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Abstract

The recurrent TNBS-colitis model in BALB/c mice has been proposed as a model of Inflammatory Bowel Disease with a
shifting pattern of local cytokines with the expression of Th1 cytokines during the early phase, Th17 cytokines during the
intermediate phase and Th2 cytokines during late fibrotic stages. In this study, we evaluated the development of pathology
in time–in conjunction with genome-wide gene expression in the colons–in response to three weekly intrarectal instillations
of TNBS. During this time-frame mice develop colitis with extensive cellular infiltration of (sub)mucosa and mildly to
moderately affected crypt architecture. These pathological processes were sensitive to local treatment with budesonide.
Gene expression profiling confirmed an acute phase response after each intrarectal TNBS-challenge. In addition, a chronic
inflammatory process developed over time particularly evident from a gradual increase in expression of mast cell related
genes. The changes in pathological hallmarks were consistent with a temporal expression of mRNA encoding a selection of
chemokines. In conclusion, the early stages of the recurrent TNBS-colitis model reflect several aspects of inflammatory
bowel disease which are sensitive to immunomodulation.
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Introduction

Inflammatory Bowel Diseases (IBD), with Ulcerative Colitis

(UC) and Crohn’s Disease (CD) as major entities, are chronic

inflammatory disorders of the gastrointestinal tract, affecting an

estimated 3.6 million people in Europe and the US [1]. IBD may

be chronic or relapsing in nature, possibly due to a process of

inflammation following an exaggerated immune response against

enteric microorganisms. These processes affect intestinal function

leading to diarrhea, cramping, and abdominal pain. Although

considerable progress has been achieved with regard to the

multifactorial nature of IBD [2], current therapies show limited

efficacy [3].

Although there is a clear medical need to develop novel anti-

inflammatory therapy for IBD, the evaluation of novel therapeutic

strategies is hampered by the availability of suitable preclinical

efficacy models. Most frequently, acute colitis models such as

dextrane sodium sulphate (DSS) and the 2,4,6-trinitrobenzene

sulfonic acid (TNBS) induced colitis are used [4,5]. These models

are characterized by severe acute inflammation of the colon

representing histopathological aspects that reflect human IBD.

Whereas the DSS-colitis model involves activation of the innate

immune system in particular, the TNBS model was shown to

depend on a local Th-1 biased response [6]. The acute chemically

induced IBD models have been shown of great value for a better

understanding of acute inflammatory disease processes in IBD. In

addition, efficacies of a limited number of relevant treatments have

been reported in these models [7–9].

As an alternative to chemically induced colitis, several models

helped to gain valuable insight into the underlying pathology of

IBD, such as the model based on transfer of CD45RBHi CD4+ T

cell to immunodeficient recipients or the development of colitis in

IL-10 deficient mice [10,11]. These models put emphasis on the

role of the intestinal microbiota eliciting a chronic inflammatory

response in the gut. However, because these models are performed

in an immunodeficient environment with disturbed immunoreg-

ulatory circuits they are not always suitable for the evaluation of

novel therapeutic strategies.

In recent years, several groups have demonstrated that repeated

intrarectal administrations of low-dose TNBS to mice and rats

result in chronic colitis [12,13]. This colitis model has primarily

been used to study fibrotic processes as a consequence of chronic

intestinal inflammation [14,15]. Recently, we have implemented a

modified protocol of the chronic TNBS colitis model with reduced

duration, in which treatment with probiotics was shown to prevent

the onset of chronic colitis and associated clinical symptoms,

suggesting sensitivity to immunomodulation [16].
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In this report, we characterize the processes underlying the

development of pathology in this model by temporal gene

expression profiling in the colon with the aim to further

substantiate the value of this model for both mechanistic and

pre-clinical efficacy studies. We show that the recurrent TNBS-

induced colitis model combines histopathological features with

aspects of active inflammation and chronic processes of cellular

infiltration, angiogenesis and tissue remodeling, which are all

relevant to human IBD.

Results

Recurrent TNBS-colitis: a Model with Low Mortality
Sensitive to Intrarectal Budesonide

In this study, we evaluated early stages of the recurrent TNBS

colitis model and confined ourselves to 4 weeks of follow-up after

skin sensitization and three weekly intrarectal challenges with

increasing dosages of TNBS, thereby combining two previously

published protocols [5,15]. This adapted protocol consistently

resulted in mild to moderate colitis, reflected by significant growth

Figure 1. Disease characteristics of the recurrent TNBS model and efficacy of budesonide treatment. The development of colitis
induction is evident from periods of loss of body weight following each rectal instillation of TNBS (Figure 1A; AUC p,0.005). At end-point, inflamed
colons show significantly increased weight/length ratios and colon thickness (Figure 1B); both aspects are suppressed by budesonide. TNBS colitis
induction is associated with a significantly increased histological score (Figure 1C); this score is significantly lower in budesonide treated animals. Bars
represent group mean values of 10–12 mice/group, error bars represent SEM. Mann-Whitney U-test; *p,0.05, **p,0.01, ***p,0.001.
doi:10.1371/journal.pone.0050388.g001
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retardation (p,0.005 ) (Figure 1A). Each rectal TNBS instillation

induced transient loss of body weight of 5 to 15%. Average

mortality was less than 15% and in particular associated with the

first rectal challenge. At endpoint, colitis was evident from an

increased colon weight/length ratio and increased thickening of

the colon (Figure 1B). These macroscopic changes were associated

with increased histology scores in the distal part of the colon

(Figure 1C). Infiltration of mucosa and submucosa by CD4+ and

CD8+ T cells, CD11b+ cells (Figure 2A), confirmed as macro-

phages by F4/80 staining (Figure 2B) was associated with mild to

moderate damage of the mucosal architecture.

All of these aspects were suppressed in mice treated by

intrarectal administration of budesonide. Besides, budesonide

treatment was associated with weight loss, typical for chronic

exposure to corticosteroids in mice.

Multiplex analysis of 23 different cytokines and chemokines in

serum collected at endpoint revealed significantly increased levels

of IFN-c, IL-1b, IL-17, MCP-1 and MIP-1b in mice with colitis,

but not in mice treated with budesonide. Furthermore, budesonide

suppressed IL-12p40 levels even compared to the serum concen-

trations in healthy control mice (Table 1).

Altogether, several inflammatory characteristics relevant to IBD

are represented in this model and shown to be sensitive to

corticosteroid treatment.

Alterations in Gene Expression during the Development
of Recurrent TNBS Colitis

Because the adapted recurrent TNBS colitis model showed

involvement of relevant pathological processes and sensitivity to

treatment, we sought to gain more insight into processes involved

in the early development of colitis in this model. Therefore, we

evaluated gene expression in colons of mice sacrificed at different

time-points, i.e. before the first and 2 or 7 days after each rectal

TNBS instillation. Evaluation of colon macroscopy at each of

these time-points showed that TNBS administration was associ-

ated with transient shortening of the colons, whereas colon weight

increased gradually in time (Figure 3). Histological evaluation of

the colons revealed marked areas of hemorrhages and complete

destruction of crypt architecture two days after each TNBS

instillation; this mucosal damage had partially recovered seven

days after each instillation (data not shown).

Genome wide expression profiling was performed on RNA

isolated from distal colon tissue of five TNBS-treated mice at each

selected time-point. Based on False Discovery Rate (FDR)

correction, a total of 2074 genes of the 14285 transcripts that

passed the filtering procedure, showed significantly different levels

of mRNA at one or more time-points in comparison to mRNA

from healthy mice. Differentially expressed genes that showed

similar expression profiles are clustered in a heatmap (Figure 4A).

The first TNBS challenge was associated with enhanced expres-

sion of a limited number of genes, whereas enhanced expression of

a large number of genes occurred shortly after the second

challenge on day 16 (Figure 4B). These patterns were largely

normalized on day 21. Importantly, the third challenge resulted in

extensive changes in gene expression on days 23 and 28. Forty-two

% of the genes that showed increased expression on day 28 were

also enhanced on day 23 and therefore not normalized.

Furthermore, 27% of the genes differentially expressed on day

28, were not different from healthy on any of the earlier time-

Figure 2. Colitis induction is associated with increased numbers of innate and adaptive immune cells. The composition of the cellular
infiltrate and the effect of budesonide treatment were analyzed by immunohistochemistry. (A) Enumeration of the cells showed significantly
increased cell numbers per mm2 tissue due to TNBS colitis induction. Budesonide treatment significantly reduced the number of these infiltrating
cells. Bars represent group mean values of 10–12 mice/group, error bars represent SEM. Mann-Whitney U-test; *p,0.05, **p,0.01, ***p,0.001. (B)
Double staining of CD11b+ and F480+ cells using fluorescence microscopy confirmed co-expression of these two cell surface markers.
doi:10.1371/journal.pone.0050388.g002
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points, suggesting developing pathology upon multiple TNBS

instillations.

To further elucidate the cellular processes associated with the

induction of colitis by repeated TNBS instillations, we performed

gene ontology analysis on the FDR filtered gene data set using

MetaCoreTM software. Enriched processes with more than 15

genes and p-values below 1025 were considered to be significant

(Table S1), which include general terms like ‘‘inflammation’’, but

also detailed underlying subcategories. Five major processes

important for human pathogenesis of IBD were identified in this

model, i.e. I) tissue morphogenesis, II) the response to wounding,

III) immune/inflammatory responses, IV) cell adhesion and V)

angiogenesis. Gene expression associated with immune/inflam-

matory responses was particularly evident 2 days after each TNBS

challenge. Furthermore, several processes gradually developed in

time, in particular processes associated with epithelial cell growth

and tissue repair/wound healing (Table S1). Altogether, several

processes found in human IBD are reflected in this recurrent

TNBS model and these will be discussed more detailed in the next

paragraphs. The key transcription factors involved in the processes

underlying the development of colitis in this model were identified

by MetaCoreTM analysis. As shown in Table 2, Nuclear factor

kappa-light-chain-enhancer of activated B cells (NF-kB), activator

protein 1 (AP-1), CAMP responsive element binding protein 1

(CREB1), were central to the process at most time-points, in

accordance with an inflammatory process. Networks involving

Hepatocyte-Nuclear Factor-4a (hnf4a) were only observed on day

16 and 23, consistent with its role in the acute phase response.

Chemokines, Cytokines and Cell-adhesion Molecules in
Recurrent TNBS-colitis

Each of the repeated challenges with TNBS was followed by

increased expression of genes encoding mediators of acute

inflammation such TNF-a, IL-1b, CHI3L1, as well as calprotectin

Figure 3. Disease characteristics of the recurrent TNBS model in time. Results of the time-course study in the recurrent TNBS colitis model.
At each time-point indicated in Figure 8, 8 animals were sacrificed and colon length (A) and weight (B) was determined. Colitis is associated with a
gradual increase in colon weight whereas the colon length is severely affected by each TNBS administration followed by a gradual relaxation.
doi:10.1371/journal.pone.0050388.g003
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or calgranulin C (S100a8 -a9). These S100-proteins are relevant to

the pathogenesis, disease activity, diagnosis, and therapeutic

management of IBD [17]. Apart from this acute response towards

TNBS instillations, the adaptive arm of the immune system

appeared to be of importance from day 23 onwards as shown by

gene ontology analysis in MetacoreTM. This analysis also revealed

a role for cell adhesion molecules and chemokines. The KEGG list

of 69 cell adhesion molecules (CAMs), chemokines and chemokine

receptors, that was previously applied to illustrate an important

role of these molecules in mucosal biopsies of UC and CD patients

[18], was used to evaluate their expression during the development

of recurrent TNBS-colitis. A heat-map of the molecules on this list

that showed significantly altered expression at one or more time

points is presented in Figure 5A. Several endothelial and leukocyte

CAMs that were increased in patients with colonic IBD were also

enhanced in the mouse model, e.g. CD62L, ICAM1, MAD-

CAM1, SELE, THY1, JAM3, and PECAM1. Moreover, several

chemokines involved in the recruitment of leukocytes, i.e., CCL2

(MCP-1), CCL3 (MIP-1a), CCL4 (MIP-1b), CCL7 (MCP-3),

CCL9 (MIP-1c), CCL24 (eotaxin-2), CXCL-1 (KC), and CXCL-2

(MIP-2a) were induced as well. Not all transcripts related to

immune responses were up-regulated. Several genes encoding

Figure 4. Transcriptome analysis in the recurrent TNBS-induced colitis model. To determine temporal patterns of gene expression levels
that were affected by the repeated TNBS instillations, microarray analysis was performed on RNA isolated from colon tissue of colitic mice at day 9, 14,
16, 21, 23, and 28 (n = 5/group) (A) A heat-map of the genes with significantly modified gene expression revealed multiple clusters with different
temporal expression patterns. (B) Bar graph indicates the number of up regulated (red) and down-regulated genes during colitis development at
each time point. Genes were considered significant with a False discovery rate (FDR) p value ,0.05. FDR was used to correct for multiple
comparisons.
doi:10.1371/journal.pone.0050388.g004

Figure 5. Effect of recurrent TNBS administrations on cell adhesion molecules and chemokines. (A) Local mRNA expression of cell
adhesion molecules and chemokines was determined within the time-course microarray experiment. The size of the effect of TNBS-induced colitis on
gene expression in comparison to healthy colons is indicated in a heatmap. These differences are based on mean expression levels of 5 individual
animals per time-point. (B) Circulating serum chemokines were analyzed by multiplex technology. Relative serum concentrations of concentrations of
GM-CSF, MCP-1 (CCL2), MIP-1a (CCL3), and MIP-1b (CCL4) are graphically depicted; significant differences are indicated by #.
doi:10.1371/journal.pone.0050388.g005
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chemokines, including CCL21, and 25, and CXCL12, 14, and 15,

showed gradually decreased expression during the development of

colitis, indicative of a changing chemotactic profile during the

progression of colon inflammation. Multiplex analysis on serum

samples revealed that concentrations of GM-CSF, MCP-1, MIP-

1a, and MIP-1b were significantly increased at one or more time-

points during the experiment, although they did not reflect colon

tissue gene expression profiles for these chemokines (Figure 5B).

As reported previously, repeated challenges with TNBS are

associated with a changing cytokine profile in colon, suggesting for

a shift from Th1 to a Th17 profile, and eventually Th2 cells with

fibrosis [15]. In line with this study, IFN-c gene expression was

increased in our study, with a maximum on day 16, whereas IL-4

gene expression remained unchanged until the third TNBS

challenge, after which a significant increase was observed

(Figure 6A). However, mRNA expression profiles of cytokines

considered significant for IBD or colitis, such IL-12p40, IL-23p19,

IL-12p35, IL-17 did not differ from those in healthy tissue (data

not shown).

To establish whether these IBD-related cytokines were reflected

in the periphery, serum samples were subjected to cytokine

analysis employing multiplex technology. A shown in Figure 6B,

we did not obtain evidence for a biased cytokine profile at any

time-point.

Involvement of Mast Cells and a-defensins in TNBS-colitis
A small subset of genes showed gradually increasing expression

levels in time. This cluster mainly comprised mast cell specific

genes (Figure 7A), including mast cell protease 1, 4, and 6 (mcpt1,

4, 6), mast cell chymase (cma2,), carboxypeptidase A3 (cpa3),

tryptase a/b1 (tpsab), and high-affinity IgE Fc receptor (fcer1a).

Gene expression was induced up to 233-fold (mcpt1, day 28). The

highest expression levels of these genes were observed during the

later stages of this model, i.e. on days 23 and 28. Immunohisto-

chemical staining of FceRI+ confirmed the presence of large

numbers of mast cells in the lamina propria of affected colon tissue

(data not shown). This was in line with increased numbers of mast

cells stained by toluidine blue in affected colon tissue (Figure 7B).

These results suggest a gradual increase of mast cells associated

with the development of chronic colitis in this model.

Another set of genes that showed strongly affected expression

levels encoded for antimicrobial peptides. Expression of many

members of the a-defensin family was transiently increased on day

9, immediately following the first intrarectal TNBS instillation

(Figure 7C). A subset of these defensins, including a-defensin 1

(defa1) and four a-defensin-related cryptdins (defcr5, 6, 20 and 21

and defcr-rs1) also showed increased expression on day 28. These

genes were induced up to 132-fold (defcr-rs1, day 28). This

Table 1. Relative circulating cytokine concentrations in TNBS-induced colitisa.

Group

Cytokine Healthy (n = 14) Vehicle (n = 19) Budesonide(n = 15)

Eotaxin 100% 6 5% 102% 6 9% 89% 6 10%

G-CSF 100% 6 10% 114% 6 9% 83% 6 8%c

GM-CSF 100% 6 4% 108% 6 5% 98% 6 7%

IFNc 100% 6 10% 137% 6 12%b 93% 6 14%c

IL-10 100% 6 25% 194% 6 37% 54% 6 16%

IL-12p40 100% 6 8% 87% 6 7% 28% 6 4%c

IL-12p70 100% 6 15% 117% 6 19% 89% 6 11%

IL-13 100% 6 9% 133% 6 12% 82% 6 10%c

IL-17 100% 6 13% 153% 6 17%b 94% 6 12%c

IL-1a 100% 6 19% 93% 6 12% 87% 6 17%

IL-1b 100% 6 8% 135% 6 12%b 82% 6 9%c

IL-2 100% 6 11% 118% 6 12% 84% 6 12%

IL-3 100% 6 13% 137% 6 14% 104% 6 13%

IL-4 100% 6 15% 111% 6 12% 85% 6 14%

IL-5 100% 6 6% 111% 6 12% 72% 6 8%c

IL-6 100% 6 15% 122% 6 9% 82% 6 9%c

IL-9 100% 6 9% 118% 6 8% 84% 6 8%c

KC 100% 6 7% 107% 6 7% 81% 6 4%c

MCP-1 100% 6 9% 131% 6 9%b 86% 6 16%c

MIP-1a 100% 6 8% 95% 6 7% 96% 6 10%

MIP-1b 100% 6 6% 121% 6 6%b 100% 6 10%

Rantes 100% 6 6% 91% 6 5% 80% 6 7%

TNFa 100% 6 10% 106% 6 9% 116% 6 20%

aIn two independent studies, serum concentrations of 23 cytokines were determined by multiplex technology on day 28. In Table S2 concentrations are presented as
pg/ml 6 SEM. In each study, values were normalized and expressed as a percentage of the mean concentration of the corresponding healthy control mice. Relative
concentrations and shown as % 6SEM.
bsignificantly (p,0.05) different relative serum concentration from that in healthy mice.
csignificantly (p,0.05) different relative serum concentration from that in vehicle treated mice.
doi:10.1371/journal.pone.0050388.t001
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modulation was restricted to a-defensins, as the level b-defensin

gene expression remained unchanged.

Discussion

To gain insight into the pathogenesis of IBD, a variety of animal

models reflecting different aspects of the disease are used

[10,11,19]. Most IBD models result from exogenous manipulation;

they can be categorized based on induction by chemicals, immune

cell transfer, or gene targeting [19]. Models based on immune cell

transfer, such as the CD45RBHi T-cell transfer model, and models

based on gene targeting, such as the IL-10 knockout mouse model,

present excellent models to study mechanisms involved in the

pathogenesis IBD [20]. Nonetheless, these models have the

disadvantage of lacking a fully functional immune system. These

limitations do not apply for models of colitis induced by DSS or

TNBS. However, these models usually have the disadvantage of

being mediated by damage and being relatively insensitive to anti-

inflammatory drugs. In this respect the recurrent TNBS colitis

model is more promising. This model has been proposed because

the induced pathology reflects the chronic and relapsing immune

activation processes underlying human IBD resulting in late onset

of fibrosis [13,15]. In this report, we show results obtained in a

modified version of this model, limiting the duration to first three

weeks of colitis development. We show its sensitivity to immuno-

suppression by local corticosteroid treatment with budesonide

which is a relevant compound in clinical treatment of patients with

CD. Moreover, we recently showed that the model is sensitive to

pretreatment with probiotic bacteria [16].

Our initial work to develop a model for colitis was largely

inspired by the work of Neurath et al. who showed that TNBS-

induced colitis is mediated by Th1 cells [21]. However, in our

hands this model showed in SJL mice substantial mortality and

variation, which was partly explained by the source of the animals

and the type of chow diet (data not shown). Modifications to the

protocol, as indicated by Wirtz et al [5], i.e. skin sensitization with

TNBS prior to intrarectal challenges with TNBS, decreased the

mortality rate in this model. Nevertheless, the limited therapeutic

window of 2 days in the acute model prompted us to evaluate the

characteristics of a recurrent TNBS-colitis model described by

Fichtner-Feigl et al [15], allowing for prolonged treatment during

a period of several weeks.

Our study further characterizes the processes underlying or

associated with the early stage development of colitis in this model,

i.e. a time frame of 3 weeks, by performing genome wide

transcriptome analysis on colon tissue. This approach revealed

that each intrarectal TNBS challenge induced a complex set of

genes encoding molecules that are generally associated with an

acute phase inflammatory response, such as TNFa, IL-6,

calgranulins S100a8 and 9, and reg3c. In addition, each

intrarectal TNBS challenge was associated with an enhanced

expression of genes encoding a set of chemokines; MCP-1 (CCL-

2), MIP-1a (CCL3) and MIP-1b (CCL4), CCL7, CCL9, CCL11,

CCL24, CXCL2 and CXCL4, showed a similar acute phase

expression pattern, consistent with the influx of inflammatory cells.

Moreover, serum concentrations of GM-CSF, MCP-1, MIP-1a,

and MIP-1b were significantly increased in particular two days

after each TNBS challenge. These data suggest that each TNBS

challenge induces transient chemokine production in the colon,

which likely drives the attraction of innate and adaptive immune

cells to the site of TNBS-induced tissue damage. The involvement

of these chemokines is relevant for human IBD since the majority

is also elevated in tissues of UC and CD patients [22–24].

In addition, CXCL1 and CXCL2, which are chemokines with

strong angiogenic effects, were strongly induced by the first

intrarectal TNBS challenge and this was followed by the

enrichment of a large cluster of genes encoding factors that are

involved in angiogenesis, including FGF, endothelin-1, and

VEGF-D. These data are suggestive for a link between the

process of inflammation and angiogenesis in this model. Impor-

Figure 6. Effect of recurrent TNBS administrations on local and circulating cytokine profiles. (A) Local mRNA expression of cytokines was
determined within the time-course microarray experiment. The size of the effect of TNBS-induced colitis on gene expression in comparison to healthy
colons is indicated in a heatmap. These differences are based on mean expression levels of 5 individual animals per time-point. (B) Relative serum
concentrations of Th1/Th2/Th17 hallmark cytokines at different time-points during the development of colitis. Concentrations of IFN-c and IL-12p70,
IL-4 and IL-13, and IL-17 are graphically depicted; significant differences are indicated by #.
doi:10.1371/journal.pone.0050388.g006
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tantly, angiogenesis has been described as an important compo-

nent in the pathogenesis and potential target for treatment of IBD

[25].

Interestingly, the expression of a set of genes encoding

chemokines involved in homeostatic processes, including

CCL21, CCL25, CCL27 and CCL28, was gradually down-

regulated in our TNBS colitis model. As these chemokines are

involved in mucosal lymphoid structure development [26], our

findings suggest that normal lymphatic tissue regeneration is

affected in the model. This was substantiated by the observation

that colitic tissue contained lower levels of transcripts associated

with B cells (Cd19, Cxcr5, Tnfrsf13c, and Pou2af1) and

intraepithelial lymphocytes [27] (IL-15, IL-7, and CD3c).

Many genes that showed reduced expression upon TNBS colitis

induction were related to metabolic processes. These main affected

metabolic functions based on gene expression shifts comprise of

Figure 7. TNBS –induced colitis is associated with increased numbers of mast cells and a-defensins. (A) mRNA expression of selected
mast cell specific genes in affected colon tissue (n = 5/group). Heatmap represents fold changes in TNBS colitis mice as compared to healthy control
mice. (B) Quantification of toluidine blue positive cells confirmed TNBS induced up-regulation of mast cells. (C) mRNA expression of a- and b-defensin
genes in affected colon tissue.
doi:10.1371/journal.pone.0050388.g007
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changes in oxidative stress response processes, methylation, lipid

biosynthesis, and small molecule metabolism. These observations

reflect the strong connection between immune and metabolic

response systems in the gut, as described Shulzhenko et al [28].

Mast cell influx is one of the key features of the model presented

in this paper, as observed by microarray and histological

examination. The transcriptomics data revealed progressively

elevated mRNA levels of genes encoding mast cell specific

products such as proteases 1, 4 and 6 (mcpt-1, -4, -6),

carboxypeptidase 3 (cpa3), and high affinity Fc receptor for IgE

(FceRI). Mast cell infiltration was confirmed by increased numbers

of toluidine blue positive mast cells as well as increases in FceRI+
cells in the affected lamina propria. The attraction of mast cell

progenitors from the blood depends on several factors, in

particular local chemokine expression. These include, CCL2,

CCXL4, CCL3, CCL24, and CCL11 [26,29]. These chemokines

were up- regulated during acute inflammation phases of the model

and may therefore contribute to the temporal migration/

recruitment of these cells to the inflamed mucosa. Interestingly,

protective effects of probiotics in this model were associated with

reduced expression of these chemokines [16]. Also in biopsies of

CD and UC patients mucosal accumulation of mast cells has been

observed [30–33]; however, the causative relationship between the

development of IBD and numbers or activation state of mast cells

has not been established. As mast cells are known to produce and

release a plethora of mediators involved in pro-inflammatory as

well as regulatory and active tissue repair processes [32,34,35], we

hypothesize that they may exert differential effects depending on

the stage of the inflammation processes.

The induction of colitis was associated with an increased

expression of a cluster a-defensins together with the expression of

other antimicrobial peptides, such as angiogenin 4 (ang4),

regenerating islet derived antimicrobial peptides RegIIIc and

RegIV (reg3g and reg4, respectively), and secretory phospholipase

A2 type IIA (pla2a2a/pla2g2a). Although all of these anti-

microbial peptides have been described as products of Paneth

cells in the small intestine, we have not been able to demonstrate

the origin of these transcripts in the colon. Staining with

Lendrum’s phloxine-tartrazine or immunohistochemical staining

for lysozyme P did not confirm the presence of Paneth cells in the

affected colon tissue (data not shown). It is tempting to speculate

that these genes are indicative of the presence of metaplastic

Paneth cells, which have been reported in both colonic CD and

UC biopsies [36–38], whereas they are not found in healthy colon

tissue [39,40]. In patients these cells showed increased expression

of human a-defensins DEFA5 and DEFA6 in the colon

[22,38,41,42]. Additional studies are needed to establish the

Figure 8. Schematic representation of the colitis induction protocol. Induction of colitis is achieved by dorsal skin application of TNBS in
ethanol on day 0, followed by rectal TNBS/ethanol instillations on day 7, 14, and 21. The necropsy time-points for study 1, i.e. TNBS disease induction
and corticosteroid treatment, and study 2, i.e. the time-course experiment, are presented in the upper part of the schematic. Severity of colitis
induction was assessed by measurement of colon weight, length and thickness and by histopathological evaluation of the distal part of the colon. At
each necropsy, serum was collected for cytokine profiling and colon tissue was sampled for RNA isolation.
doi:10.1371/journal.pone.0050388.g008

Table 2. Master regulators in colitis development.

Transcription factora Central regulator of Time-pointb

9 14 16 21 23 28

SP1 Lipid metabolism,
inflammation

++ ++ ++ ++

HNF4a Endodermal development ++ ++

c-myc cell proliferation + + + + +

CREB1 Inflammation + + +

p53 Apoptosis, cell cycle + + + + +

NF-kB Inflammation + + + + +

AP1 Inflammation + + +

C/EBP-b Lipid metabolism,
inflammation

+ +

ESR1 Metabolism, inflammation + +

aTranscription factors were identified in biological networks generated using
MetaCoreTM software. Transcription factors represented in this table were
identified in significant networks containing a minimal of 8 nodes.
bLevel of significance of the transcription factor network is classified based on z-
scores: +, z-score between 50 and 100; ++, z-score above 100. No score means
that the networks for these transcription factors were not identified at the time-
point or had a z-score below 50.
doi:10.1371/journal.pone.0050388.t002
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origin of the antimicrobial peptide gene expression in affected

colon tissue.

In conclusion, this recurrent TNBS-colitis model, adapted to

comprise both transient acute inflammatory processes and

gradually developing chronic inflammation, reflects several clinical

and histopathological features of human IBD. The temporal gene

expression profiles generated in this study revealed distinct

processes involved in the onset and progression of disease in this

model, and this knowledge may help to identify novel targets and

therapeutic approaches for IBD.

Materials and Methods

Mouse Colitis Model
All experiments were performed with female BALB/c mice

(8 wk old, 18–22 g) obtained from Janvier (St. Berthevin, France).

Mice were conventionally housed under controlled temperature

(22–24uC) and photoperiod (12 h light-dark cycle), and had free

access to standard mouse chow (SSNIFF R/M-H, BioServices

B.V., Uden, The Netherlands) and acidified tap water. Animal

experiments were approved by the Institutional Animal Care and

Use Committee of The Netherlands Organization for Applied

Scientific Research (TNO), approval number DEC2982 and were

in compliance with European Community specifications regarding

the use of laboratory animals.

To induce colitis, mice were exposed to intracolonic adminis-

tration of step-wise increasing doses of TNBS (Figure 8). Seven

days prior to the first intracolonic TNBS administration, mice

were sensitized by a single application of 3.75 mg of TNBS

(Sigma-Aldrich, Zwijndrecht, The Netherlands) in 48% (v/v)

ethanol on the shaved dorsal skin. On days 7, 14 and 21, mice

were lightly anaesthesized with isoflurane and subsequently 0.75,

1.5 and 2.25 mg TNBS in 40% (v/v) ethanol was administered per

rectum via a 2.0 mm tube (Unomedical A/S, Birkerød, Denmark)

connected with a 1.0 ml syringe, which was advanced into the

rectum for approximately 3 cm. Upon administration of 150 ml of

TNBS solution, mice were held in a vertical position for 30

seconds to allow for equal distribution.

Study Design
In this report, the results of 2 experiments (Figure 8) are

discussed in detail. In study 1, induction of colitis was performed as

described above and at day 28 all animals were sacrificed for

assessment of all relevant parameters. In this study, local

budesonide (3 mg/kg) treatment was included as a positive

treatment control. Budesonide was administered 36 per week

starting one day prior to the first rectal TNBS administration, i.e.

day 6. Budesonide (Sigma-Aldrich, Zwijndrecht, The Netherlands)

was prepared in PBS containing 2.5% (v/v) Tween-80 and 2.5%

(v/v) ethanol. In study 2, we performed a time-course study to

evaluate the development of colitis by macroscopy, cytokine

profiling and gene expression profiling. In this study, one group of

animals (n = 8) was included for each time-point in the study. The

selected time-points 2 and 7 days after each TNBS administration,

8 mice were sacrificed, as indicated in Figure 8.

Colon Macroscopy
Severity of colitis was assessed by macroscopical analysis directly

upon sacrifice. After colon length was measured, feces were

removed by gentle pressure with forceps. Subsequently, colon

weight was measured. Finally, colon thickness was measured with

a digital caliper at 1, 2, and 3 cm from the anus.

Histological Assessment of Colitis
Following measurement of macroscopy parameters, colons were

dissected and fragments were fixed in 4% buffered formalin and

embedded in paraffin. Sections of 5 mm were stained by

hematoxylin-eosin-saffron. Inflammation was scored in a blinded

manner for 3 non-sequential sections per colon fragment at a

4006magnification, according to a semi quantitative (0–4) scoring

system, based on number of infiltrating cells and mucosal damage.

Mast cells were evaluated after staining with toluidine blue [43] at

a 4006magnification.

Immunohistochemical Analysis of Cellular Infiltrates
Dissected colon fragments were immediately immersed in

Tissue Tek OCT compound (Sakura Finetel, Torrance, CA,

USA) and cryopreserved in liquid nitrogen. Immunohistochemis-

try was performed on 6 mm sections with primary antibodies

specific for CD4 (L3T4.), CD8 (53–6.7), CD11b (M1/70), and F4/

80 (CI-A3-1all obtained from BD Biosciences (San Diego, CA,

USA). After incubation, biotinylated antibodies were detected by

incubation with streptavidin-HRP (Vector Laboratories, Burlin-

game, CA, USA) using 3-amino-9-ethylcarbozole (Sigma) as a

substrate. Immunopositive cells were counted at a 4006 magni-

fication and normalized against the colon tissue surface area. For

immunofluorescence, primary antibodies and according Texas red

and fluorescein labeled secondary antibodies were applied. Slides

were covered with Vectashield (H1000) mounting medium with

DAPI Vector).

Cytokine and Chemokine Quantification in Serum
Cytokine concentrations in serum obtained at each sacrifice

were determined by Multiplex analyses. For this purpose, serum

was diluted and assayed with the Bio-Plex Pro 23-Plex Panel, for

IL-1a, -1b, -2, -3, -4, -5, -6, -9, -10, -12(p40), -12(p70), -13, -17,

IFN-c, TNF-a, RANTES, MIP-1a and -1b, MCP-1, KC, G-CSF,

GM-CSF, and eotaxin protein (Bio-Rad Laboratories, Hercules,

CA, USA). The beads were read on a LiquiChip 200, (Qiagen,

Hombrechtikon, Switzerland), and data were analyzed by the five

parameter curve fitting in Luminex100 IS Software. Cytokine

concentrations were corrected for the dilution factor and presented

in pg/ml or as relative concentrations to the average concentration

in healthy mice.

Transcriptome Analysis
Total RNA from frozen intestinal tissue was isolated using

TRIzol reagent (Invitrogen, Breda, The Netherlands) according to

the manufacturer’s instructions. RNA was treated with DNAse

and purified using Nucleospin RNAII Total RNA Isolation kit

(Macherey-Nagel, Düren, Germany), according to manufacturer’s

protocol.

The quality control of RNA samples, RNA labeling and

hybridization were performed at ServiceXS (Leiden, The Nether-

lands). RNA concentration was assessed using a Nanodrop ND-

1000 spectrophotometer (Nanodrop Technologies, Wilmington,

DE, U.S.A). The RNA quality and integrity was determined using

Lab-on-Chip analysis on an Agilent 2100 Bioanalyzer (Agilent

Technologies, Inc., Santa Clara, CA, U.S.A.). The RNA integrity

numbers (RIN) of all RNA samples had values above 7.3.

Biotinylated cRNA was prepared using the Illumina TotalPrep

RNA Amplification Kit (Ambion, Inc., Austin, TX, U.S.A.)

according to the manufacturer’s specifications starting with 500 ng

total RNA. Per sample, 750 ng of cRNA was used to hybridize to

the Sentrix MouseRef-8 BeadChips (Illumina, Inc., San Diego,

CA, U.S.A.). Each BeadChip contains eight arrays and each of the
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arrays harbors 25697 probes. Hybridization and washing were

performed according to the Illumina standard assay procedure.

Scanning was performed on the Illumina iScanner (Illumina, Inc.,

San Diego, CA, U.S.A.). Image analysis and extraction of raw and

background subtracted expression data were performed with

Illumina Beadstudio v3 Gene Expression software using default

settings. The data discussed in this publication have been deposited

in NCBI’s Gene Expression Omnibus [44] and are accessible

through GEO Series accession number GSE35609 (http://www.

ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE35609). Gene-

Spring GX 11.0 was used for quantile normalization of the

probe-level, background subtracted expression values. After the

normalization, unexpressed probes were removed from the further

analyses. All expression values below 5 (2.322 on log2 scale) were

floored to 5. Differentially expressed probes were identified using

the limma package of the R/Bioconductor project, applying linear

models and moderated t-statistics that implement empirical Bayes

regularization of standard errors [45]. The statistical analyses were

performed through The Remote Analysis Computation for gene

Expression data (RACE) suite at http://race.unil.ch [46]. False

Discovery Rate (FDR) corrected p-values of 0.05 was used as

threshold for significance of the differential expression. Fold changes

relative to healthy control mice are presented. GEO Processes were

identified using Metacore Software V6.11.

RT-qPCR for a set of genes (CCL2, CCL11, CCL24, cldn-1,

cldn-4, cldn-11) showed a high correlation with data obtained by

microarrays, and thereby confirmed the relative gene expression

presented in the figures (data not shown).
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