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Abstract

Background Dextran sodium sulphate (DSS) is com-

monly used to induce intestinal inflammation in rodents.

Despite its continuing importance as a model system for

examining IBD pathogenesis, the mucosal and systemic

immune responses have not been comprehensively

documented.

Aims The purpose of this study was to dissect functional

and phenotypic changes in both immune compartments

associated with acute and chronic DSS-induced colitis.

Methods C57BL/6 mice were exposed to 3% DSS for

6 days followed by 20 days of water, and organs (spleens,

MLN and colons) were harvested during both acute and

chronic phases of colitis to examine innate and adaptive

cell populations.

Results As early as 1 day post DSS, significant changes

in the percentage, distribution and activation status of all

innate cell populations examined were noted. These

striking differences continued in systemic and mucosal

lymphoid tissues throughout the acute phase (days 5–12).

Significantly, during the late acute and chronic phases T

and B cells accumulated in the colon. In contrast, in

the spleens of chronically inflamed mice T and B

cells were significantly decreased whereas neutrophils,

macrophages, and IL-6 and IL-17 positive cells were

increased.

Conclusions Our data provides important insights into the

mucosal and systemic immune responses induced by DSS

administration. Notably, we show that adaptive immune

responses are induced during both acute and chronic colitis.

This will facilitate a more informed and sophisticated use

of this model both for investigating basic mechanisms of

intestinal inflammation and for the evaluation of potential

new therapeutic agents for IBD.

Keywords Dextran sodium sulphate � Colitis �
Innate � Adaptive immune responses

Introduction

Human inflammatory bowel disease (IBD), consisting of

Crohn’s disease (CD) and ulcerative colitis (UC), is a

multifactorial chronic condition characterised by acute

exacerbations followed by remissions [1, 2]. Unfortunately,

despite many years of extensive research implicating

immune dysfunction, genetic susceptibility, and bacterial

flora within the intestinal environment as possible factors

associated with development of the disease, its pathogen-

esis is still poorly understood [3].
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Animal models of intestinal inflammation have con-

tributed greatly to our understanding of IBD pathogenesis

and are essential for pre-clinical drug testing [4]. A widely

used experimental model of colitis involves oral con-

sumption of dextran sulphate sodium (DSS) dissolved in

drinking water. This produces/provokes acute and chronic

colitis in rodents by inducing inflammation and recruitment

of immune cells and their subsequent activation directly

through epithelial cell damage and/or altered macrophage

function. As previously described, BALB/c mice develop

an acute form of colitis when exposed to DSS, whereas the

C57BL/6 mouse strain has been shown to develop acute

colitis which later progresses to chronic inflammation [5].

The DSS model has many advantages including con-

venient induction of disease (administration in drinking

water), low mortality risk (strain and batch dependent) as

well as defined onset of disease. As a result, this model is

widely used in the evaluation of new therapeutic strategies

for IBD, in addition to unravelling basic immune pathways

and associated intestinal pathology. Despite its continued

use, this model is still not fully characterised with regard to

both mucosal and systemic immune responses. Thus, in this

study we comprehensively characterised the percentage,

distribution, activation status and cytokine profile of innate

and adaptive cell subsets within the colon, mesenteric

lymph node (MLN) and the spleen during acute and

chronic phases of DSS-induced colitis.

Materials and Methods

Animals

Female C57BL/6OlaHsD mice (10–12 weeks) from

Harlan, UK were used in all animal experiments. All ani-

mals were given food and water ad libitum. Mice were

sacrificed by cervical dislocation. Animal husbandry and

experimental procedures were approved by the University

College Cork ethics committee.

DSS-Induced Colitis

Mice were given 3% DSS (45 kDa; TdB Consultancy,

Uppsala, Sweden) ad libitum in their drinking water for

6 days followed by water for the remainder of the study.

We defined the stages of colitis as follows: days 1, 3, 5 and

8 as early colitis (characterised by considerable neutrophil

influx into the colon), day 12 as late acute (reduction in

neutrophil numbers and increase in adaptive cells), and

transition into chronic colitis on day 25 (still significant

numbers of T and B cells). Mice were divided into groups

of 6–12 mice and were sacrificed at these time-points. In

the control group (day 0), animals received only water.

Fresh DSS solution was prepared daily. Body mass, fur

texture, posture, stool consistency and faecal bleeding was

measured. Disease activity index (DAI) comprised fur

texture, animal posture and stool consistency.

Histology

Colons were removed and 3 cm of the distal colon was

snap frozen in liquid nitrogen before being sectioned

(6 lm). After fixing the slides for 5 min in ice-cold 3:1

ratio of acetone/ethanol, they were stained with haema-

toxylin and eosin according to standard histological

procedures.

Immunofluorescent Staining

Frozen colon in 6-lm sections from mice sacrificed at the

different time-points were stained with primary monoclo-

nal antibody (mAb) as specified in Table 1. Where required

purified mAb were revealed using the appropriate Alexa

Fluor488- or 568-conjugated anti-Ig antibodies (Invitrogen,

UK). Hoechst (Invitrogen) was used as a nuclear

counterstain.

Flow Cytometry Analysis of Intracellular and Surface

Antigens

Single cell suspensions from the spleen and MLN of

individual mice were prepared. A final concentration of

2 9 105 cells/well were resuspended in blocking buffer

(1 9 PBS/1% BSA/0.05% sodium azide/1% rat, hamster

and mouse serum). Then 50 ll of each mAb dye mix was

added with incubation in the dark at 4�C for 30 min. The

mAb used for flow cytometry are listed in Table 1. Cells

were washed twice with blocking buffer and finally

resuspended in 200 ll 1% paraformaldehyde. To perform

flow cytometric analyses and measure relative fluorescence

intensities a LSRII cytometer and BD Diva software

(Becton Dickinson, UK) were used. For each sample

20,000–200,000 events were recorded. The percentage of

cells labelled with each mAb was calculated in comparison

with cells stained with isotype control antibody. Back-

ground staining was controlled by labelled isotype controls

(BD Biosciences, Caltag and Serotec, UK) and FMO

(fluorescence minus one). The results represent the per-

centage of positively stained cells in the total cell popu-

lation exceeding the background staining signal. For

determination of intracellular cytokine production by leu-

kocytes, cells were incubated for 6 h at 37�C with BD

Leukocyte Activation Cocktail with BD GolgiPlug (BD

Biosciences). Cells were then fixed and saponin-permea-

bilised (Perm/fix solution, BD Biosciences) and incubated

with mAb listed in Table 1 or isotypic control mAb. After
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30 min cells were twice washed in permeabilisation buffer

(BD Biosciences) and then analysed by flow cytometry as

described above.

Statistical Analysis

Experimental results were plotted and analysed for statis-

tical significance with Prism4 software (GraphPad Soft-

ware Inc, CA, USA). P \ 0.05 was considered statistically

significant.

Results

Clinical and Macroscopic Signs of Inflammation

Percentage change in body weight, DAI, colon length,

weight and histology of colonic sections of DSS treated and

healthy animals are shown in Fig. 1. Liquid bloody stools

and significantly poorer (P \ 0.01) fur texture and posture

(i.e. DAI) were observed in the colitis group after admin-

istration of 3% DSS for 4 days (Fig. 1a). Significant weight

loss (P \ 0.01) was observed by day 6 which peaked at day

11 of the study (Fig. 1b). Thereafter, mice administered

DSS began to recover their original body weight and DAI.

However, these clinical indices were still significantly

lower (P \ 0.01) than observed in control animals up to day

25. DSS treated animals had significantly shorter colons and

significantly heavier (P \ 0.01) distal colons 5 days post-

DSS administration in comparison to those mice only

receiving water (Fig. 1c,d). These macroscopic findings

continued to be significantly different (P \ 0.01) than those

observed in control animals up until the end of the study.

Finally, histological examination of the colonic sections

from DSS-induced colitis mice showed typical inflamma-

tory changes in colonic architecture, such as ulcerations,

crypt dilation, and goblet cell depletion preferentially in the

acute phase, as well as a mixed cell infiltration when

compared to healthy control animals (Fig. 1e). These results

are in agreement with previous studies using 3% DSS and

C57BL/6 mice [5].

DSS-Induced Colitis Induces Significant Changes

in the Percentage and Activation Status of Immune

Cell Populations Within Both the MLN and Spleen

To determine what immune cells are recruited and acti-

vated after DSS administration MLN and spleens were

removed and analysed by flow cytometry. As described

previously [5], spleens from mice treated with DSS had

significantly more (P \ 0.001) cells (50.2 ± 8.1 vs.

25.7 ± 6.6 9 106, P \ 0.001) from day 12 onwards when

compared to control animals. In addition, we also observed

significantly more MLN cells from day 8 onwards in DSS-

induced animals when compared to healthy controls (data

not shown).

As shown in Fig. 2a, from as early as day 1 in DSS-

treated mice we observed significant (P \ 0.001) percent-

age changes in all cell types examined (i.e. CD11c? den-

dritic cells [DC], F4/80? macrophages [MU], CD19? B

cells and CD4? and CD8? T cells), with the exception of

Ly6G? neutrophils, in both the MLN and spleen when

Table 1 Antibodies used in

study
Target molecule Clone Isotype Conjugate Source

CD11c HL3 IgG1 PE or PE-Cy7 BD Biosciences

Ly6G RB6-8C5 IgG2b None or PE BD Biosciences

CD3 145-2C11 IgG1 APC BD Biosciences

F4/80 C1:A3-1 IgG2b None Abcam

CD19 6D5 IgG2a None BioLegend

CD4 RM4-5 IgG2a Alexa Fluor 647 BD Biosciences

CD8 53-6.7 IgG2a PE BD Biosciences

CD19 1D3 IgG2a FITC BD Biosciences

F4/80 BM8 IgG2b TRI-COLOR Caltag

CD69 H1.2F3 IgG1 PE-Cy7 BD Biosciences

I-Ab (MHC II) AF6-120.1 IgG2a FITC BD Biosciences

CD86 B7-2 IgG2b Alexa Fluor 647 Serotec

IFN-c XMG1.2 IgG1 Alexa Fluor 700 BD Biosciences

IL-6 MP5-20F3 IgG1 PE BD Biosciences

IL-10 JES5-16E3 IgG2b APC BD Biosciences

TNF MP6-XT22 IgG1 PE-Cy7 BD Biosciences

IL-17 TC11-18H10 IgG1 PE BD Biosciences

IL-4 11B11 IgG1 Alexa Fluor 647 BD Biosciences
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compared to healthy control mice. We also determined the

activation status of the various immune populations

including CD69, CD86 and MHC II in spleens and MLN

from control and DSS exposed (Fig. 3). We did not observe

an increase in the percentage and CD69 mean fluorescence

intensity (MFI) of Ly6G? cells until 3 days post-DSS

administration within the spleen, where percentages con-

tinued to be significantly higher (P \ 0.01) than control

animals up until the end of the study. Within the MLN we

first noted a significant increase (P \ 0.001) in CD69 MFI

on days 5 and 8, but significant decrease in the percentage

of Ly6G? cells on day 8 (which was also seen in the

spleen); however, at day 25 neutrophil percentages were

significantly higher (P \ 0.001) than control animals.

DSS-treated animals were observed to have significantly

less (P \ 0.01) CD11c? DC within their spleens from day

5 up until day 12, but increased (P \ 0.05) MHC II MFI

during early acute colitis. Within the MLN, we observed

significantly more (P \ 0.05) CD11c? cells with increased

MHC II MFI on their surface also during acute colitis. F4/

80? MU percentages were significantly lower (P \ 0.001)

1 day post-DSS administration within the spleen when

compared to healthy controls. Thereafter, we observed

significant increases (P \ 0.05) in the percentages and MFI

of MHC II on F4/80? cells in both the spleen and MLN up

until day 25. For CD19? B cells we observed significant

increases (P \ 0.001) in percentage, during the entire

study, and increased (P \ 0.05) CD86 MFI on days 5, 8

and 12, within the MLN of DSS-treated animals when

compared to healthy mice. Conversely, within the spleens

of colitis mice we noted a significant decrease (P \ 0.001)

in B cell percentage on day 25, but a significant increase

(P \ 0.05) in CD86 MFI on day 12. Finally, for T cells

(both CD4? and CD8?) we observed significantly lower

percentages (P \ 0.001) within MLN of mice administered

with DSS during both acute (days 1, 3, 8 and 12) and

chronic phases (day 25) of colitis. Within the spleens of

DSS-treated animals we first observed a significant

increase (P \ 0.001) in T cells percentages (day 1 for

CD8? cells and day 3 for CD4? cells). CD8? T cells were

found to have significantly higher (P \ 0.001) MFI of

CD69 within the MLN of DSS-treated mice as early as

days 1, 3 and 12; we also observed this in the splenic

population on days 3 and 12. We observed a steady decline

in both T cell populations were they reached their lowest

percentage at the end of the study on day 25 when com-

pared to control animals. This dramatic decrease in adap-

tive immune cells (both B and T cells) and conversely

dramatic increase in percentage of both neutrophil and MU
from the spleens of chronic colitis animals can be seen in

Fig. 2b from their scatter profile. Whereas none of the

innate immune populations were activated in the lymphoid

tissues of chronic colitis animals, we did observe that

both CD4? and CD8? T cells had significantly higher

(P \ 0.001) MFI of CD69 at day 25 (Fig. 3).

Number of Cytokine Producing Cells During Acute and

Chronic Phases of Colitis

Cytokine positive cells were characterised by flow cytom-

etry using stimulated spleen and MLN cells recovered from

both control and DSS-treated mice on days 1, 3, 8, 12 and 25

(Table 2). During DSS colitis the percentage of cells pro-

ducing TNF-a was found to be significantly higher from day

1 in both tissues. This continued for the reminder of the

study within the MLN, but numbers returned to control

levels within the spleens of DSS treated mice from day 12

onwards. The total percentage of IL-6? cells was signifi-

cantly higher (P \ 0.01) in both the spleen and MLN at

every time-point, with the exception of day 1, when com-

pared to healthy controls. The percentage of IL-17? cells

was also significantly higher (P \ 0.01) at day 1 within

both organs of DSS-treated mice, which was again observed

at days 12 and 25. Notably at day 8 we found that levels of

IL-17 producing cells were significantly lower (P \ 0.01)

than those seen in control mice within the MLN of DSS

treated animals. IFN-c producing cells were found to be

significantly higher (P \ 0.05) from as early as day 1 post-

DSS up until day 8 in both the spleens and MLN, returning

to control levels on days 12 and 25. For IL-10? cells we

observed significant increases in percentages by day 3 up

until day 12 while levels of IL-4? cells were only observed

to be significantly higher (P \ 0.001) on day 12 when

compared to healthy controls in both lymphoid tissues.

Number and Distribution of Colonic Immune Cell

Populations During DSS-Induced Colitis

In order to identify the colonic cellular populations

involved during DSS colitis, serial frozen colonic sections

of control (day 0) and DSS-treated mice were investigated

for the distribution (Fig. 4a) and number (Fig. 4b) of

Ly6G? neutrophils, CD11c? DC, F4/80? MU, CD3? T

cells and CD19? B cells at the different time-points.

In control animals, few neutrophils were present and

those observed were within the lamina propria (LP) of the

colon. After DSS administration we noted that neutrophils

were located in the LP, but also in the submucosa and

crypts. Neutrophils were also more closely associated

with T cells; this interaction was most apparent by day 8

and 12 in the epithelium. Neutrophils did not co-localise

to B cell zones (BZ) at any time-point and on day 25

these cells were again located within the LP. In control

mice, colonic DC formed a loose network throughout the

crypts mostly near the luminal surface (Fig. 4a). By day 1

and up until day 5 post-DSS, DC lined the basement
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Fig. 1 Clinical and macroscopic indices. C57BL/6 mice received DSS

for 6 days followed by 20 days of water. Day 0 represents control/

healthy mice (i.e., mice receiving only tap water throughout the study).

a Disease activity index (DAI) score included stool consistency, fur

texture and animal posture. b Daily changes in body weight in C57BL/6

mice. Body weight change was calculated by dividing body weight on

the specified day by body weight at day 0 (starting body weight) and

expressed as a percentage. c Colon length. d Colon weight (3 cm distal)

determined at seven different time-points including acute (days 1, 3, 5, 8

and 12) and chronic phases (day 25) of colitis. Data represents the

average of 6–12 individual mice ± SD. The difference in clinical

indices, compared to healthy control is indicated by two asterisks (**)

where P \ 0.01 by the Kruskal-Wallis test followed by Dunn’s multiple

comparison test. e Representative histology tissue sections of inflamed

colons. Sections were stained with H&E from healthy control mice (D0)

and mice that received DSS (D1, D3, D5, D8, D12 and D25). Original

magnification 920. Scale bar is 200 lm

Dig Dis Sci (2011) 56:79–89 83
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membrane of colonic crypts and were also loosely located

within the LP and submucosa. Indeed, DC were observed

to be in closer proximity to T cells as well as co-local-

ising to within BZ. On day 8 we noted considerable

destruction of colonic crypts and diffuse infiltration of DC

throughout the colon. By day 12 many DC located along

with T cells into BZ, whose number and size were highly

increased. By day 25, DC were localised towards the top

of crypts, although many DC were still seen within BZ. In

contrast to the DC population, MU were mostly located

within the colonic LP of control mice. From day 1

onwards we observed that along with LP associated MU,

some cells were now located within the submucosa and

lined colonic crypts. On day 8 the MU population were

distributed throughout the damaged colon and were in

close contact to T cells. As described for neutrophils, very

few MU were located within the large number of BZ

observed on day 12 and those present were found to

mostly locate to the LP and within the basement mem-

brane of crypts. On day 25, MU distribution was similar

to that observed in control animals, i.e. within the LP. As

already discussed the vast majority of B cells were found

in BZ after DSS administration. However, a very small

number were located within the crypts and the LP. In

control animals T cells were located throughout the

basement membrane of the crypts and were not associated

with any of the other cell types tested. As already high-

lighted, the colonic T cell population in those animals

receiving DSS were observed in different areas of the

colon including the LP and submucosa and were closely

associated with other cellular populations.

Morphometry analysis demonstrated that from as early as

1 day post-DSS administration the number of neutrophils

was significantly increased within the distal colons when

compared to healthy controls (Fig. 4b). Numbers continued

to be significantly higher at all time-points examined,

reaching their peak at day 8. Colonic DC and MU numbers

were found to be significantly greater than those observed in

control animals from day 5 onwards, where MU numbers

Fig. 2 Percentage of immune cells in spleen and MLN during DSS

colitis. a Cells were isolated from spleens and MLN of DSS-treated

mice or healthy control C57BL/6 mice on days 1, 3, 5, 8, 12 and 25,

and stained with flurochrome-labelled mAb. They were analysed by

flow cytometry in which 20,000 events were recorded. Data

represents the mean percentage of Ly6G (neutrophils), CD11c

(DC), F4/80 (MU), CD19 (B cells), CD4 and CD8 (T cells) positive

cells at different time-points during DSS colitis. Error bars show SD

from between 6 and 12 mice. The asterisks (*) indicate significant

values of * P \ 0.05, ** P \ 0.01, and *** P \ 0.001 as determined

by one-way ANOVA followed by Bonferroni’s multiple comparison

test compared to controls (day 0). b Representative side-scatter (SSC)

and forward-scatter (FSC) plots shown are representative of six mice

on day 25 of study from both DSS-treated and control mice

c
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reached their highest at day 8 and DC reached their peak by

day 12. Examining adaptive immune cell populations we

observed that both B cells and T cell numbers were signifi-

cantly higher than those seen in healthy controls from day 8

onwards, both peaking on day 12, with numbers still

remaining significantly higher on day 25.

Discussion

Oral administration of DSS to rodents induces a colonic

inflammation with many similarities to human IBD and has

become a useful tool for evaluating disease pathophysiol-

ogy and pre-clinical studies. The model is easily induced

Fig. 3 Activation status of leukocyte populations in DSS-induced

colitis. Cells were isolated from the spleens and MLN of control (day

0) and DSS-treated animals on days 1, 3, 5, 8, 12 and 25. Data

represents the mean percentage of expression ± SD from groups of

6–12 individual mice. The mean percentage values indicating the

frequency of CD69? were calculated individually for each gated cell

population expressing the corresponding surface markers (Ly6G?,

CD4? and CD8?). CD86 marker gates were set on the CD19?

population and MHC II was calculated for CD11c? and F4/80? cells.

Cells were then analysed for expression of activation markers on

Ly6G?, CD11c?, F4/80?, CD4? and CD8? cells. Data are presented

as percent MFI change of DSS-treated mice over control mice

MFI ± SD from groups of 6–12 individual mice. The asterisks (*)

indicate significant values of * P \ 0.05, ** P \ 0.01, and

*** P \ 0.001 as determined by one-way ANOVA followed by

Bonferroni’s multiple comparison test compared to controls (day 0)

Table 2 Percentage of cytokine positive cells in spleens and MLN of DSS treated mice

Cytokine Tissue D0 D1 D3 D8 D12 D25

TNF-a Spleen 14.1 ± 2.2 23.5 ± 2.6*** 29.8 ± 3.1*** 34.3 ± 4.2*** 18.9 ± 1.3 13.9 ± 2.0

MLN 12.2 ± 0.9 27.5 ± 3.5*** 21.3 ± 1.5*** 26.8 ± 2.8*** 20.6 ± 2.7*** 17.8 ± 2.5**

IL-6 Spleen 3.9 ± 1.1 2.6 ± 0.3 8.9 ± 2.0*** 9.5 ± 1.8*** 8.0 ± 1.1** 9.3 ± 2.5***

MLN 3.1 ± 0.4 2.3 ± 0.3 7.1 ± 1.0*** 7.4 ± 1.5*** 7.1 ± 0.9*** 5.9 ± 1.2***

IL-17 Spleen 4.2 ± 1.1 6.9 ± 1.4* 2.2 ± 0.2 1.8 ± 0.2 11.2 ± 1.5*** 7.1 ± 1.6*

MLN 3.7 ± 1.0 6.9 ± 1.4*** 2.2 ± 0.4 1.0 ± 0.1** 10.1 ± 1.6*** 6.5 ± 1.5***

IFN-c Spleen 3.2 ± 0.4 5.7 ± 0.6*** 4.5 ± 1.1* 4.6 ± 0.7* 3.3 ± 0.4 4.2 ± 0.5

MLN 2.1 ± 0.2 3.0 ± 0.3** 2.9 ± 0.4* 3.1 ± 0.5** 2.0 ± 0.2 2.1 ± 0.3

IL-10 Spleen 1.5 ± 0.2 1.7 ± 0.1 4.1 ± 0.8*** 4.5 ± 0.5*** 2.4 ± 0.4** 1.0 ± 0.1

MLN 1.4 ± 0.2 1.4 ± 0.1 3.0 ± 0.4*** 2.8 ± 0.3*** 3.1 ± 0.4*** 0.9 ± 0.1

IL-4 Spleen 2.7 ± 0.4 1.6 ± 0.3 3.1 ± 0.5 3.7 ± 0.8 5.7 ± 0.6*** 1.8 ± 0.3

MLN 2.5 ± 0.5 1.8 ± 0.2 2.4 ± 0.3 1.8 ± 0.2 8.6 ± 0.8*** 1.3 ± 0.1

Spleen and MLN were isolated from DSS-treated mice on days 1, 3, 8, 12 and 25 or healthy controls (day 0). Cells were stimulated with BD

leukocyte activation cocktail with BD GolgiPlug in vitro, permeabilised and stained with anti-cytokine flurochrome-labelled mAb and analysed

by flow cytometry in which 100,000 events were recorded. Data represents the mean percentage of IFN-c, TNF-a, IL-6, IL-17, IL-10 and IL-4

positive cells ± SD from between 6 and 12 mice at different time-points during DSS colitis. The asterisk (*) indicates significant values of

* P \ 0.05, ** P \ 0.01, and *** P \ 0.001 as determined by one-way ANOVA followed by Bonferroni’s multiple comparison test compared

to controls (day 0)
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and reproducible and follows a predicable time course that

is similar to the clinical inflammatory course during acute

phases of colitis as in human IBD patients. However, even

though this model has been extensively used, an integrated

picture of immune responses engendered during DSS-

induced colitis has not been established. Our study

addresses these gaps in knowledge by characterising

changes in defined cell populations, their activation status

and cytokine profile during both acute and chronic phases

following DSS administration. This study expands our

current understanding of the nature of immune responses

generated in both the systemic and mucosal compartments

during DSS-induced colitis. This is crucial for our evolving

understanding of immune dysfunction in IBD and the

continuing application of this model for screening new IBD

therapeutics.

DSS is a physical agent with an intrinsic capacity to

alter the epithelial cell barrier, causing normal mucosal

microflora substances to activate mucosal innate cell pop-

ulations, which in turn produce immunomodulatory cyto-

kines [6–8]. Therefore, it is no surprise that DC, MU and

neutrophils appear to be the first wave of cellular

responders as early as 1 day post DSS administration

within the organs tested. We observed a significant early

influx of neutrophils into the colon which correlated with

the severe colonic destruction observed in these mice at

day 8 possibly through their cytokine production and

respiratory burst activity [9, 10]. Indeed, disease activity in

patients with IBD is linked to an influx and transepithelial

migration of neutrophils into the mucosal epithelium

(cryptitis) and subsequently into the intestinal lumen

resulting in the formation of so-called crypt abscesses,

which we also observed in DSS-treated mice [11–13].

During early acute colitis we also observed neutrophils co-

localising with T cells, suggesting their involvement in

activation of this adaptive population and possibly fur-

thering the damage of the colonic mucosa. Whereas we

observed a continuing reduction in colonic neutrophils,

which coincides with improved colonic healing on days 12

and 25, we surprisingly detected a substantial increase in

the percentages of splenic and MLN neutrophils. This may

correlate to the changing cytokine profile observed at these

time-points (high IL-17 and IL-6) as previous studies have

shown that IL-17 production from lymphocytes contributes

to neutrophil recruitment through stimulation of neutro-

phil-mobilising cytokines such as IL-6 and chemokines

[14–16].

Antigen presenting DC are inducers and regulators of

immune responses. As early as day 1 post DSS we

observed a significant influx of DC into the MLN which

was also accompanied by their increased activation, which

is similar to that observed in UC patients and animal

models of colitis [17, 18]. From day 5 onwards we see a

steady decline in both MLN and splenic DC populations,

although this might signify their movement into the colon

as we observe concurrent significant increases within this

tissue also from these time-points. In contrast to the other

innate population examined, DC appear to be the main cell

type involved in interactions with B cells. Interactions of

these DC within BZ would be expected to lead to the

generation of plasma cells and consequent antibody pro-

duction. In addition, the observed significant increase in

IL-6? cells throughout the study also enforces this idea as

IL-6 is a known potent inducer of B cell differentiation and

Fig. 4 continued
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antibody class switching [19]. Indeed, a higher detection of

plasma cells within the LP is evident in human IBD

patients and in this model [5, 20, 21].

MU play an essential role in maintaining homeostasis

and epithelial renewal in the normal intestine. However,

intestinal MU from IBD patients differ markedly from

those present physiologically, exhibiting heightened

inflammatory and bactericidal activities, and contributing

to the tissue damage [22]. Influx of this cellular population

to the colon, and significant increases and activation status

within both the spleens and MLN correlates with increas-

ing tissue damage. In addition, MU appeared to be in close

contact to T cells within the colon of colitis mice from day

8, highlighting the activation role MU may be playing

which in turn may lead to further destruction of the colonic

mucosa. Whereas we observed mucosal MU populations

falling from day 12 onwards within the systemic com-

partment, numbers continued to increase until they reached

their peak on day 25; however, these cells do not appear to

be activated. This accumulation of inactivated MU may

correlate with the reduction of IL-10? cells within the

spleen from day 12 onwards as IL-10 is known to suppress

MU as well as neutrophil accumulation within healthy

tissues by induction of apoptosis [23, 24].

Whereas we observe a steady decrease of colonic neu-

trophil and MU numbers from day 8 onwards, T cell levels

steadily increased reaching their peak on day 12 and

remaining high on day 25. This influx of T cells into the

colon of DSS mice at these time-points appears to correlate

with a concurrent decrease of both splenic and MLN T

cells. In addition, their elevated CD69 profile suggests that

these T cells are activated before trafficking to the colon.

Although we observe epithelial regeneration from day 12

onwards the architecture had still not recovered to that

observed in control mice. The significant levels of colonic

T cells suggest they may be playing a positive role during

the chronic regenerative phase of DSS-induced acute

colitis. In agreement with this recent work in DSS-induced

lymphotoxin beta receptor deficient mice indicates a pro-

tective role for T cells in DSS-induced intestinal inflam-

mation [25]. These T cells may be producing IL-6 and

IL-17 (TH17 phenotype) as these were the only cytokines

tested that were still significantly increased at these later

time-points [5]. Both IL-6 and IL-17 are normally associ-

ated with driving pro-inflammatory responses; however,

recent data also suggest their involvement in mediating

healing processes [26–28]. Previous studies have suggested

that contributions from the adaptive immune system appear

to be secondary in this model, since T and B lymphocyte-

deficient severe combined immunodeficiency (Prkdcscid/

Prkdcscid) mice also develop DSS-induced lesions [29].

However, this was based on the finding of acute colitis

induced by seven days of DSS, whereas in chronic colitis

induced by multiple cycles of DSS or in the recovery phase

of exaggerated colitis induced by DSS, T cells play an

important role [25, 30]. It is also important to note that

these studies were performed in a more resistant back-

ground, whereas our study has investigated responses in the

more susceptible C57BL/6 mouse [5, 29]. Our data clearly

indicates a role for both B and T cells in DSS-induced

chronic colitis as observed through the increased colonic

numbers and heightened activation status. Thus, DSS-

induced colitis is mediated by different mechanisms cor-

responding to innate and adaptive immune responses at

different phases of the disease.

In conclusion, we provide new insights into the interplay

between innate and adaptive immune response within both

systemic and mucosal tissues that result in localised

inflammation at mucosal surfaces in the DSS-induced colitis

model. Characterisation of the immune response mecha-

nisms throughout DSS-induced colitis will increase the

understanding and utility of this popular IBD animal model.

This will ultimately provide researchers with a clearer and

more informed platform for studying basic immune mech-

anisms and assessment of new therapeutics for this

increasingly important inflammatory disease. Notably, we

show that adaptive immune populations are activated during

both acute and chronic phases of colitis and for the first time

we observed that innate cellular populations accumulate

within the systemic compartment during chronic stages of

colitis. Future studies will address the significance of these

changes in the distribution of immune populations for the

pathophysiology of IBD.
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