNOS was responsible for the increased

mucus thickness observed in colitic animals, but was also involved

in baseline mucus secretion, while the COX-system contributed

equally to regulating mucus thickness in health and disease.

Further, immunohistochemical evaluation revealed low constitu-

tive levels of iNOS in the colonic mucosa and epithelium, which

was substantially up regulated, mainly in the epithelium, during

colitis.

Figure 3. Firmly adherent mucus thickness in L-NNA-, L-NIL- and diclofenac-treated rats. Firmly adherent mucus thickness and mean
changes in thickness in controls and DSS-colitic rats 60 minutes after the administration of either (A) L-NNA, (B) L-NIL or (C) diclofenac. (A) L-NNA had
no effect on mucus thickness in either control or colitic rats. (C) Diclofenac decreased mucus thickness comparably in both groups while L-NIL
reduced mucus thickness more in DSS-colitic than in control rats (B). (p,0.05). n = 6 in all groups.
doi:10.1371/journal.pone.0071843.g003

iNOS and Colonic Mucus Thickness in Colitic Rats

PLOS ONE | www.plosone.org 5 August 2013 | Volume 8 | Issue 8 | e71843



The colonic mucus layer constitutes a continuous barrier that

limits bacterial contact with the underlying epithelium. The

importance of this barrier in intestinal homeostasis is evident from

studies in mice deficient in the gel-forming colonic mucin Muc2,

who spontaneously develop colitis and colorectal tumors [4,5].

Furthermore, elimination of core 3-derived O-glycans in mice

(C3GnT2/2) induce a reduction in Muc2 protein, resulting in a

greater susceptability to DSS induced colitis as well as to colorectal

adenocarcinoma [21]. Altered O-glycosylation of MUC2 mucins

have also been shown to occur in sigmoid biopsies from patients

with active ulcerative colitis [22].

In rectal biopsies from patients with flaring ulcerative colitis,

goblet cell depletion and decreased colonic mucus thickness is

observed [23], which contradict the typical disease symptoms of

frequent blood- and mucus-containing loose stools [15,16,17].

This contradiction can be explained by the heterogeneity of the

colonic inflammation resulting in goblet cell depletion in inflamed

areas while increased goblet cell area and mucus secretion was

detected in other parts of the colon, as suggested by Nakano et al

[24]. Indeed, other studies show that biopsies from un-inflamed

areas from ulcerative colitis patients has unaltered mucus thickness

compared to observations made in control persons, while the

inflamed sites has significantly thinner mucus [16,17], perhaps as a

result of local reduction or total loss of goblet cells. In addition,

Strugala et al. [15] found that reduced goblet cell density and

mucus thickness was only evident in persons with severe ulcerative

colitis.

The present study investigates the fate of the colonic mucus

layer during onset of DSS-induced colitis in rats, and a reduction

of the firmly adherent mucus layer was observed in the distal colon

already one day following addition of DSS to the drinking water.

However, established DSS-colitis in mice has previously been

demonstrated to correlate with reduced mucus thickness [3]. The

DSS-treated mice exhibited a greater disease activity [3]

compared to the rats in this study, indicating that the concomitant

mucosal destruction during severe colitis prohibits a compensatory

increase of the mucus barrier. If the reduced mucus thickness

observed in rats the first two days following DSS administration is

due to deterioration of the mucus gel properties is not known, but

the reduced thickness could allow luminal bacteria or other

inflammatory agents to penetrate the mucus and induce colitis. In

mice, a direct effect of DSS on the mucus biophysical structure has

been observed after 12 h of DSS treatment, resulting in a loss of

the stratified lamellar appearance of the firmly adherent mucus

and a massive bacterial contact with the epithelium [25].

Following the initial reduction in colonic mucus thickness and a

potential immune activation by penetrating bacteria, mucus

thickness increases in colitic rats 3–8 days after DSS administra-

tion in parallel with increased goblet cell number and mucus

secretion. This strengthening of the mucus barrier is likely to be a

protective mechanism to reduce epithelial contact with luminal

agents. Indeed, NFkB (Nuclear factor kappa B), a key component

in colonic inflammation [26], can directly increase mucus

secretion through binding to the Muc2 promotor region [27].

Other investigators have reported goblet cell depletion [24] in

inflamed areas in the distal colon, and loss of goblet cells in the

vicinity of lesions [28] in DSS induced colitis in rats. When goblet

cell depletion was found in inflamed areas, a compensatory

increase in goblet cell size and mucus secretion was measured in

the proximal part of colon [24]. Furthermore, loss of goblet cells in

the vicinity of lesions [28] was accompanied by an increase in

Muc2 mRNA and fractional synthesis rate of mucins. The

contradictory results of apparent mucus cell depletion combined

with increased mucus production and mucus cell turnover in two

models of experimental colitis in guinea pigs [29] was explained by

the premature discharge of mucin making the mucus cells

unrecognizable by light microscopy. These results explain why

an increase in mucus production in colitis may occur even in the

presence of mucus cell depletion. Further, Renes et al [30] found

reduced number of goblet cells during active DSS-induced colitis

accompanied by maintained Muc2 precursor synthesis and total

level of secreted Muc2 in the distal colon. These results indicate an

increased Muc2 synthesis per goblet cell. In addition, Muc2

secretion was observed to increase when the rats were in a

regenerative phase. Thus, these observations suggest a maintained

or even elevated barrier function during DSS colitis, which

supports our data.

iNOS is a hallmark of inflammation [31], but the present study

demonstrates low constitutive levels of iNOS protein also during

basal conditions in the colonic epithelium, which has previously

been reported at the levels of mRNA for the colonic [32],

duodenal [33] and gastric mucosa [34]. DSS-induced colitis up

regulated the levels of iNOS protein in the surface epithelial cells,

Figure 4. Firmly adherent mucus thickness in iNOS 2/2 and
diclofenac-treated mice. (A) Firmly adherent mucus thickness in
wild-type (wt) C57Bl/6 (n = 14) and iNOS 2/2 (C57Bl/6x129SvEv) mice
(n = 9). (B) Wild-type C57Bl/6 and (C) iNOS2/2 (C57Bl/6x129SvEv) mice
before and 60 minutes after administration of diclofenac (n = 4 in each
group).
doi:10.1371/journal.pone.0071843.g004

iNOS and Colonic Mucus Thickness in Colitic Rats
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which is consistent with our previously published data reporting

increased mRNA levels of iNOS and eNOS, but not nNOS in the

colon of DSS-treated rats [11]. The iNOS up regulation per se

during inflammation is not surprising since iNOS has been

localized in infiltrating neutrophils and macrophages in the colonic

mucosa and submucosa in animal models of IBD [35] as well as in

IBD patients [36,37]. However, the localization of iNOS within

the colonic epithelial cells also during basal, non-inflammatory

conditions indicates a regulatory function of this enzyme during

homeostasis. Indeed, a role of iNOS in maintaining baseline

colonic mucus secretion was demonstrated in the present study

both using pharmacological specific inhibition in rats, but also in

iNOS deficient mice. During established DSS colitis, the role of

iNOS was even more extensive, since iNOS was responsible for

the increased colonic mucus thickness seen during DSS colitis.

eNOS and nNOS on the other hand, did not seem to be involved

in the regulation of mucus secretion, as L-NNA, a potent inhibitor

of eNOS and nNOS but a much less efficient inhibitor of iNOS

[38], in a dose that increase mean arterial blood pressure and

potently reduced colonic blood flow [11], did not influence colonic

mucus secretion in rats. This is in contrast to a report by Vallance

et al. [39], which suggested that eNOS is an important regulator

of mucus secretion based on the finding of fewer and less mucus

filled goblet cells in eNOS-deficient mice. However, when we

measured mucus thickness in vivo in eNOS-deficient mice in a pilot

study, mucus thickness was similar to that observed in wild-type

mice (4464 mm, n= 2 versus 5062 mm, respectively), but thicker

than in iNOS-deficient mice (3563 mm).

Prostaglandins have been shown to be involved in stimulating

colonic mucus secretion [12,40]. Here we show that prostaglan-

dins are important in maintaining baseline colonic mucus

secretion but not in stimulating mucus secretion following DSS

treatment. Okayama et al [13] showed that endogenous prosta-

glandins afford protection against colonic ulceration in DSS

Figure 5. iNOS protein expression in colon after DSS treatment. (A) Cryosections of distal colon from untreated or DSS-treated animals were
stained with iNOS-specific antibodies fluorescently detected by Alexa 488 secondary antibody. Bar corresponds to 50 mm and arrow marks luminal
epithelium. Mean values of fluorescence intensity of iNOS protein in colonic mucosa (B) and surface epithelial cells (C) was measured and expressed
as mean 6 SE (n = 4). Statistical analysis was performed using an unpaired t-test with Welch’s correction.
doi:10.1371/journal.pone.0071843.g005
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induced colitis, which might be explained partly by their ability to

maintain the mucus barrier.

In conclusion, DSS-induced mild colitis in rats initially disrupts

the mucus barrier, which is followed by an increase in mucus

secretion, probably stimulated by epithelial iNOS and conse-

quently a strengthening of the mucus barrier. While prostaglan-

dins regulated mucus secretion similarly in untreated and colitic

rats, iNOS derived nitric oxide was shown to be important not

only in baseline mucus secretion, but also in the mucus thickness

increase observed in colitic rats. Our study provides new insights

into the mechanisms of DSS-induced colitis as well as providing

insight into basic physiology and pathophysiology of colonic

mucus secretion.
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