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_________________________________________________________________ Chaprerl 

Introduction 

The intestinal epithelium 
The intestinal mucosa is covered by a continuous monolayer of epithelial cells, which are 
connected via tight junctions. This monolayer of epithelial cells separates the mucosa from the 
intestinal lumen, which is in continuity with the external environment. The intestinal 
epithelium exerts many physiological functions including digestion and absorption of 
nutrients, secretion and absorption of electrolytes and water, and defense against pathogens 
and noxious agents within the intestinal lumen. Each of these functions is conducted by 
specialized cells, which together form the intestinal epithelium. These specialized cells arise 
from progenitors located in the intestinal crypts 1

• As cells migrate upwards and out of the 
crypts or downwards to the bottom of the crypts they differentiate, and thus acquire the 
specific modalities, which enables them to exert their specific functions. Finally, at the end of 
their lifespan, i.e. 3-5 days, the upwards migrating cells reach the tips of the villi (in the small 
intestine) or the surface epithelium (in the colon), where they undergo apoptosis and/or are 
shed into the lumen 2

. The downwards migrating cells differentiate to Paneth cells, undergo 
apoptosis at the end of their lifespan at approximately 3 weeks, and are subsequently 
phagocytosed. 

Goblet cell 
Enteroendocrine cell 

Enterocytes 

vessels 

Proliferating cells 

~rnl Stem cells 

Paneth cells 

Figure 1. Schematic representation of the small intestinal epithelium (as published by Dekker et al. 

20023). The small intestinal epithelium contains four differentiated cell types: enterocytes, goblet cells, 

enteroendocrine cells, and Paneth cells. 
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Introduction. _______________________________ _ 

The small intestinal epithelium, which is organized into crypts and villi, contains at 

least 4 distinct specialized cell types: enterocytes, goblet cells, enteroendocrine cells, and 

Paneth cells (Fig. 1). The enterocytes, goblet cells and enteroendocrine cells are located in the 

upper crypts and along the villi. Paneth cells reside at the crypt base. The colonic epithelium is 

organized into crypts and surface cuffs instead of villi and consists of 3 distinct specialized 

cell types: the enterocytes, goblet cell and enteroendocrine cells. In the small intestine, the 

enterocytes play a critical role in the degradation, uptake and transport of nutrients by 
expressing, i.a. the sugar degrading enzymes lactase and sucrase-isomaltase (SI), the glucose 

and fructose transporters 2 and -5 (Glut2 and -5), and the fatty acid binding proteins (F ABPs) 
3

-
5

. The colonic enterocytes are specialized in electrolyte and water absorption 6
, therefore they 

express gene products like carbonic anhydrase I and -IV (CA I and IV), and the sodium 
hydrogen exchanger 2 and -3 (NHE2 and -3) 7

-
10

. Both the enterocytes in the small intestine 

and in the colon appear to be involved in the epithelial defense by the expression of alkaline 

phosphatase (AP) at their apical membranes, which has detoxifying capacities 11
· 

12
. 

Enteroendocrine cells are specialized in the mucosal secretion of hormonal peptides, which 

mediate for example motility in the gastrointestinal tract. Paneth cells are exclusively present 

in the small intestine and have a critical role in the epithelial defense by the synthesis of 
antimicrobial peptides 13

. Goblet cells synthesize the secretory mucin MUC2, which is the 

most important structural component of the intestinal mucus layer 14
. This mucus layer serves 

as a barrier to protect the epithelium from mechanical stress, noxious agents, bacteria, viruses 

and other pathogens 15
· 

16
. Goblet cells are also known to synthesize and secrete trefoil factor 3 

(TFF3), a bioactive peptide which is involved in epithelial repair 17
· 

18
• 

Under normal conditions, i.e. in health, epithelial proliferation, differentiation and apoptosis 

are tightly regulated and are therefore in balance. Yet, during intestinal diseases or after 
treatment with cytostatic drugs epithelial damage occurs and the homeostasis in proliferation, 

differentiation, and apoptosis is disturbed leading to alterations in epithelial cell functions and 

thus alterations in intestinal functions. 

Inflammatory bowel diseases and the intestinal epithelium 

The inflammatory bowel diseases (IBDs), ulcerative colitis (UC) and Crohn's disease (CD), 

are characterized by chronic inflammation of parts of the gastrointestinal tract. The intestinal 
epithelium is severely damaged, and crypt distortions, crypt abscesses, depletion of mucins 

from goblet cells, and loss of epithelium (in particular ulcerations) are observed in both types 

of disease. IBD patients can suffer from body weight loss, loose and bloody stools, and 
diarrhea. Therapies are aimed at alleviating the symptoms, induction of remission, and 
reducing the number and severity of relapses by down-regulation of the inflammatory 

response. Despite the fact that the etiology ofUC and CD is unknown, it is clear that the cause 

and course of these diseases is multifactorial with both environmental and genetic 
components, involving the immune system, microbial factors, and the epithelium together 

with its associated mucus-layer. As the epithelium with its associated mucus-layer forms a 

10 
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physical barrier between the immune cells in the lamina propria and the bacteria in the 

intestinal lumen, it is more than likely that the epithelium plays a central role in UC and CD. 
The central role of the epithelium and in particular its associated mucus layer in IBD is 

reviewed in detail in chapter 2 of this thesis 19
. 

Still, relatively little is known about enterocyte functions, goblet cell functions and 

the epithelial functions in general during these inflammatory diseases. Focussing on UC, 

aberrations in Na +and cr absorption and secretion were observed 20
• 

21
, however, infonnation 

on the (regulation of) expression levels of the genes that are directly or indirectly involved in 

these processes, like NHE2, NHE3, CA I, and CA IV is lacking. Another limitation of these 

studies in human tissue is that only the sigmoid colon is investigated, and that mostly only 

active colitis is compared with control, i.e. UC in remission was not studied. 

In contrast, much more is known about goblet cell-specific MUC2 expression levels 

and alteration in the structure of MUC2 during health and in UC. MUC2 expression was 
extensively studied, as it is the predominant structural component of the protective mucus 

layer 14
. Therefore it was reasoned that changes in MUC2 levels and structure could play a 

role in the pathogenesis of UC. These studies demonstrated that MUC2 synthesis, sulfation 

and secretion is decreased in active UC, but restored while UC is in remission 22
· 

23
. This 

implies altered mucosal protection in active UC, and more importantly that alterations in 

MUC2 synthesis, sulfation and secretion are not the underlying primary defect in the onset of 

UC. But what consequences does the altered protective efficacy of the intestinal mucus-layer 

have during active UC? Does it result in an increased association of luminal bacteria with the 

epithelium? Does it result in damage to the protected epithelium? And how does the 

epithelium respond to this? In other words; do enterocyte functions, goblet cell functions and 

epithelial functions in general alter during the different phases of UC? It is difficult, or in 
some cases even impossible, to address these questions in human patients with UC. For 

example, in UC, patients biopsy specimens are generally taken from the distal colon and not 

from the proximal colon, as it is a too heavy burden for the patient to take biopsies from the 

proximal colon. Therefore, information about the epithelium in the proximal colon is very 
difficult to obtain. Additionally, the onset of UC is often devoid of symptoms, thus when 

patients visit their physician the disease is already established and has entered an already more 
chronic phase. In other words, the initial acute phase of UC is not easily studied in humans. 

Furthermore, patients undergo anti-inflammatory therapy, which may complicate 

interpretation of the results. Therefore, in the first part of this thesis a rat model was used to 
analyze enterocyte-specific functions, goblet cell-specific functions, and general epithelial 

functions during health and dextran sodium sulfate (DSS)-induced colitis (Chapters 3-5). 

Cytostatic drug treatment and the intestinal epithelium 

Among the cytostatic agents, the application of the folate antagonist methotrexate (MTX) 

either alone or in combination regimens to treat cancer has been extensively described. MTX 

alone is highly effective in the treatment of choriocarcinoma, as 50% of the patients bearing 

this tumor appear to be cured after MTX treatment MTX is used in combination regimens to 
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treat acute lymphoblastic leukemia, lymphoma, advanced breast cancer, bladder cancer, and 

cancer of the head and neck 24
· 
25

. In combination with leucovorin 'rescue', high doses ofMTX 

are used as adjuvant therapies for breast cancer and osteosarcoma 25
• 

--de novo purine synthesis----+ 
GAR and A/CAR transformylase 

................. 

................. 

.... 

1 0-CHO-FH,./+:-::--<"""··· .... -...... -..... -....... -~H, ''c, 
dTMP 

- /(~HFR ·-... 
MTX 

1 ,, .... -········································ 
·····--................ "1.1 

···········I ....... 
.................. 

MTX-PG ························ 
....... 

dUMP 

Figure 2. Mechanisms of action of methotrexate. Methotrexate (MTX) inhibits the enzyme 

dyhydrofolate reductase (DHFR). Moreover, MTX is polyglutamated (MTX-PG) intracellularly. MTX­

PG is a potent inhibitor of DHFR, thymidylate synthetase (TS), and of aminoimidazole carboxamide 

ribunucleotide (AICAR) transformylase. Dihydrofolate (FH2) which accmnulates due to inhibition of 

DHFR, is converted to folate byproduct 10-formyl-FH2 (10-CHO-FH2). 10-CHO-FH2 is an inhibitor of 

glycinamide ribonucleotide (GAR) transformylase. FH4, tetrahydrofolate; CH2-FH4, N5,Nl0-methylene 

tetrahydrofolate; dUMP, deoxyuridylate; T.MP, thymidyne monophosphate. 

The mechanism of action of MTX is based on its ability to bind to the key enzyme in 
the thymidylate cycle, dihydrofolate reductase (DHFR) (Fig. 2, 24

• 
2
'), DHFR is responsible for 

the formation of the co-enzyme tetrahydrofolate, which in turn is necessary for the 
thymidylate and purine biosynthesis. In rapidly proliferating tissues the binding of MTX to 

DHFR results in the inhibition of tetrahydrofolate formation, and hence thymidylate 

biosynthesis. This in turn, leads to a decrease in thymidine triphosphate pools, a decrease in 

DNA synthesis, and eventually to cell death. Additionally, MTX, its metabolites, and the 
folate byproducts (dihydrofolate and 10-formyldihydrofolate), which are formed by the 
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inhibition of DHFR can also inbibit de novo purine synthesis (Fig. 2, 24
• 

25
). Thus MTX 

treatment can lead to the inhibition of DNA and RNA synthesis and even to inhibition of 

protein synthesis in tumor tissue as well as normal tissue. 

Because of the actions on thymidylate biosynthesis and thus DNA synthesis, MTX 

and other folate antagonists are extremely toxic to rapidly proliferating tissues like tumor 
tissue, bone marrow and the small intestinal epithelium. It is this toxic effect of cytostatic 

drugs that often limits the clinical application. Many cytostatic regiments have severe 

gastrointestinal side effects. Insight in the mechanism and possible prevention of 
gastrointestinal damage will be of paramount importance in the treatment of cancer patients. 

The effects of methotrexate (MTX) on the small intestinal epithelium of human and rat are 

well described. MTX is known to inhibit epithelial proliferation and induce apoptosis in the 
proliferative compartment of the small intestine, the crypts 26

. Furthermore, MTX is known to 
induce loss of crypts, crypt atrophy, and villus atrophy 26

.
29

. In rat and mice small intestine 

MTX treatment induced a down-regulation of SI and lactase enzyme activities 26
. Collectively 

these data demonstrate that MTX treatment results in impairment of small intestinal epithelial 

functions in general. However, it is unclear how MTX treatment affects specific enterocyte 

functions, goblet cell functions, and Paneth cell functions. In other words, does MTX affect 
enterocyte specific -, goblet cell specific -, and Paneth cell specific RNA and protein 

synthesis? Moreover, knowledge of region-specific variation in MTX-sensitivity within the 
small intestine is also lacking. Specifically, it is not clear whether there is a difference in MTX 
sensitivity between; 1) the epithelium of the duodenum, jejunum and ileum, 2) the epithelium 

located near lymphoid nodules within the small intestinal mucosa, i.e. the Peyer's patches 

(PPs). Hence, in the second part of this thesis (Chapters 6-7), a rat-MTX model was used to 

analyze cell type-specific functions and region-specific variations in MTX sensitivity. 

Aims and outline of this thesis 

In the first part of this thesis the role of the colonic epithelium and in particular its associated 

mucus-layer during IBD and in several experimental colitis models is discussed (Chapter 2). 
In Chapter 3-5 our investigations regarding the colonic epithelium in rat during the different 

phases ofDSS-induced acute colitis are described. Studied are: 

A. clinical symptoms, morphology, proliferation and apoptosis (Chapter 3). 
B. enterocyte-specific gene expression, goblet cell-specific gene expression, and the 

Muc2 - and TFF3 secretion capacity of goblet cells, as a measure of enterocyte 
and goblet cell functioning (Chapters 4 and 5). 

C. goblet cell-specific Muc2 biosynthesis, Muc2 sulfation, and Muc2 secretion 

(Chapter 5). 
These parameters were studied in conjunction during the onset of disease, active disease and 

the regenerative phase of DSS-induced colitis, in the proximal and distal colon to obtain 

insight in the specific colonic functions during damage and regeneration. 

13 
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In the second part of this thesis the small intestinal epithelium after treatment with the 

cytostatic drug MTX is investigated. Described are: 
A. clinical symptoms, morphology, proliferation, apoptosis, and enterocyte-, goblet 

cell-, and Paneth cell specific gene expression in the 'normal' small intestinal 
epithelium, i.e. the epithelium distant from the Peyer's Patches (Chapter 6). 

B. the above described parameters in the PP-associated epithelium, and compared 

these with alterations seen in the small intestinal located more distantly from PP 

(Chapter 7). 
These parameters were studied on various days after MTX-treatment in the duodenum, 

jejunum, ileum, and colon to obtain a complete picture of the epithelial functions during 

MTX-induced damage and regeneration. 

Finally, by comparing the DSS-induced colonic damage with the MTX-induced small 

intestinal damage, the obtained insight in the types of damage and damage control in the colon 
and small intestine are discussed (Chapter 8). 
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Summary 

Inflammatory bowel disease (IBD) is characterized by a chronically inflamed mucosa of the 
gastrointestinal tract, caused by an underlying immune-imbalance and triggered by luminal 
substances including bacteria. Mucus fonns a gel-layer covering the gastrointestinal tract, 
acting as a semi-penneable barrier between lumen and epithelium. Mucins, the building 
blocks of the mucus-gel, detennine the thickness and properties of mucus. In IBD in humans 
alterations in both membrane-bound and secretory mucins have been described involving 
genetic mutations in mucin genes, degradation of mucin, changes in mucin levels, and the 
degree of glycosylation and sulfation of the mucins. As mucins are strategically positioned 
between the vulnerable mucosa and the bacterial contents of the bowel, changes in mucin 
structure and/or quantity likely influence their protective functions and therefore constitute 
possible etiological factors in the pathogenesis of IBD. This hypothesis, however, is difficult 
to prove in humans. Animal models for IBD permit detailed analysis of those aspects of 
mucins necessary for protection against disease. These models revealed pertinent data as for 
how changes in mucins, in particular in MUC2, imposed by immunological or microbial 
factors, may contribute to the development and/or perpetuation of chronic IBD, and shed some 
light on possible strategies to counteract disease. 
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Mucins in IBD: A review 

The tripartite cause of JED,· involvement of mucins 

The two fonns of chronic human inflammatory bowel disease (IBD), Crohn's disease (CD) 

and ulcerative colitis (UC), are diseases primarily characterized by chronic inflammation of 

parts of the gastrointestinal tract. These are complex diseases caused by multiple 

environmental and genetic factors involving: 1) the immune system, 2) microbial factors, and 

3) the intestinal epithelial barrier. Existence of an immune imbalance is one of the critical 

factors in the manifestation of IBD. Proof for this comes from various animal models with 

altered T -cell populations or cytokine deficiencies that spontaneously develop colitis, as 

reviewed u_ Microbial factors are implicated in the initiation and/or perpetuation of disease. 

The development of colitis in many animal models can be prevented or attenuated if animals 

were maintained in a germ free environment or treated with oral antibiotics 3
-
5

. Considering 

that the epithelium and its associated mucus-layer fonns a physical barrier between bacteria 

and cells of the immune system, it is more than hkely that the epithelial barrier plays an 

important role in IBD. In support of this are several animal models in which a primary change 

in integrity of the epithelium leads to IBD-like syndromes. For instance, transgenic mice 

expressing a dominant-negative mutant of cadherin on their small intestinal enterocytes 

spontaneously develop IBD, caused by breaching of the epithelial barrier 6
. In another model, 

mice deficient in the multi-drug resistant protein, which is nonnally found in the intestinal 

epithelium (mdrla) spontaneously develop colitis. These IBD-like symptoms resolved under 

antibiotic treatment, indicating that bacteria critically affect the epithelium 16
• Mice carrying a 

homozygous knockout mutation in the trefoil factor-3 (TFF3) gene prove very sensitive to 

developing colitis, whereas supplementation of these knockout mice with TFF3 reverted the 

disease 17
. Each of these examples illustrates that many proteins expressed in intestinal 

epithelial cells are, directly or indirectly, involved in the protective epithelial barrier against 

IBD. 
Mucins, as the primary constituents of extracellular mucus and the cellular banier, are 

intimately associated with each of the three etiological factors of IBD. Mucins are important 

epithelial products of the intestine, essential for a proper epithelial barrier function, whereas both 

inflammatmy mediators and bacterial factors are identified that influence the expression of the 

mucins. Moreover, mucins are ve1y important in the contact of many microorganisms with the 

intestinal mucosa. Therefore a primary defect in mucins could breach the epithelial barrier or 

lead to altered mucosal-bacterial interactions. On the other hand, the changing effects of 

immunological or bacterial factors during initial or ongoing inflammation could influence the 

mucin-production, and have further adverse effects on these processes, sustaining the chronic 

character of IBD. Mucin expression and stmcture was influenced by cytokines, bacteria, and 

bacterial components in in vitro experiments on intestinal cell lines 18
-
22

, which has contributed 

considerabty to the interest in mucins as possible etiological factors in IBD. 
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Jv[[JC-type mucins in human intestine 

Mucus forms a semi-penneable barrier between the intestinal lumen and the underlying 

epithelium, and is composed primarily of secretory gel-fonning mucins, like MUC2 23
. Other 

mucins exist in the intestine, like MUC3 found in intestinal microvilli, that are membrane­

bound and fonn integral components of the apical side of the epithelial cells, but seem to be 

no part of the mucus-layer. 

Biochemically, mucins are usually very large, filamentous molecules (molecular 

weight up to several millions). Mucins have very large regions within their polypeptides, 

which are comprised of relatively short tandemly repeated peptide domains, which are highly 

0-glycosylatcd 23
· 

24
. The 0-linked carbohydrates fonn up to 80% of the molecular weight of 

the mucins. These very numerous, yet relatively short carbohydrate chains (2-20 

monosaccharides), are very tightly packed along the polypeptide and are responsible for the 

overall filamentous structure of mucins. The addition of very large numbers of sulfate and 

sialic acid residues to the 0-linked carbohydrates gives the mucins a highly negative surface 

charge. 

Many of the known human mucin genes are presently assembled in the MUC gene 

family. The current nomenclature of the mucins is meanwhile challenged, as there appear to be 

large differences in primary sequence as well as function among the MUC-typc mucins 25
. 

Functionally, l\.1UC-type mucins can be subdivided into three classes: 1) secretory, gel-fanning 

mucins, 2) membrane-bound mucins, and 3) small soluble mucins. 

Ad. 1. Secretory, gel-fanning mucins arc widely acknowledged as important players in 

the defense of the gastrointestinal epithelium, and are produced in specialized mucous cells of 

glandular tissues and goblet cells of gastrointestinal tract 23
· 

26
-
28

. These mucins are produced as 

disulfide-linked otigomers 29
, which proves essential for their ability to fonn viscoelastic 

mucus-gels. There are four members to this group, MUC2, -SAC, -5B, and -6, and these are 

well characterized 30
' 

31
. In the healthy human colon MUC2 is the predominant mucin produced 

by all goblet cells, and MUC5B is expressed in minor quantities in a subset goblet cells in the 

lower colonic crypts 27. 
28

' 
32

. MUC5AC and "MUC6 are normally confined to gastric epithelium 
33

, and are not expressed in the healthy intestines, but these MUCs appear in the colon in IBD 
34. 35 

Ad. 2. The membrane-bound mucins have been shown to be involved in epithelial cell­

signaling, adhesion, growth, and modulation of the immune system 26
· 

3640
. Membrane-bound 

mucins are not covalently bound, and are made in serous cells or epithelial cells, like 

cnterocytes 24
· 

39
. Of the membrane-bound mucins MUCl, MUC3A, MUC3B, MUC4 have 

been extensively studied, and their expression was also analyzed in IBD 34
-

41
'
42

. 

Ad. 3. So far only one small soluble human mucin has been identified (MUC7), vvhich 

is found in saliva 43
. As MUC7 was not studied in IBD, it will not be discussed further. Other 

genes have been assigned to the MUC family (MUCS, -J 1, -12, -13, and -16) 44
-
47

. Although 

some of these are expressed in the intestine 45
· 

46
, their involvement in IBD has not yet been 

analyzed. 
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Genetic deviations in human MUC3A are associated with JED 

For long it is known that IBD has a certain genetic predisposition, and therefore many 

investigators have sought to identify chromosomal loci in the human genome that predispose 

for IBD. Among the different susceptibility loci identified for IBD is 7q22, which harbors 

MUC3A, MUC3B, MUCll and MUC12 45
· 

4s-s 1
_ Further analysis has demonstrated an 

association ofiBD with the intestinal membrane-bound mucin gene MUC3A (Table 1) 50
·

51
. It 

was only recently shown that the gene originally designated MUC3 in fact consists of two 

genes MUC3A and MUC3B 49
· 

50
• 

52
-
56

. The entire structures of both MUC3A and MUC3B, in 

particular their N-tennini are still unknown, because cloning of sequences containing long 

stretches of tandem repeats remains difficult. However both genes encode membrane-bound 

mucins with two EGF-like motifs, a membrane-spanning and a cytoplasmic domain at their C­

terminal ends 25
· 

50
. 

Table 1. Summmy of pathological changes in colonic mucin expression found in patients 

with ulcerative colitis (UC) and Crohn's disease (CD)/ 

Characteristic uc CD Reference 

Mutations altered VNTR SNPinMUC3f 50. 51 

Mucus thickness Reduced unaltered 57 

Goblet cells (numbers) Depleted unaltered 58 

Sulfation Reduced unaltered 59, 60 

Glycosylation altered altered 61. 62 

MUC2 (protein-level) decreased n.d.)n 63. 64 

MUCl, -3, -4, -SB (mRNA-Ievels) unaltered reduced 42 

MUC2 (mRNA-levels) unaltered unaltered 34, 64 

MUC5AC, -6 (mRNA-Ievels) n.d. increased 34 

Anti-I\1UC auto-antibodies present absent 65 

Number of bacteria in mucus increased n.d. 66 

)A In Crohn's disease focus was on effects on colonic mucin. Only in this way the effects could be made 

comparable with the effects of ulcerative colitis, as the latter disease only occurs in the colon. 

)
8 VNTR, variable number oftandemly repeated sequences 

f SNP. single nucleotide polymorphism 

)D n.d., not detetmined 

The possession of one or two rare alleles of the MUC3A gene, which have an unusual 

number of 51-bp repeat units, was associated with UC 51
. It could well be that these unusual 

fonns of MUC3A negatively affect the barrier function within the intestine, conferring a 

genetic predisposition to UC. Furthennore, it was recently reported that non-synonymous 

single nucleotide polymorphisms within the cytoplasmic C-tenninus of MUC3A, involving a 

tyrosine residue with a proposed role in epithelial cell signaling, may confer genetic 

predisposition to CD 50
. This indicates that genetic variants of the membrane-bound MUC3A 

may be invotved in predisposition for UC and CD by dissimilar mechanisms. Whether other 

mucin genes on the 7q22 locus are associated with CD or UC still remains to be investigated. 
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To date none of the other mucin genes, have genetically been linked to the occurrence of UC 

or CD. In particular allelic variations of MUC2 were investigated, since MUC2 is the most 

prominent secretory mucin in the intestines 32
, but no association with UC could be identified 

67 

Changes in human and rodent intestinal mucins are associated with JED: focus on i\1UC2 

Alterations in mucin synthesis, maturation, secretion, and/or degradation in IBD are generally 

thought to be involved in the initiation or perpetuation of disease symptoms. The most important 

alterations in mucin in IBD were very recently summarized (Table 1) 68
-
70

. These quantitative 

and/or qualitative alterations in mucin synthesis may be related to mutations within mucin genes, 

as for J\1UC3A, or to changes in immunological or microbial factors that govem the mucin 

expression. The most pertinent data that help us understand the causes and consequences of these 

alterations comes however from studies in the mouse and rat, which will be an important focus 

of this review. 

In the mouse, thus far six Muc-type genes have been identified (Table 2), and named 

after their human orthologues as Mucl, -2, -3, -4 (unpublished, GeuBank; AF218265), 

Muc5ac, and Muc5b 71
-
75

. Members of the membrane-bound mucins were identified (Mucl,-

3, and -4), as well as of the gel-fanning mucins (Muc2, -Sac, and -5b, which are clustered on 

mouse chromosome 7), indicating that the mucosal defence and other functions of the mucins 

are preserved among man and mice. In the rat, Mucl, -2, -3, -4 and -SAC have been identified 
76-~0 , which show high homology to the corresponding mucin genes of both mice and human. 

The N-terminus of Muc2 is highly conserved between species. Comparison of the N-tenninus 

of rat, murine and human MUC2 showed 73% amino acid identity 73
. In rat intestine Muc2 

appears to be the most prominent mucin 81
. The mouse is presently the most important model 

for sn1dying IBD-like pathology. This animal can be genetically and environmentally 

manipulated enabling us to single out important pathogenic factors in IBD like the immune 

system, the enteric bacteria, and the role of mucins in the epithelial barrier. 

Table 2 it1ouse ortholoo-ues of human mucins b 

Mucin Expression Mucin class Chromo- Reference 

some 

Muc1 All epithelia membrane-bound 3 74. ~2 

Muc2 Intestine, goblet cells secretory 7 73 

Muc3 Intestine, enterocytes membrane-bound 5 71 

Muc4 Virtuallyall epithelia membrane-bound n.d. n.p. 

Muc5a Stomach, surface epithelium secretory 7 " 
Muc5b Trachea, submucosal glands secretory 7 75 

n.d., not detennmed 

n.p., not published; GenBank; AF218265. 
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The colonic mucus layer is thinner in UC 57
, therefore a deficiency of secretory, gel­

fanning mucins is conceivable. MUC2, as the most prominent secretory mucin in the 

intestine, seems very important for maintenance of the mucus-layer. It was shown that MUC2 

synthesis, secretion and sulfation is decreased in active UC 60
· 

63
· 

64
, implying diminished 

mucosal protection in active disease (Table I). Most importantly in mice, like humans and rats 
32

- Rl, Muc2 is the most prominent, heavily sulfated mucin in mouse intestine, expressed and 

secreted by all enteric goblet cells i
3

• We will present a working model, furnished with recent 

data, to show that MUC2 may play a critical role in development ofiBD. 

Bacteria and mucins in IBD 

Vast numbers of bacteria roam in the intestines, particularly in the colon, and it is obvious that 

they pose a serious thread to the intestinal mucosa and development of IBD. Much research 

effmi was put on identifying effects of bacteria in the initiation or perpetuation ofiBD. Higher 

numbers of bacteria have indeed been detected within the colonic mucus-layer ofiBD patients 
66

. Likely these bacteria have deteriorating effects on the mucins in the mucus-layer. For 

example, increased levels of fecal mucinase and sulfatase activity, likely of bacterial origin, 

were found in fecal extracts of patients with IBD, especially in UC 83
· 

84
. Changes in 

glycosylation of mucins have been shown to occur in UC HS. 
86

, and in vitro fecal anaerobic 

bacteria have been shown to be able to degrade mucus by producing extraceltular glycosidases 

H
7

. 
8 ~. Thus, partial degradation of the mucus may increase to exposure of the epithelium to 

bacteria, bacterial products and other luminal substances, and constitute a predisposing 

condition for IBD. 

Altered protective efficacy of the intestinal mucus in IBD may result in an increased 

association of luminal bacteria with the epithelium. Such an increased association may 

enhance or sustain the inflammatory process during IBD by exposing the mucosal surface to 

bacterial products and antigens that othervvise would not have been able to pass the mucus 

barrier. However, it is unknown to what extent luminal enteric bacteria are able to degrade the 

mucus in vivo. Fmihennore, no correlation was found between the number of bacteria in the 

mucus-layer of rectal biopsy specimens and the degree of inflammation 66
• An association 

between the presence of specific bacterial species and IBD has been suggested, but results of 

numerous studies are inconclusive as has been recently reviewed 5
. Thus, it seems that the 

nonna\ commensal enteric bacteria are sufficient to drive the inflammation once it has 

established itself, and that IBD, as far as we know, is not caused by a specific pathogen. 

In humans it is extremely difficult to establish if changed bacterial colonization in 

TED is either cause or consequence of inflammation. Therefore, the presence of bacteria as 

pathogenic factor in lBD was studied in genn free animals, which do not carry any 

microorganisms, by introduction of normal enteric bacteria (NEB). Genn free wild type mice 

do not develop signs of inflammation upon introduction of NEB 4
' 

13
. Moreover, genn free mice 

produce nom1al amounts ofMuc2 compared to mice harboring NEB, indicating that the presence 

of bacteria does not lead to an altered mucus thickness per se (Fig. lA and B) 10
' 

11
• Introduction 

of NEB into genn free mice induced an increase in the sulfation of de novo synthesized Muc2. 
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Nonnally colonic mucins are highly sulfated, and sulfated mucins are generally considered to be 

more resistant to bacterial degradation. A colonic mucus-layer composed of less sulfated mucins 

is deemed less protective, and was closely associated with IBD in humans 32
· 

59
· 

60
· 

84
· 
89

-
91

. 

\Vhen mice and rats colonized by NEB were treated with luminal dextran sulfate 

sodium (DSS), a toxic sulfated polysaccharide, colitis develops (92
· 

93 and Chapter 3 of this 

thesis). DSS initially inhibits proliferation, whereas prolonged DSS-treatment results in an 

induction of hyperproliferation and enhanced apoptosis (Fig. 1C)92
-
94

. Despite the increased 

tumover of the epithelium and crypt elongation, high expression levels ofMuc2 were however 

maintained, whereas the degree of sulfation of the Muc2 molecules decreased (Fig. lC) C" 12 

and Chapters 3 and 5 of this thesis). Introduction of NEB in genn free mice that are highly 

susceptible to developing colitis, like interleukin 10 knockout (IL 1 0_,.._) mice, rapidly develop 

severe and chronic colitis upon contact with NEB, which is also accompanied by a loss of 

sulfation of newly synthesized Muc2 molecules (Fig. lD and E). This indicates that NEB are 

only able to elicit colitis in a compromised host (e.g. the DSS-treated or ILl0_1
_ mice), but not 

in the healthy mouse. Decreased levels of sulfation of de novo formed Muc2 is a consistent 

finding in NEB-associated colitis, which suggests that NEB influences the structure, and 

possibly the functions, of Muc2 during synthesis. The decreased sulfation in these 

compromised hosts correlates with the inflammation, and therefore seems a secondary effect of 

introducing NEB into the colon (Fig. I A-E). 

Recently a very interesting example was found of a potential therapeutic intervention 

that could increase the MUC2 synthesis in IBD 95
. The probiotic agents Lactobacillus 

p/antarum 299v and L. rhamnosus GG quantitatively inhibited the adherence of an entero­

pathogenic Escherichia coli to intestinal epithelial cells. These bacteria increased MUC2 and 

MUC3 mRNA synthesis in these cells, and media containing both these mucins inhibited the 

binding of E. coli to intestinal cells. Thus, it can be hypothesized that these probiotic bacteria 

increase the epithelial barrier function by inducing increased synthesis of these important 

intestinal mucins. 

Immunological influence on mucins 

A number of rodent models of colitis were recently developed in which chronic intestinal 

inflammation occurs as a consequence of alterations in the immune system, leading to a failure 

of nonnal immuno-regulation in the intestine 2
• These animal models are very suitable for 

identifying the effects of the immune system on mucin expression. One of these animal models 

is the ILl o-i- mouse, which spontaneously develop enterocolitis when maintained in conventional 

conditions, develop colitis when kept in specified pathogen-free environments, but shows no 

evidence of colitis when kept genn free (Fig. lD) s. 13
• In genn free ILlO_,_ mice at least 10-fold 

less Muc2 is produced than in germ free wild type mice (Fig. lA and D) 10
· 

11
. Although the 

mucus-layer is most likely much thinner as consequence the decreased Muc2 synthesis, colitis 

does not occur, because of the absence of a bacterial-derived nigger from the lumen. 
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figure 1. Effects of interleuldn 10, bacteria, 

Yluc2 and dextran sulfate sodium (DSS) on 

development of colitis in the mouse. This figure 

schematically depicts the work of others and our 

work on diverse IBD models that were 

developed in mice. 3-s. 7
"

15
. It summarizes the 

evidence that both bacteria and damaging agents 

·'• (like the cytotoxic DSS) are particularly 

detrimental to the colonic mucosa \vhen Muc2 

synthesis (the major colonic gel-forming mucin) 

is low or absent The models shown are: 1. 

Wildtype mice under germ free conditions (panel 

A) that were infected by nonnal enteric bacteria 

(NEB, panel B), 2. Wildtype mice with NEB, 

treated with DSS (panel C), 3. Interleukin 10 

knockout mice (ILlO·,..·, panel D) that were 

infected with NEB (panel E), and 4. Muc2 

knockout mice (MucY-, panel F) that were 

treated with DSS (panel G). Mice were kept 

under specified pathogen free conditions. The 

effects of NEB and DSS are depicted as these 

occur after one week a of treatment, except for 

the Mucr- mice treated with DSS (panel G). 

~o which \Vere shown after 2 days. De novo Muc2 

production was measured under each of these circumstances. The thickness of the extracellular mucus­

layer signifies the amounts of Muc2 that arc produced (gray), while the gray-scale indicates the degree of 

sulfation ofMuc2. When Muc2 is depicted in a lighter shade of gray, the degree ofsulfation ofMuc2 has 

declined. Changing of Muc2-producing goblet cell morphology in colitis is depicted as the slimming of the 

goblet cells (gray ellipses). The extent of the inflammation is indicated by the int1ux of immune cells 

(black circles). The proliferation is indicated by the occurrence of mitoses in the epithelium(~), and the 

apoptosis in the epithelium is indicated by apoptotic cells ( ~ ). Severe ulceration (overt rectal bleeding) 

and rectal prolaps occurred in Mucr- mice treated by DSS for 1 day, indicated by the focal absence of 

epithelium (panel G). Indicated are fm1her the epithelium (white), the mucosa (stippled), and enteric 

Upon introduction of NEB, the lLlO_,.._ mice rapidly develop symptoms of colitis by 

showing infiltration of immune cells and induction of pro-inflammatory mediators such as TL12 
11

. The mucosa was thickened and the tumover of epithelial cells is much higher, because of 

increased proliferation in the crypts and apoptosis in the epithelium. Goblet cells become smaller 
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and less apparent (Fig. JC and E), which is often referred to as goblet cell depletion. Goblet cell 

depletion is considered a characteristic feature in IBD and in many of the experimental animal 

models L 
96

-
98

. However, it is our speculation that the apparent goblet cell depletion might (at 

least partly) be due to goblet cells losing their characteristic goblet-like shape, rather than a 

true loss of goblet cells. Thus, the immune-imbalance present in the ILlO_,.._ mice leads to a 

primary down-regulation of the Muc2 synthesis that is not related to inflammation. The 

diminished Muc2 levels leave the epithelium barely protected against the influences of NEB. 

Interestingly, the decreased sulfation in the genn free ILIO+ mice exists without any signs of 

inflammation, and is also a primary effect of this immune-imbalance, instead of the secondary 

decrease in sulfation that is induced by NEB. 

The mechanism by which Muc2 synthesis is down-regulated in ILlO_,_ mice remains 

obscured, yet the finding demonstrates that certain immune-regulators directly or indirectly 

influence mucin production. Participation of cytokines in the regulation of mucin gene 

expression was implicated in UC through analogy to results obtained with human colorectal 

cell lines. Exposure of human colonic goblet cell-like cells, LS 180, to the pro-inflammatory 

cytokines interleukin 1 or -6, or tumor necrosis factor-a resulted in an increased synthesis of 

MUC2 and other secretory mucins, while addition of each cytokine also resulted in reduced 

and altered glycosylation 22
. Whereas ILl 0 has thus far not been tested directly on celt lines, is 

seems likely that immune-regulators are able to direct mucin expression levels as well as 

mucin structure. 

Muc2 knockout mice are ve1y susceptible to IBD 

To directly address the question whether MUC2 is involved in epithelial protection, Muc2 

deficient (Mucl"'._) mice were generated, through genetic inactivation of the murine Muc2 

gene, in the laboratory of Anna Velcich and Leonard Augenlicht (Einstein college, New York) 
99

. In Mucr'- mice the intestinal goblet cells are seemingly absent. However, expression of 

trefoil factor 3, another intestinal goblet ceil marker, was still present in a high number of 

epithelial cells in the colon of the MucT1
- mice. Apparently, goblet cells in absence of Muc2 

loose their characteristic goblet-like shape in histology, indicating that Muc2 is the major 

phenotypic detenninant of goblet cells. MucT'· mice spontaneously develop mild colitis when 

colonized by NEB under specified-pathogen-free conditions (Fig. lF) 7
. Moreover, Mucx'­

mice frequently develop adenomas in the small intestine that progressed to invasive 

adenocarcinoma, as well as rectal tumors 99
. The Muc2·1

- mice are extremely susceptible to 

cytotoxic luminal agents like DSS. Treatment with DSS led to very fulminant colitis within 

days, which was much more severe in each aspect than in wild type mice treated with DSS 

(Fig. 1 G) 7
, indicating that Muc2 plays an essential role in epithelial protection. These findings 

lend further credibility to the theory that the (partial) deficiency of Muc2 in ILlO_,_ mice 

predisposes for the development of inflammation. Thus, (partial) deficiency of Muc2 might be 

an etiological factor in the onset and/or perpetuation ofiBD. 

28 



________________________________ Chapter 2 

Conclusions 

As evidence is fragmentary, we still await the fonnidable task to elucidate the involvement of 

mucin in the pathogenesis ofiBD. Yet, so far there are two highlights in this field. The state of 

the art shows that the two most abundant intestinal mucins, the membrane-bound MUC3 and 

the secretory MUC2, are clearly implicated in the pathogenesis of IBD. So far MUC3 is the 
only human mucin of which particular alleles could be linked to IBD. This linkage of IBD to a 

genetic predisposition could not be established for MUC2. However, there are now 

compelling data to suggest that lowered abundance of MUC2 in humans and in experimental 

animals increases the sensitivity towards IBD. Although it may be still early days for full 

appreciation of mucins as predisposing factors in IBD, these results are highly encouraging. 
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Summary 

Background: To gain insight in intestinal epithelial proliferation, cell death and gene 
expression during experimental colitis, rats were treated with dextran sulphate sodium (DSS) 

for 7 days. Methods: Proximal- and distal colonic segments were excised on days 2, 5, 7 and 

28. Epithelial proliferation, cell death, enterocyte gene expression (carbonic anhydrase I (CA 

I) and goblet cell gene expression (mucin (Muc2) and trefoil factor 3 (TFF3)) were studied 

immunohistochemically and biochemically. Results: Proliferative activity was decreased in 

the proximal and distal colon at the onset of disease (day 2). However, during active disease 

(days 5-7) epithelial proliferation was increased in the entire proximal colon and in the 

proximity of ulcerations in the distal colon. During DSS treatment the number of apoptotic 

cells in the epithelium of both colonic segments was increased. In the entire colon, surface 

enterocytes became flattened and CA I negative during active disease (day 5-7). Additionally, 

CA I levels in the distal colon significantly decreased during this phase. In contrast, during the 

regenerative phase (day 28) CA I levels were restored in the distal colon and up-regulated in 

the proximal colon. During all disease phases increased numbers of goblet cells were observed 

in the surface epithelium of the entire colon. In the distal colon TFF3 expression extended to 

the bottom of the crypts during active disease. Finally, Muc2 and TFF3 expression was 

increased in the proximal colon during disease. Conclusions: DSS affected the epithelium by 

inhibiting proliferation and inducing apoptosis. DSS-induced inhibition of CA I expression 

indicates down-regulation of specific enterocyte functions. Accumulation of goblet cells in the 

surface epithelium, up-regulation of Muc2 and TFF3 expression in the proximal colon 

underlines the importance of goblet cells in epithelial protection and repair, respectively. 

Abbreviations: CA, carbonic anhydrase; DAB, 3,3-diaminobenzidine; DSS, dextran sulphate 

sodium; HE, hematoxylin; IBD, inflammatory bowel disease;Trefoil factor factor 3, TFF3; 

UC, ulcerative colitis. 
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Introduction 

Since the beginning of the 1990s dextran sulphate sodium (DSS) has been widely used in a 

variety of animal models to induce colitis. Several clinical symptoms (i.e. diarrhea, bloody 

stools, and weight loss) and histopathological changes (i.e. inflammatory infiltrates, erosions, 

and crypt loss) that are induced by DSS, are similar to those observed in patients with 

ulcerative colitis (UC) 1
-
6

• Analogous to UC, DSS-induced colitis is mitigated by treatment 

with sulfasalazine 7
, olsalazine 7

, and cyclosporin 4
, drugs that are widely used to treat 

inflammatory bowel diseases (IBD) 2
• 

The DSS-induced colitis model gives the opportunity to study the dynamic disease 

process from the onset of disease to complete remission. Such a study is not possible in 
humans, especially since the disease is usually diagnosed only during advanced stages. 
However, like in UC, the exact mechanisms underlying the DSS-induced pathology are 

largely unknown. Up to now, it was demonstrated that immune cells and bacteria do not play 

an essential role in the induction of DSS-induced colitis s, 9
. Furthermore, DSS is known to 

inhibit epithelial cell proliferation in vitro 9
· 

10
. In vivo, the first signs of injury are seen in 

colonic crypt cells located at the crypt baseL 5 . Previously, Tessner eta!. reported that in mice, 

DSS induces a decrease in the proliferative activity in the cecal epithelium 11
. Collectively, 

these data suggest that the primary action of DSS on the epithelium is the inhibition of 

proliferation, thereby deranging epithelial homeostasis. Nevertheless, it is not known whether 

inhibition of proliferation is the only effect of DSS on the epithelium. As DSS induces 
diarrhea, it is also possible that DSS affects the expression of gene products of surface 

enterocytes, like carbonic anhydrases (CAs), which are involved in electrolyte transport, water 
absorption, and intracellular pH regulation 12

"
14

. Along the same line, we can not exclude the 

possibility that DSS alters the epithelial barrier function and epithelial repair capacity by 
affecting respectively mucin (Muc2) synthesis and trefoil factor 3 (TFF3). To help us 

understand the pathogenic mechanisms of colitis it is essential to unravel the primary effects 

of DSS on the epithelium and the ensuing response of the epithelium to the DSS-induced 

changes. 

In this study, we used a rat model ofDSS-induced colitis in which we investigated the 

successive changes in epithelial morphology, cell death, proliferation, and cell type-specific 

gene expression (as measure of cell function) in the proximal- and distal colon. In addition, 
clinical symptoms were evaluated during and after DSS administration. Epithelial proliferation 

and cell death were studied (irnmuno)histochemically. Cell type-specific gene expression was 

analyzed (immuno)histochemically as well as biochemically. CA I was used as marker for 
colonic enterocyte function. Muc2 the primary constituent of the colonic protective mucus 

layer and trefoil factor 3 (TFF3), a bioactive peptide that is involved in epithelial protection 

and repair, were used as markers for goblet cell function 15
' 

16
. By studying all these parameters 

in conjunction, we obtained a more complete picture of the complex pathogenic processes that 

occur during damage and regeneration in the different regions of the colonic mucosa during 

experimental colitis. 
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Materials & Methods 

Animals 

Eight-weeks-old, specified pathogen free, male Wistar rats (Broekman, Utrecht, The 

Netherlands) were housed at constant temperature and humidity on a 12 h light-dark cycle. 

One week prior to and during the experiment the rats were housed separately. The rats had 
free access to a standard pelleted diet (Hope Farms, Woerden, The Netherlands) and sterilized 

tap water (controls) or sterilized tap water supplemented with DSS. All the experiments were 

performed with the approval of the Animal Studies Ethics Committee of our institution. 

Experimental Design 

Rats were given 7% (w/v) DSS (37-40 kD, TdB Consultansy, Uppsala, Sweden) in their 
drinking water for 7 days, followed by a 21-day recovery period during which DSS was 

omitted from the drinking water. Fresh DSS solutions were prepared daily. To study 
proliferation of epithelial cells, 50 mg BrdU/kg body weight (Sigma, St. Louis, USA) was 

injected intra-peritoneally 24 h before decapitation. On day 0 (control), 2, 5, 7, and 28, four 

animals were sacrificed per day. Duplicate segments of 1 em in length of the proximal colon 

(adjacent to the ileocecal valve) and of the distal colon (1 em proximal from the rectmn) were 

dissected. One set of segments (i.e. proximal- and distal colon) was washed in phosphate 

buffered saline (PBS), fixed in 4% (w/v) paraformaldehyde (Merck, Darmstadt, Germany) in 

PBS, and subsequently processed for light microscopy. The other set of segments was frozen 
in liquid nitrogen and stored in -70 °C till homogenization for biochemical analysis. Clinical 

symptoms i.e. weight loss, stool consistency, bloody stool, and presence of gross blood were 

scored during the course of the experiment. 

Histology 

Five )Jm thick sections were routinely stained with hematoxylin and eosin (HE) to study 

histological changes, i.e. distortion of crypt epithelium, erosions, inflammatory infiltrate, cell 

death and epithelial restitution during and after DSS-induced damage. The extent of crypt loss 
and ulcerations was estimated with a micrometer in 5 tissue sections per segment of each 

animal and the area involved was expressed as the percentage of the total surface area. 

Immunohistochemistry 

The 5 !.lm thick paraffin sections were deparaffinized through a graded series of xylol-ethanol. 

To visualize BrdU incorporation, sections were incubated with 2 N HCl for 1.5 h, washed in 
borate buffer (0.1 M Na2B40 7, pH 8.5), incubated in 0.1% (w/v) pepsin in O.QJ M HCl for 10 
min at 3 7 °C, and rinsed in PBS. Endogenous peroxidase activity was inactivated by 1.5% 

(v/v) hydrogen peroxide in PBS for 30 min, followed by a 30 min incubation with TENG-T 
(10 mM Tris-HCl, 5 mM EDTA, 150 mM NaCl, 0.25% (w/v) gelatin, 0.05% (w/v) Tween-20) 

to reduce non-specific binding. This was followed by overnight incubation with a 1:500 
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dilution of mouse anti-BrdU (Boehringer Mannheim, Mannheim, Germany). Then, the 

sections were incubated for 1 h with biotinylated horse anti-mouse IgG (diluted 1 :2000, 

Vector Laboratories, England) followed by 1 h incubation with ABC/PO complex (Vectastain 

Elite Kit, Vector Laboratories) diluted 1:400. Binding was visualized after incubation in 0.5 

mg/ml 3,3'-diaminobenzidine (DAB), 0.02% (v/v) H20 2 in 30 mM imidazole, I mM EDTA 

(pH 7.0). Finally, sections were counterstained with hematoxylin, dehydrated and mounted. 

Muc2, TFF3 and CA I expression was demonstrated according to the above described protocol 

with omission of the HCl incubation, washing with borate buffer, and pepsin treatment. To 

stain Muc2 and TFF3, sections were boiled in 0.01 M citrate buffer at pH 6.0 for 10 min prior 
to incubation with a Muc2-specific antibody (WE9, 1:500) 17 or TFF3-specific antibody 

(1:6000, Prof. Dr DK Podolsky). To detect CA I, rabbit anti-CA I (1:16000, Prof. Dr WS Sly) 

was used. Biotinylated goat anti-rabbit IgG (1:2000, Vector Laboratories) was used as 
secondary antibody to detect TFF3 and CA I. 

To study differences in epithelial proliferation between control and DSS treated animals, 
the number of BrdU-positive cells in 6 well-oriented crypts was counted and expressed per 

crypt, per intestinal segment, per time point (± SEM). To detennine the number of BrdU­

positive cells per crypt in each intestinal region sections were judged twice by two 
independent and blinded observers. 

Protein dot blotting 

CA I -, TFF3 - and Muc2 expression was quantified as described previously 18
· 

19
. Briefly, 

segments of proximal- and distal colon were homogenized, protein concentration was 

measured, and 0.30 flg protein of each homogenate was dot-blotted. After blotting the blots 

were incubated with anti-CA I (1 :4000) to detect CA I expression or with a MUC2 specific 
antibody (WE9, 1:100), to detect Muc2 expression 17

·
20

. Thereafter, the blots were incubated 

with 1251- labeled protein A (Amersham, Bucks, United Kingdom, specific activity 33.8 

mCi/mg). Binding of 1251-labeled protein A to anti-CA I, anti-TFF3 or WE9 was detected by 
autoradiography using a Phosphorlmager and quantified using ImageQuant software 

(Molecular Dynamics, B&L systems, Zoetermeer, The Netherlands). 

Statistical Analysis 

Analysis of variance was performed, followed by an unpaired t-test. Differences were 

considered significant when p<0.05. Data were represented as the mean± standard error of the 
mean (SEM). 
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Results 

Clinical symptoms 

Rats treated with DSS suffered weight loss compared to control animals (Fig. 1). Immediately 

after the beginning of DSS treatment, rats started to lose weight. Weight loss progressed 

during and shortly after DSS treatment. On day I 0, when weight loss of DSS-treated rats was 
maximal, DSS-treated rats weighed 25% less than control rats. On day 11, 5 days after the end 

of the DSS administration, rats started to gain weight again. Loose stools, diarrhea and bloody 
stools were observed within 3 days after the start of the DSS treatment. Gross bleeding first 

occurred on day 5, and persisted till day 8. The occurrences and recovery of the different 

clinical symptoms in time are specified in Fig. 1. 
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Figure 1. Effects of DSS treatment on body weight and the occurrence of clinical symptoms. 
Relative changes in body weight of control (D) and DSS treated (A) rats. Error bars reflect the standard 
deviations of the relative changes in body weight on each day. The body weight of each individual 
animal was set arbitrarily at 1 on day 0 of the experiment. Clinical symptoms i.e. loose stool, diarrhea, 
bloody stool and gross bleeding are presented as a function of time. Days of DSS/water treatment are 
indicated by the dashed line. Note that changes in body weight coincided with changes in clinical 
symptoms. 
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Morphology 

The colonic tissue showed dramatic morphological changes depending on time of treatment 

and localization within the colon, and was divided into 3 phases: onset of disease, active 

disease and regenerative phase. Onset of disease (day 2) was characterized by a slight 

flattening of the crypt epithelial cells (Fig 2B, see Appendix), and a slight increase in the 
number of apoptotic cells in the crypts and surface epithelium in both proximal and distal 

colon (Fig. 2C, Appendix). Moreover, in the distal colon focal crypt distortions were observed 

that varied from atrophy to complete loss (Fig. 2B, Appendix). During active disease (day 5-7) 

areas were seen with flattened crypt cells, crypt loss, massive inflammatory infiltrate, 
flattening of the surface epithelium, focal erosions, and necrotic cells in both colonic 

segments. The histological damage was focal in nature and most severe in the distal colon on 

days 5-7 (Fig. 2D, Appendix). Specifically, approx. 50% of the distal colonic tissue consisted 

of areas with crypt loss or erosions, while approx. 20% of the proximal colon was severely 

affected during this phase. During the regenerative phase (day 28) the epithelial morphology 

of the proximal colon completely recovered. In contrast, in the distal colon branched crypts 

and pronounced crypt elongations along side erosions, which involved less than 10% of the 

total surface, were still apparent (Fig. 2E, Appendix). 

Table 1. Number of BrdU-positive cells in the proximal and distal colon during and after 

DSS treatment 

Days of /after DSS Proximal colon Distal colon 

treatment +SEM +SEM 

0 (control) 15.0 + o.t t 13.6 + 0.03" 

2 7.6 + o.s1 5.0 ± 0.2'' 

5 16.2 + 0.85 7.2 + 0.7!! §§ 

7 19.2+0.2 15.5+1.5 

28 15.2 ± 0.61' 17.1±1.4 
The number of BrdU-posttlve cells m 6 well-onented crypts was counted and expressed per crypt, per 

intestinal segment, per time point(± SEM). Significant differences were observed in the proximal as well 

as distal colon. Proximal colon: day 0 and days 2 (p<O.OOI) and 7(tp<O.Ol); day 2 and days 5, 7 and 28 

(tp<O.OOl); day 5 and day 7 (§p<0.05); day 7 and day 28 (p<O.Ol). Distal colon: day 0 and days 2 and 5 

('p<O.Ol); day 2 and days 7 and 28 (1'p<0.001); day 5 and day 7 (llp<O.Ol); day 5 and day 28 
(§§p<O.OOl). 

Proliferation 

Epithelial proliferation was studied by immunohistochemical detection and quantification of 

incorporated BrdU (Table 1, Fig. 3, see Appendix). Decreased numbers ofBrdU-positive cells 

were seen in the crypt compartment of each colonic segment on day 2, indicating that BrdU 

incorporation was decreased during the first days of DSS treatment (Fig. 3B, Appendix). As 

DSS administration continued, a clear increase in BrdU-positive crypt cells was observed in 

proximal colon (day 7). In the distal colon increased numbers ofBrdU-positive cells were only 

seen in elongated crypts in the proximity of ulcerations and/or areas with crypt depletion and a 
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flattened surface epithelium (Fig. 3C, Appendix). However, in the epithelium located more 

distantly from ulcerations the number of BrdU-positive cells was still decreased at day 5 

(Table 1). In addition, due to the DSS-induced crypt loss (approx. 50% of the surface area 

distally and approx. 20% proximally) the overall number of BrdU-positive cells in the 
proximal and distal colon decreased compared to control tissue. On day 28, 21 days after 

ending DSS treatment, the levels ofBrdU-positive crypt cells had returned to control values in 
the proximal colon. In the distal colon, increased numbers of BrdU-positive cells were still 

observed in elongated crypts adjacent to erosions or areas covered by a flattened surface 

epithelium (Fig. 3D, Appendix). The number of BrdU-positive cells in elongated crypts in 
the distal colon located more distantly from ulcerations was comparable to control values 

(Table 1). 

Enterocyte-specific CA I expression 

CA I is expressed by surface enterocytes of the proximal- and distal colon 13
· 

21
· 

22
, and was 

used as marker for colonic enterocyte function. In the proximal colon, the CA I expression 

appeared unaltered during DSS treatment in areas with intact crypts and normal appearing 

surface epithelium (not shown). In the distal colon, however, some surface enterocytes were 
CA I negative during DSS administration (day 5 and 7) in areas with intact crypts and 

otherwise nonnally appearing surface epithelium (not shown). Moreover, in both proximal 
colon and distal colon, CA I expression was almost completely absent on days 5 and 7 in areas 

with a flattened surface epithelium and crypt loss (Fig. 4B, see Appendix). During the 

regenerative phase (day 28) the CA I expression was restored in the entire proximal colon and 
also in those areas of the distal colon where the epithelial morphology appeared normal (not 

shown). Moreover, flattened surface epithelium adjacent to ulcers was frequently CA I 

positive (Fig. 4C, Appendix). 

Biochemical analysis of CA I protein levels in the proximal colon revealed a slight, 

but not significant, decrease in CA I protein levels in the course of DSS treatment (Fig. 5). 

Remarkably, during the regenerative phase (day 28) an overshoot inCA I expression was seen 

in this segment, with CA I levels that were significantly higher than on days 5 and 7. In the 
distal colon more pronounced alterations in CA I protein levels were observed. CA I 

expression levels decreased significantly until day 7, the end of DSS treatment. During the 
regenerative phase (day 28) CA I expression returned to levels that were not significant 

different from control values. 
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Figure 5. CA I expression levels during the different phases of the DSS-induced disease. CA I levels 

in each colonic segment of control and DSS-treated rats were quantified. Thereafter, the values of the 

control rats were averaged per segment and arbitrarily set on 1. The CA I levels in each segment of DSS­

treated rats were expressed as relative values compared to control values (day 0). Finally, the mean± 

standard error of the mean (SEM) was denoted. Statistical analysis was performed using analysis of 

variance followed by an unpaired t-test. In the proximal colon CA I levels were slightly, but not 

significantly, decreased during DSS treatment. In contrast on day 28, CA I levels appeared significantly 

increased compared to day 5 and 7 ep<0.05). In contrast in the distal colon CA I levels were 

significantly decreased on days 2, 5 and 7 (bp<0.05). 

Goblet cell-specific Muc2 and TFF3 expression 

To study goblet cell function Muc2 - and TFF3 expression was studied. In controls, Muc2 was 

expressed by goblet cells in the proximal and distal colon from crypt base till the surface 

epithelium (Fig. 6A and E, see Appendix). In contrast, TFF3 was expressed in the upper crypts 

in the proximal colon and upper 2/3 of the crypts in the distal colon (Fig. 6C and H, 

Appendix). Alterations in the localization and numbers of goblet cells were seen during and 

after DSS treatment in both colonic segments. During the onset of disease (day 2) Muc2- and 

TFF3-positive goblet cells accumulated in the surface epithelium in both proximal and distal 

colon (not shown). As DSS treatment progressed (day 5 and 7) the accumulation ofMuc2- and 

TFF3-positive goblet cells in the surface epithelium became more pronounced, particularly in 

the proximal colon (Fig. 6B and D, Appendix). In the distal colon, the area ofTFF3 expression 

was extended from upper 2/3 of the crypt toward the crypt bottom in elongated crypts (Fig. 6J, 
Appendix). In areas with flattened crypts TFF3 was expressed strongly in the upper crypts and 

surface epithelium, and although very weakly also in the deeper crypt region (Fig. 61, 

Apendix). Muc2 expression in the proximal and distal colon appeared unaltered, independent 

of crypt morphology, during active disease. Specifically, Muc2 was expressed in small goblet 

cells within damaged crypts and in small goblet cells in elongated crypts (Fig. 6F and G, 

Appendix). Due to the massive crypt damage, crypt loss, and loss of surface epithelium in the 
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distal colon (approx. 50%), the overall number of goblet cells decreased in the latter segment. 

During the regenerative phase (day 28) elevated numbers of Muc2- and TFF3-positive goblet 

cells were still seen in the surface epithelium of distal colon (Fig. 6K and L, Appendix), but 

not in the proximal colon. Especially in the distal colon, crypts were elongated and primarily 

contained large goblet cells. 

0 2 5 7 ~ 0 2 5 7 ~ 
Day 

B 
Proximal colon Distal colon 

0 2 5 7 ~ 0 2 5 7 ~ 
Day 

Figure 7. Muc2 (A) and TFF3 expression levels (B) during the different phases of the DSS-induced 

disease. Muc2 and TFF3 levels in each colonic segment of control and DSS-treated rats were quantified. 

Thereafter, the values of the control rats were averaged per segment and arbitrarily set on l.The Muc2 

and TFF3 levels in each segment of DSS-treated rats were expressed as relative values compared to 

control values (day 0). Finally, the mean± standard error of the mean (SEM) was denoted. Statistical 

analysis was performed using analysis of variance followed by an Wlpaired t-test. In the proximal colon 

Muc2 expression was significantly increased on day 7 compared to day 0 (3p<O.Ol) and day 2 (bp<0.05). 

In the distal colon significant differences in Muc2 levels were seen between day 28 and days 5 and 7 

("p<0.05). Significant decreased TFF3 levels were observed in the distal colon on day 7 compared to 

controls (ap<0.05), and on days 5 and 7 compared to day 28 (bp<0.05). 

Biochemical analysis of Muc2 protein levels demonstrated a progressive increase in 

Muc2 levels in the proximal colon in the course of DSS treatment (Fig. 7 A). On day 7, this 

increase in Muc2 levels in the proximal colon was fourfold compared to control values and 
was significantly different from control values and onset of disease. Thereafter, during the 

regenerative phase (day 28), the Muc2 levels in the proximal colon decreased but were still 

elevated compared to the control levels. In the distal colon, however, a trend to decreased 

Muc2 expression levels was observed during active disease (day 5-7), while during the 

regenerative phase (day 28) Muc2 levels returned to control levels. Similar to Muc2 

expression levels, TFF3 levels seemed to increase in the proximal colon during and after DSS 
treatment (Fig. 7B). This increase in TFF3 protein levels, however, was not statistically 

significant. In the distal colon, TFF3 expression levels were significantly decreased during 

active disease (day 5-7) compared to controls. During the regenerative phase (day 28) TFF3 
levels had increased again, and were comparable with control levels. 
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Discussion 

As DSS-induced colitis is commonly used as a model for human IBD, knowledge is essential 

to be able to understand the mechanisms underlying the pathology of DSS-induced colitis. 

Therefore, we analyzed the occurrence of clinical symptoms, epithelial gene expression, 

proliferation, and cell death during DSS-induced colitis. In our study, DSS-induced clinical 

symptoms i.e. body weight loss, loose and bloody stools, diarrhea, and gross bleeding started 

within several days after the beginning of the DSS treatment, were most severe at the end of 

DSS-treatment, and disappeared only gradually during the recovery period. Previous studies in 

mice and rats confirm this pattern of occurrence and recovery of clinical symptoms 1
· 

5
• 

8
• 

23
. 

The pathological features such as crypt loss, ulcerations, and inflammatory infiltrate that 
appeared in our rat DSS colitis model are similar to those seen in UC 3

· 
24 and in DSS-treated 

mice 3
• 

5
· 

24
. Furthermore, DSS-induced damage in rat started and was most severe within the 

distal colon, and was focal in nature, and was comparable to DSS-induced colitis in mice and 

UC inhuman 3' 5'
24

. 

Our study is the first to describe the response of the colonic epithelium with respect to 

proliferation and apoptosis during the different phases of DSS-induced disease. DSS 

administration induced a decrease in proliferative activity and an increase in the number of 

apoptotic crypt cells, in the proximal colon as well as in the distal colon, during the onset of 

disease. These data demonstrate that DSS exerts its toxic effects on the epithelium via the 

relatively undifferentiated crypt cells. This is similar to humans with active UC, in which the 

numbers of apoptotic cells and proliferating cells in the crypt compartment are also increased 
25

' 
26

. The increased number of apoptotic cells in the surface epithelium suggests that DSS also 

affects mature surface cells. However, we can not exclude the possibility that these surface 

cells were already damaged by DSS when they were relatively immature crypt cells. When 

DSS feeding was continued, the initial decrease in proliferative activity was followed by 

epithelial hyper-proliferation in the entire proximal colon and in the proximity of ulcerations 

in the distal colon. These data clearly demonstrate that the inhibiting effect of DSS on 

epithelial proliferation can be overruled leading to hyper-proliferation. However, the 

mechanism(s) and growth factor(s) responsible for this phenomenon remain to be identified. 

Apart from the DSS-induced alterations in epithelial proliferation and cell death, 

epithelial cell functions might also be affected. Therefore, we examined the effects ofDSS on 

enterocyte-specific CA I expression and goblet cell-specific Muc2 and TFF3 expression. The 

effects of DSS feeding on CA I expression levels were most pronounced in the distal colon, 

where it induced a significant decrease in CA I levels during onset of disease and active 

disease. This indicates that specific enterocyte functions were down-regulated and thus that 

colonic functions are impaired during DSS treatment. Immunohistochemical analysis of the 

distal colon revealed CA !-negative surface cells during active disease in areas with apparently 

normal crypts and surface epithelium. In addition, the majority of flattened surfaces epithelial 

cells overlying mucosa with crypt distortions were CA !-negative, in the proximal colon as 
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well as the distal colon. These data suggest that during transition of areas with intact crypts 

and surface epithelium into areas with crypt loss and flattened surface epithelium, specific 

enterocyte functions are down- regulated before restitution is initiated. Later in the course of 

the disease, during the recovery phase, the surface epithelial cells of the distal colon near 

ulcers were still flattened but were frequently CA !-positive. Moreover, during this disease 

phase CAI protein levels restored to control levels in the distal colon and were even up­

regulated in the proximal colon. These data imply that in addition to epithelial proliferation, 

epithelial differentiation restored during the recovery phase to accelerate the recove:ty of 

colonic functions. Similar results have been reported by Ponti et al. who observed a reduction 

in CA I expression in active UC, whereas in humans with UC in remission CA I expression 
was restored to control levels 27

. Moreover, in rat the down-regulation of CA I expression 

during DSS treatment correlated with the occurrence of loose stools and diarrhea, suggesting 
that CA I might play a role in DSS-induced diarrhea. 

Quantitative analysis of Muc2 and TFF3 demonstrated a trend toward decreased 

Muc2 levels and significantly decreased TFF3 levels in the distal colon. As DSS-induced 

crypt loss and ulcerations were most severe in the distal colon, (approx. 50% distally vs. 

approx. 20% proximally) the decreased Muc2 and TFF3 levels in this segment during active 

disease are largely due to the dramatic decrease in the overall number of goblet cells. Reduced 

numbers of goblet cells have also been reported in the colon of humans with active UC 28
. 

Additionally, MUC2 levels in the sigmoid colon have also been found to be significantly 

lower in active UC compared to controls and UC in remission 18
" 

19
• Yet, despite the DSS­

induced damage a progressive increase in Muc2 levels and maintenance of TFF3 levels were 
observed in the proximal colon during DSS-treatment. Furthermore, immunohistochemical 

analysis revealed an accumulation of Muc2- and TFF3-positive goblet cells in the surface 
epithelium of the proximal and distal colon, suggesting selective sparing of goblet cells during 

DSS-induced colitis. In addition to the accumulation of goblet cells in the surface epithelium, 

alterations in goblet cell morphology and gene expression were observed in the crypts during 
active disease and the regenerative phase. Specifically, goblet cells in flattened or elongated 

crypts of the proximal and distal colon were small, but remained Muc2-positive. During this 

disease phase TFF3 expression was extended toward the crypt bottom especially in elongated 
crypts of the distal colon, implying an up-regulation of the epithelial repair capacity in these 

crypts. Finally, during the regenerative phase crypts were elongated and primarily contained 

large goblet cells. In conjunction, these data imply that goblet cells play a pivotal role in 

epithelial defense against luminal substances and organisms, and in epithelial repair via Muc2 

and TFF3 synthesis, respectively. 

Conclusions 

DSS-induced clinical symptoms and morphological alterations in rat are comparable with 

clinical symptoms and morphological changes seen in DSS-induced colitis in mice and UC in 
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humans. The primary in vivo actions of DSS on the epithelium are inhibition of proliferation 

and the induction of apoptosis. The epithelium responded to these changes by a rapid hyper­

proliferation to re-establish epithelial homeostasis and functions. Epithelial hyper-proliferation 

was accompanied by flattening of the surface epithelium i.e. restitution. Collectively, these 

data underline that maintenance and restoration of epithelial barrier function are of primary 

importance. During the recovery phase when erosions were still present, the increase in 

epithelial proliferation coincided with a re-establishment of enterocyte gene expression (i.e. 

CA I expression), indicating that next to epithelial barrier function, epithelial cell function 

plays an important role in the restoration of full colonic integrity. Goblet cells are of 
significant importance in the protection and repair of the intestinal surface epithelium as 

during DSS-colitis: 1) Muc2 and TFF3 expression in the proximal colon were up-regulated or 

at least maintained, 2) Muc2 and TFF3-positive goblet cells accumulated in the surface 
epithelium, 3) small goblet cells in the flattened colonic crypts continued to express Muc2, 

and 4) TFF3 expression extended to the crypt bottom. 
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Summary 

In the present study we aimed to investigate enterocyte- and goblet cell-specific functions 

during the different phases of acute colitis induced with dextran sulfate sodium (DSS). 
Thereto, rats were treated with DSS for 7 days, followed by a 7-day recovery period. Colonic 

tissue was excised on days 2 (onset of disease), 7 (active disease), and 14 (regenerative phase). 
Enterocyte functions were studied by the expression of carbonic anhydrases (CAs), sodium 

hydrogen exchangers (NHEs) and intestinal fatty acid-binding protein (i-FABP), and by 

alkaline phosphatase (AP) activity. The expression and secretion of the mucin Muc2 and 
trefoil factor family peptide 3 (TFF3) were used as parameters for goblet cell function. DSS 

induced a down-regulation of the CAs, NHEs, and i-FABP in some normal appearing surface 

enterocytes and in most of the flattened surface enterocytes during onset of - and active 

disease. During the regenerative phase most enterocytes expressed these genes again. 

Quantitative analysis revealed a significant decrease in CAs, NHEs and i-F ABP expression 

levels during onset of- and active disease. During the regenerative phase the expression levels 

of the CAs restored, whereas the expression levels of the NHEs and i-FABP remained 

decreased. In contrast, enterocyte-specific AP activity was maintained in normal and flattened 
enterocytes during DSS-induced colitis. Goblet cells continued to express Muc2 and TFF3 

during and after DSS treatment. Moreover, Muc2 and TFF3 expression and secretion levels 
were maintained or even increased during each of the DSS-induced disease phases. In 

conclusion: DSS-induced colitis was associated with decreased expression of CAs, NHEs, and 
I-FABP. The loss of these genes possibly accounts for some of the pathology seen in colitis. 

The maintenance or up-regulation of Muc2 and TFF3 synthesis and secretion levels implies 

that goblet cells at least maintain their epithelial defense and repair capacity during acute 

inflammation induced by DSS. 

Abbreviations: AP, alkaline phosphatase; CA, carbonic anhydrase; DSS, dextran sulfate 

sodium; F ABP, fatty acid binding protein; NHE, sodium hydrogen exchanger; UC, ulcerative 

colitis. 
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Introduction 

The colonic epithelium consists of two major cell types; enterocytes and goblet cells, which 

play a key role in the maintenance of colonic functions. The enterocytes express specific 

proteins like carbonic anhydrases (CAs) and sodium hydrogen exchangers (NHEs) that are 
involved in colonic C02 excretion, intracellular pH regulation, Na+ and cr absorption, and 

indirectly in water transport 1
• CA I, an isoform of the CAs, is localized in the cytoplasm of 

the surface enterocytes 2
. CA I catalyses the reversible hydration of C02 providing H+ and 

HC03• ions to the apical Na+!H+ and CriHC03- exchangers 1
. In contrast to CA I, the exact 

function of the CA isoenzyme IV still awaits characterization. CA IV protein is strategically 

positioned along the apical membrane of the surface enterocytes 3
. Therefore it seems likely 

that CA IV, similar to CA I, participates in the colonic ion and fluid transport. The apical 

Na-/11 exchangers that are responsible for electroneutral Na+ absorption in the colon are 

NHE2 and -3 4
' 

5
. Both NHE isofonns are expressed by colonic surface enterocytes 6

· 
7

. 

Together with Cr!HC03- exchangers the two NHE isofonns regulate Na + and cr absorption. 

As water passively follows ion movements this process is an important factor in colonic water 

absorption as well. Supportive to the role of NHE3 in colonic water absorption is the fact that 

NHE3 deficient mice suffer from diarrhea 8. 

The colonic enterocytes also express gene products that are assumed to be involved 

in fatty acid uptake and cellular transport of fatty acids; the fatty acid binding proteins 

(FABPs) 9 In the colon two isoforms ofFABPs were identified, intestinal (i-) and liver (l-) 

FABP. Both types of FABP are expressed by the colonic surface enterocytes 10
• 

11
. 

Interestingly, colonic enterocytes also express alkaline phosphatase (AP) which is known to 

detoxify endotoxin, and thus plays a significant role in the innate defense of the colonic 

mucosa 12
. 

Goblet cells, the second major cell type in the colonic epithelium, express the 

secretory mucin Muc2 13
, which is the structural component of the mucus layer. Muc2 protein 

is expressed by crypt and surface goblet cells in the proximal as well as distal colon. After 

synthesis Muc2 is secreted into the lumen and forms a gel-like mucus layer. This mucus layer 

serves as a barrier to protect the epithelium from mechanical stress, noxious agents, viruses 

and other pathogens 14
· 

15
. Goblet cells are also known to synthesize and secrete trefoil factor 

family peptide 3 (TFF3), a bioactive peptide which is involved in epithelial repair 16 In the 

proximal colon TFF3 protein is expressed by goblet cells in the upper one third of the crypts 

and in surface epithelium, whereas in the distal colon TFF3 protein is observed in goblet cells 

located in the upper two thirds of the crypts and in the surface epithelium. As TFF3 acts as a 

motogen, i.e. promotes cell migration without promoting cell division, it stimulates epithelial 

restitution and thus epithelial repair 17
. 

In healthy colon, the above-described enterocyte and goblet cell-specific functions 

are tightly regulated. Yet during inflammatory diseases like ulcerative colitis (UC) and in 

experimental colitis, colonic enterocyte and goblet cell functions are altered. For example, in 

humans with active UC CA I protein levels and total CA activity were significantly reduced 18
. 
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Furthermore, in UC aberrations in Na- and cr absorption and secretion were observed, 
suggesting alterations in the expression levels or activity of electrolyte exchangers 19

-
21

. In 

experimental colitis a disruption in colonic electrolyte transport was reported 22
• Also, goblet 

cell-specific Muc2 expression was significantly reduced in humans with active UC 23
• In these 

studies the colonic epithelium was investigated during chronic inflammation, nevertheless 

information on enterocyte and goblet cell functioning during acute inflammation is limited. 

In the present study we investigated cell type-specific gene expression, as a measure 

of enterocyte and goblet cell function, in the proximal and distal colon during different phases 

of acute colitis induced with dextran sulfate sodium (DSS). Enterocyte-specific functions were 

studied by the analysis ofCA I and IV, NHE2 and -3, i-FABP, and AP expression. Muc2 and 

TFF3 expression was analyzed to study goblet cell-specific functions. In conjunction these 
data were used to determine the functioning of enterocytes and goblet cells during DSS­
induced acute colitis. 

Materials & Methods 

Animals 

Eight weeks-old, specified pathogen free, male Wistar rats (Broekman, Utrecht, The 

Netherlands) were housed at constant temperature and humidity on a 12-h light-dark cycle. 

One week prior to and during the experiment the rats were housed individually. The rats had 

free access to a standard pelleted diet (Hope Farms, Woerden, The Netherlands) and sterilized 
tap water (controls) or sterilized tap water supplemented with DSS. All the experiments were 

performed with the approval of the Animal Studies Ethics Committee of our institution. 

Experimental Design 

Rats were given 7% DSS (37-40 kD, TdB Consultansy, Uppsala, Sweden) in their drinking 
water for 7 days, followed by a 7-day recovery period during which DSS was omitted from the 

drinking water. Fresh DSS solutions were prepared daily. On day 0 (control), day 2 (onset of 
disease), day 7 (active colitis), and day 14 (regenerative phase), five animals per time point 

were sacrificed. Segments of the proximal and distal colon were dissected and prepared for 

light microscopy or snap frozen in liquid nitrogen and stored in -70°C till RNA and protein 

isolation. Additionally, to study Muc2 and TFF3 secretion two tissue explants (10 mm') of the 

proximal colon and 3 explants of the distal colon were cultured in RPMI medium (Gibco­

BRL, Gaithersburg MD, USA) for 4.5 h. Thereafter, the tissue as well as the culture medium 

was collected and homogenized in, or culture medium was mixed with, a Tris buffer 
containing I% (wt/vol.) SDS and protease inhibitors as described previously 23

• 
24

. 

Immunohistochemistry 

Five J.lm thick sections were cut and prepared for immunohistochemistry as described 

previously 25
. Briefly, sections were incubated overnight with one of the following enterocyte-

58 



_____________________________________________________________ Chapter4 

specific antibodies: anti-mouse CA I (1:16000, kindly provided by Prof. W.S. Sly), anti-rat 

CA IV (1:16000) 3
, anti-rat NHE2 (1:1500) 7

, anti-rat NHE3 (1:1500) 6
, anti-rat i-FABP 

(I :4000) 26
; and the goblet cell-specific antibodies: WE9 (1 :300) 27 to detect Muc2 and anti-rat 

TFF3 (1:6000, Prof. Dr D.K. Podolsky). Immunoreaction was detected using the Vectastain 

ABC Elite Kit (Vector Laboratories, Burlingame, England), and staining was developed using 

3,3 '-diaminobenzidine. 

Histochemistry 

Enterocyte-specific AP activity was assessed on colonic tissue sections using an one-step 
assay. Thereto deparaffinazed and rehydrated tissue sections were incubated with a Tris-buffer 

(pH 9.5) containing 50 f!l 4-nitroblue tetrazolium chloride (NBT) (Vector Laboratories) and 

37.5 fll 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) (Vector Laboratories) according to the 

manufacturer's protocol. The color reaction was performed for 1 h in the dark and was 

stopped with distilled water and mounted with aquamount® improved (Gurr, Brunschwig, 
Amsterdam, The Netherlands). 

In Situ Hybridization 

Non-radioactive in situ hybridizations were performed according to the method described 

previously with slight modifications 28
• Briefly, sections were deparaffinized, hydrated and 

incubated in the following solutions: 0.2 M HCI, distilled water, 0.1% (wt/vol.) pepsin (Sigma, 

St. Louis, USA) in 0.01 M HCI, 0.2% (wt/vol.) glycine in phosphate buffered saline (PBS), 

PBS, 4% (wt/vol.) paraformaldehyde in PBS, PBS and finally in 2 X SSC. Until hybridization, 

sections were stored in a solution of 50 % (vol./vol.) formamide in 2 X SSe at 3rC. For 

hybridization, cell type-specific probes were diluted in hybridization solution (50% (vol./vol.) 

deionized formamide, 10% (wt/vol.) dextran sulfate, 2 X SSe, 1 X Denhardt's solution, 1 
~g/ml tRNA, 250 ~g/ml herring spenn DNA to a concentration of I 00 ng/ml, incubated at 

68°C for 15 min and layered onto the sections. Sections were hybridized overnight at 55'C in 

a humid chamber. Post-hybridization washes were performed at 45°C using the following 

steps: 50% (vol./vol.) fonnamide in 2 X SSC, 50% (vol./vol.) formamide in I X SSC and 0.1 

X SSC. A 15 min incubation with RNase Tl (2 U/ml in 1 mM EDTA in 2 X SSC) at 3TC 

was followed by washes of 0.1 X SSC at 45'C and 2 X SSC at room temperature. The 

digoxigenin-labeled hybrids were detected by incubation with anti-digoxigenin (Fab, 1:2000) 

conjugated to alkaline phosphatase for 2.5 h at room temperature. Thereafter, sections were 
washed in 0.025% (vol./vol.) Tween 20® (Merck, Darmstadt, Gennany) in Tris buffered saline 

pH 7.5. For staining, sections were layered with detection buffer pH 9.5 (0.1 M Tris, 0.1 M 

NaCl, 0.05 M MgC12) containing 0.33 mg/ml NBT, 0.16 mg/ml BCIP, 8% polyvinylalcohol 

(Mw 31000-50000, Aldrich Chemical Milwaukee, WI, USA) and 1 mM levamisol (Sigma). 

The color reaction was performed overnight in the dark and was stopped when the desired 
intensity of the resulting blue precipitate was reached. Finally, sections were washed in 10 

mM Iris containing 1 mM EDTA pH 9.5, distilled water and mounted with aquamount® 

improved (Gurr). As control for aspecific binding of probes or for aspecific signal (i.e. 
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endogenous AP activity), the cell type-specific probes were replaced by sense-strand RNA or 

omitted from the hybridization solution, respectively. No color reaction was seen on sections 

incubated with these types of control hybridization solution. 

Probe preparation for in situ hybridization 

Digoxigenin-11-UTP labeled RNA probes were prepared according to the manufacturer's 

protocol (Boehringer Mannheim GmbH, Mannheim, Germany) using T3, T7 or SP6 RNA 

polymerase. The following enterocyte-specific probes were used: A 890 bp Xhoi/BamHI 

fragment of mouse CA I eDNA clone ligated in pBluescript KS 29
, a 690 bp Xbal/EcoRI 

fragment of rat CA IV eDNA clone ligated in pGEM4 30
. As goblet cell-specific probes a 200 

bp EcoRI/Noti fragment based on the 1.1 kb fragment of rat Muc2 as described previously 25
, 

and a 438 bp EcoRI fragment of rat TFF3 ligated in pBluescript KS were used 31 Probes 
longer than 700 bp were hydrolyzed. 

Protein dot blots 

The expression of enterocyte and goblet cell-specific markers was detected and quantified as 

described previously 24
• Briefly, small tissue pieces ( 10 rnm3

) of the proximal (n=2 per animal) 

and distal colon (n=3 per animal) were homogenized, protein concentration was measured, 

and 0.5 ~g protein of each homogenate was dot-blotted on nitrocellulose (Nitran; Schleier & 

Schuel!, Dassel!, Germany). Thereafter, the blots were blocked for 1 h with blocking buffer 
containing 50 mM Tris, pH 7.8, 5% (wt/vol.) non-fat dry milk powder (Lyempf, Kampen, The 

Netherlands), 2 mM CaCl2, 0.05% (vol./vol.) Nonidet P40® (BDH, Brunschwig Chemie, 

Amsterdam, The Netherlands), and 0.01% (vol./vol.) antifoam (Sigma). The blots were 
incubated 18 h with anti-CA I, anti-CA IV, anti-i-FABP, anti-TFF3, or the Muc2 specific 

antibody WE9 (see immunohistochemistry for antibody references). After washing in blocking 
buffer, the blot was incubated with 1251-labeled protein A (Amersham, Bucks, United 

Kingdom, specific activity 33.8 mCi/mg) for 2 h. Binding of 1251-labeled protein A to the 
marker specific antibodies was detected using a Phosphorlmager. The elicited signal was 

quantified and the expression of the cell type-specific markers was expressed per j..lg protein of 

the tissue. Average expression levels of the cell type-specific markers were calculated per 

segment per rat, followed by calculation of the mean expression of the cell type-specific 

markers(± SEM) for each of the disease phases studied. 

The specificity of each of the antibodies used in this study was determined, under the 

same conditions, by Western blot. To determine Muc2 and TFF3 secretion levels, 

homogenates and their corresponding media were dot-blotted and treated as described above 
for the expression of the enterocyte- and goblet cell markers. The percentage of Muc2 and 

TFF3 secretion was calculated as the amount of Muc2 or TFF3 in the medium divided by the 
sum of the amount ofMuc2 or TFF3 in tissue and in the medium. 
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Northern dot blots 

Total RNA was isolated from proximal and distal colonic segments using Trizol® (Gibco­

BRL) following the manufacturer's protocoL The integrity of the RNA was assessed by 

analysis of the 28S and 18S ribosomal RNAs after electrophoresis and staining with ethidium 

bromide. Subsequently, 1 ).lg of total RNA from each segment was dot-blotted on Hybond-W 

(Amersham). The blot was hybridized to 32P-labeled cell type-specific eDNA probes. 

Hybridization of the probe to the cell type-specific mRNAs was detected and quantified using 

a Phosphorlmager. Thereafter, the blot was stripped and re-probed with a 1.4 kb GAPDH 

eDNA as probe 25
. Hybridized signals of each cell type-specific marker were corrected for 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA to correct for the amount of 

loading. In addition to the enterocyte- and goblet cell-specific probes that were used for the in 

situ hybridization studies, a 736 bp Xbai!EcoRI fragment of rat NHE2 eDNA clone ligated in 

pGEM-7Z (provided by Dr C. M. Bookstein), a 359 bp EcoRIIHindiii fragment of rat NHE3 

eDNA clone ligated in pGEM-4Z (provided by Dr C.M. Bookstein), and a 564 bp fragment of 

rat i-FABP eDNA clone ligated in pBR322 32 were also used as enterocyte-specific markers. 

Average mRNA levels of the cell type-specific markers were calculated per segment per rat 

followed by calculation of the mean mRNA expression levels of the markers(± SEM) for each 

of the disease phases studied. 

"When using the above described probes under the same conditions by Northern blot a 

specific band for each of the probes was obtained. 

Statistical Analysis 

To compare two groups an unpaired t-test was used and to compare 3 or more groups, analysis 

of variance was performed followed by an unpaired t-test. Differences were considered 

significant when p<0.05. Data were represented as the mean ± standard error of the mean 

(SEM). 

Results 

Localization of enterocyte-specific markers 

Cell type-specific markers were detected in situ at the mRNA and/or at the protein level by 

means of in situ hybridization and immunohistochemistry, respectively. CA I, and i-FABP 

expression levels strongly decrease from mid to distal colon 3
· 

10
, thus slight differences in 

sampling position of the distal colonic segments might influence the expression levels of CA I 

and i-FABP. Therefore, CA I and i-FABP were only used as markers for enterocyte 

functioning in the proximal colon. CA IV, NHE2, and NHE3 were used as enterocyte markers 

in both proximal and distal colon. 

The mRNA of the enterocyte-specific marker CA I, that is normally expressed in the 

upper half of the crypts in the proximal colon (Fig. lA, see Appendix), remained expressed 
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during the onset of disease (not shown). During active disease CA I mRNA expression was 

still detected at low levels in areas with a normal appearing morphology (Fig. lB, Appendix), 

but not in areas with crypt damage and a flattened surface epithelium (not shown). During the 

regenerative phase CA I mRNA expression pattern was comparable to controls (Fig. 1 C, 

Appendix). Similarly, CA I protein, which is normally expressed by the surface epithelial cells 

\ was absent in the flattened epithelial enterocytes during the active phase of the disease, but 
reappeared during the regenerative phase (not shown). 

The mRNA and protein of CA IV is expressed by surface enterocytes in the proximal 
and distal colon (Fig. lD and G, Appendix). During and after DSS treatment CA IV mRNA 
expression was seen in the normal appearing surface epithelium as well as in the flattened 

surface epithelium of the proximal and distal colon (e.g. Fig. lE and F, Appendix). Focussing 

on CA IV protein, we observed that the flattened surface enterocytes were CA IV -negative 

during active disease in the proximal (not shown) as well as distal colon (Fig. lH, Appendix). 

During the regenerative phase CA IV protein expression was seen in surface epithelium with a 

normal appearing morphology, and also in some of the flattened surface cells (Fig. 11, 

Appendix). 

The expression pattern of sodium hydrogen exchangers NHE2 and -3 was analyzed 
by immunohistochemistry. Both NHE2 and -3 were expressed in the apical membrane of the 

surface enterocytes in the proximal and distal colon of controls (Fig. lJ, NHE2, Appendix). 

During DSS treatment NHE2 and -3 protein were decreased or absent in many surface 
enterocytes with a nonnal appearing morphology in the proximal and distal colon (not shown). 

Additionally most of the flattened surface enterocytes were also NHE2 and -3 protein negative 
(Fig. lK, NHE2, Appendix). During the regenerative phase NHE2 and -3 protein was 

expressed by all the enterocytes with a normal appearing morphology (not shown), and by 
some of the flattened surface enterocytes (Fig. lL, NHE2, Appendix). 

Intestinal F ABP was expressed in the surface epithelium of the proximal colon (Fig. 

1M, Appendix). During the onset of disease and during active disease the colonic surface 

epithelium became i-FABP-negative (Fig. IN, Appendix). During the regenerative phase most 

surface enterocytes were i-F ABP-positive again (Fig. 10, Appendix). 

The in situ AP activity was observed in the brush border of the surface enterocytes in 

both colonic segments (Fig. lP-R, proximal colon, Appendix). During and after DSS 

treatment, AP activity remained present in the surface epithelium (Fig. lQ and R, Appendix), 

even in the flattened surface enterocytes during active disease and during the regenerative 

phase. Moreover, during active disease AP activity seemed to be increased (Fig. 1 Q, 

Appendix). 

Quantitation ofenterocyte-specific mRNA and protein expression 

The mRNA - and/or protein expression of the enterocyte-specific markers CA I, CA IV, 

NHE2, NHE3, and i-FABP was detected and quantified by means ofmRNA- and/or protein 

dot blotting. We observed a significant decrease inCA I mRNA levels in the proximal colon 

during active disease (Fig. 2A). Subsequently, during the regenerative phase CA I rnRNA 
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levels normalized again. Similarly, at the protein level CA I expression in the proximal colon 

was significantly decreased during active disease and increased again during the regenerative 

phase (Fig. 3A). Unlike the mRNA levels, CA I protein levels remained significantly lower 

than the control levels during the latter phase. 

The mRNA levels of the other CA isofonn, CA IV, were only slightly and not 

significantly decreased in the proximal colon, and were unaltered in the distal colon during 
DSS-induced disease (Fig. 2). However, CA IV protein levels were decreased during active 

disease in both proximal and distal colon (Fig. 3). During the regenerative phase CA IV 

protein levels increased again in both colonic segments. Despite the increase in CA IV protein 

levels in the proximal and distal colon during the regenerative phase, the protein levels 

remained lower than control levels. 

The mRNA levels of the sodium hydrogen exchanger NHE2 were strongly decreased 

in the proximal and distal colon during each disease phase (Fig. 2A and B). Similar to NHE2 

mRNA levels, NHE3 mRNA levels significantly decreased in the proximal colon during each 

phase of disease. Furthennore, in the distal colon NHE3 mRNA levels were decreased during 

active disease and the regenerative phase. The amount of protein in the excised colonic tissue 

was limited, therefore NHE2 and -3 levels in the tissue samples were not determined. 

Focussing on i-FABP, we observed a significant down-regulation ofi-FABP rnRNA 

and protein levels in the proximal colon during each phase of disease (Fig. 2A and 3A). 

Doy 

c::::J CA I 

c:::J CA IV 

~NHE2 

lllllillliiNHE3 

c:::::J iFABP 
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Figure 2. Enterocyte-specific mRNA expression levels in the proximal (A) and distal colon (B) 

during DSS-induced colitis. Expression levels of the specific genes were quantified and averaged per 

segment in control and DSS-treated rats. Expressed values (± SEM) are given relative to control values, 

which were arbitrarily set on l. CA I, white bars; CA IV, hatched bars; NHE2, blocked bars; NHE3, 

black bars; i-F ABP, grey bars. In the proximal colon significant differences were seen in: CA I 

expression between day 7 and days 0 and 14 (a, p<O.OS); NHE2 expression between day 0 and days 2 

and 14 (b, p<O.OS); NHE3 expression between day 0 and days 2, 7, and 14 (c, p<O.OS); and in i-FABP 

expression between day 0 and days 2, 7, and 14 (d, p<O.OS). In the distal colon significant differences 

were observed in: NHE2 expression between day 0 and days 2, 7, and 14 (a, p<O.OOl); and in NHE3 

expression between day 0 and days 7 and 14 (b, p<O.OS). 
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Figure 3. Enterocyte-specific protein levels in the proximal (A) and distal colon (B) during DSS­

induced colitis. Expression levels of the specific genes were quantified and averaged per segment in 

control and DSS-treated rats. Expressed values (± SEM) are given relative to control values, which were 

arbitrarily set on I. CA I, white bars; CA IV, hatched bars; i-FABP, grey bars. In the proximal colon the 

following significant differences were observed: CA I expression between day 0 and days 7 and 14 (a, 

p<O.OOI); CA IV expression between day 0 and 7 (b. p<0.05); and i-FABP between day 0 and days 7 and 

14 (c, p<0.05). In the distal colon significant differences were seen inCA IV expression between day 7 

and days 0 and 2 (a. p<0.05). 

Localization of goblet cell-specific markers 

Recently, we demonstrated that DSS induced crypt loss, ulcerations and concomitant goblet 

cell loss in the proximal and distal colon 33
. In the present study, we focussed on the areas in 

which the goblet cells remained. In rat control the mRNA and protein of the mucin Muc2 are 
expressed by all goblet cells in the proximal and distal colon (Fig. 4A and D, see Appendix). 

During each of the DSS-induced disease phases Muc2 mRNA and protein expression by 

goblet cells was observed in areas with elongated crypts, as well as in areas with flattened 

crypt and surface cells. Especially in the distal colon the elongated crypts mainly contained 

Muc2 mRNA and protein-positive goblet cells during active disease and the regenerative 

phase (Fig. 4B, C, and H, Appendix). The mRNA and protein of TFF3 is expressed by goblet 

cells in the upper half and upper t\vo thirds of the crypts and surface epithelium in the 

proximal colon and distal colon, respectively (Fig. 4E, distal colon, Appendix). During 
disease, in both the proximal and distal colon, TFF3 mRNA and protein expression extended 

from surface epithelium toward the lower crypt region, in areas with elongated crypts and in 
areas with flattened crypts. In the distal colon, TFF3 mRNA and protein expression was even 

observed at the crypt bottom during these disease phases, especially in elongated crypts (Fig. 

4F and G, Appendix). 

Noteworthy, goblet cells positive for Muc2- and TFF3 mRNA and protein 

accumulated in the surface epithelium in the proximal and distal colon during each of the 

DSS-induced disease phases (Fig. 4D and H, Muc2 protein expression in the distal colon, 

Appendix). 
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Figure 5. Goblet cell-specific mRNA expression levels in the proximal (A) and distal colon (B) 

during DSS-induced colitis. Expression levels of the specific genes were quantified and averaged per 

segment in control and DSS-treated rats. Expressed values (± SEM) are given relative to control values, 

which were arbitrarily set on 1. Muc2, white bars; TFF3, black bars. In the proximal colon significant 

differences were observed in: Muc2 expression on day 14 compared to days 0 and 7 (a, 
p<0.05); and in TFF3 expression on day 0 compared to days 2 and 7 (b, p<O.Ol). ln the distal 
colon significant differences were seen in: Muc2 expression on day 0 compared to day 14 (a, 
p<0.05); and in TFF3 expression on day 14 compared to days 0 and 7 (b, p<O.Ol). 

Quantitation of goblet cell-specific mRNA and protein expression 

The expression of the goblet cell-specific markers Muc2 and TFF3 was detennined and 

quantified at the mRNA and protein level by protein and RNA dot blots, respectively. The 
Muc2 rnRNA expression appeared largely unaltered in the proximal and distal colon during 

the onset of disease and active disease compared to controls (Fig. 5A and B). In contrast, 

during the regenerative phase Muc2 rnRNA levels significantly decreased in both colonic 

segments. Muc2 protein levels showed a slight but not significant increase in the proximal 

colon during onset of disease and during active disease (Fig. 6A). During the regenerative 

phase Muc2 protein levels normalized in the latter segment. In contrast, in the distal colon 

Muc2 protein levels were unaltered during onset of disease and active disease, but 

significantly increased during the regenerative phase (Fig. 6B). 
Remarkable alterations in TFF3 expression levels were observed at the mRNA as well as 

protein levels (Figs 5 and 6). In the proximal colon TFF3 rnRNA was significantly increased 

during the onset of disease and active disease (Fig. 5A). During the regenerative phase TFF3 
rnRNA levels in the proximal colon decreased and were comparable to control levels. TFF3 

mRNA expression in the distal colon seemed to be slightly, but not significantly, increased 
during the onset of disease and active disease (Fig. 5B). Moreover, within the latter colonic 

segment a strong and significant increase in TFF3 rnRNA expression was observed during the 
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regenerative phase. TFF3 protein levels in the proximal colon were maintained during 
eachdisease phase (Fig. 6A). In the distal colon no alteration in TFF3 protein levels were seen 

during onset of disease and active disease (Fig. 6B). During the regenerative phase, however, 

TFF3 protein levels were significantly increased in the latter segment. 
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Figure 6. Goblet cell-specific protein expression levels in the proximal (A) and distal colon (B) 

during DSS-induced colitis. Expression levels of the specific genes were quantified and averaged per 

segment in control and DSS-treated rats. Expressed values (± SEM) are given relative to control values, 

which were arbitrarily set on 1. Muc2, white bars; TFF3, black bars. In the proximal colon no significant 

differences were observed. In the distal colon significant differences were seen in: Muc2 expression on 

day 14 compared to days 0 and 7 (a, p<0.05); and in TFF3 expression on day 14 compared to days 0, 2, 

and 7 (b, p<O.Ol). 

Secretion of Muc2 and TFF3 

The percentage of Muc2 secretion was calculated as the amount of Muc2 in the medium 

divided by the sum of the amount of Muc2 in tissue and in the medium. TFF3 secretion levels 
were calculated in a similar way as the Muc2 secretion levels. In both proximal and distal 

colon Muc2 secretion levels were maintained during each phase of disease (Fig. 7 A). In 

contrast to the unaltered Muc2 secretion levels, TFF3 secretion levels progressively increased 

during disease in both colonic segments (Fig. 7B). In the proximal colon, a 3-fold increase in 

TFF3 secretion levelwas seen during active disease and the regenerative phase. Moreover, in 

the distal colon the up-regulation of TFF3 secretion was 4-fold during active disease and the 

regenerative phase. 
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Figure 7. Muc2 and TFF3 secretion during DSS-induced colitis. Percentage of Muc2 secretion (A) 

and TFF3 secretion (B) in the proximal (white bars) and distal colon (black bars) at day 0 (controls), day 

2, day 7, and day 14. Mean total Muc2 and TFF3 secretion(± SEM) is presented. In the proximal colon 

significant differences were observed in TFF3 secretion on day 0 compared to days 2, 7, and 14 (a, 

p<O.OS). In the distal colon significant differences were observed in TFF3 secretion on day 0 compared 

to days 7 and 14 (b. p<O.Ol). 

Discussion 

In the present study, we investigated enterocyte and goblet cell-specific functions during DSS­

induced colitis by measuring cell-type specific gene expression. The in situ detection of the 

enterocyte-specific gene products revealed a down-regulation of CA I mRNA and protein, CA 

IV protein, NHE2 and -3 protein, and i-FABP protein in some of the normal appearing 

enterocytes and in most of the flattened surface enterocytes during DSS treatment. In contrast, 

the enterocyte-specific AP-activity is maintained or even up-regulated during DSS-colitis, in 

both normal appearing enterocytes and flattened enterocytes. These data demonstrate that 

distinct enterocyte specific genes are down-regulated during the process of epithelial 

restitution, whereas others are maintained or even up-regulated. The down-regulation of the 

CAs, NHEs, and i-F ABP may indicate loss of enterocyte function, and it may contribute to the 

pathology seen in DSS-induced colitis. Additionally, asAP activity is known to play a critical 

role in the innate defense of the intestinal mucosa 12
· 

34
, these data suggest that epithelial 

defense is maintained or even increased during DSS-induced colitis. 

Quantitative analysis revealed remarkable alterations in the enterocyte-specific CA I 

and CA IV expression during DSS-colitis. Specifically, CA I rnRNA and protein levels were 

reduced during active disease in the proximal colon. During the regenerative phase both CA I 

mRNA and protein were normalized again. In contrast, CA IV expression was only down­

regulated at the protein level, but not at the rnRNA level during active disease in the proximal 
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and distal colon. In both colonic segments CA IV protein levels increased again during the 

regenerative phase. These findings suggest that DSS effects on CA I expression were 

mediated via effects on transcript abundance, whereas effects on CA IV were mediated at the 

post-transcriptional level. Furthermore, the alterations in CA I rnRNA and protein levels 

during DSS-induced acute colitis are in line with alterations observed in humans with UC. 

Namely, in patients with active UC both CA I rnRNA and protein were significantly down­
regulated, whereas in UC in remission these levels increased again 18

. Thus, although DSS­

induced colitis is a relatively acute model, whereas UC in patients is chronic, similar 

alterations inCA I expression levels seem to occur. Unfortunately, data on CA IV expression 

levels in humans or other experimental colitis models are currently lacking. Nevertheless, 
what are the consequences of CAs down-regulation during inflammation? Speculating, as CA 

I catalyses the formation of Wand HC03- ions 1
· 

3
, down-regulation of CA I would lead to 

reduced levels of Wand HC03-levels and thus indirectly to a reduction in the activity of the 
apical Na+!H+ and cr/HC03- exchangers. This in tum may lead to reduced NaCl and water 

absorption. In other words, down-regulation of CA I protein levels might contribute to the 

diarrhea, which is observed during DSS-induced colitis 35
• 

36
. Furthermore as CA IV is likely 

to participate in the colonic ion and fluid transport as well, the down-regulation of CA IV 

during DSS treatment might also contribute to the induction and/or perpetuation of the DSS­

induced diarrhea. 

The sodium hydrogen exchangers NHE2 and NHE3 were down-regulated at the 

mRNA and protein level during DSS-induced colitis in the proximal and distal colon, 

suggesting that DSS affects these genes at the rnRNA level. Previous studies demonstrate that 
aldosterone, glucocorticoids, and IFN-y down-regulate NHE2 and NHE3 at mRNA, protein, 

and activity level in rat colon 37
-
39

. It is very likely that the DSS-induced down-regulation in 
NHE2 and -3 rnRNA and protein leads to decreased activity levels of both exchangers. This in 

tum suggests that DSS-induced diarrhea i.e. reduced water absorption might partly be caused 
by a down-regulation of the sodium exchangers. Currently it remains unclear whether the 

damage induced by DSS is responsible for the decrease in these CAs and/or sodium hydrogen 

exchangers, or that the epithelium actively down-regulates the expression of these specific 

genes to initiate watery diarrhea, in order to expel pathogens and noxious agents like DSS 

from the intestinal lumen. 
Focussing on i-F ABP we observed a down-regulation of i-FABP mRNA and protein 

levels in the proximal colon during DSS-induced disease suggesting that, similar to NHE2 and 

-3, DSS affected i-FABP expression at the mRNA leveL More generally, these results suggest 

that in addition to electrolyte and water absorption, uptake and/or cellular transport of fatty 

acids were also diminished during DSS-colitis. 
In situ hybridization and immunohistochemical studies demonstrated that, despite the 

DSS-induced changes in epithelial morphology, i.e. crypt and surface cell flattening and crypt 
elongation, goblet cells continued to express Muc2 and TFF3 mRNA and protein. These 
findings demonstrate that goblet cells maintain their capacity to express Muc2 and TFF3 

during the process of restitution, i.e. flattening of epithelial cells. During active disease and the 
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regenerative phase TFF3 mRNA and protein expression was extended toward the crypt 

bottom. Additionally, elongated crypts mainly contained goblet cells positive for Muc2 and 

TFF3 mRNA and protein. Similarly, goblet cells positive for Muc2 and TFF3 mRNA and 

protein accumulated in the surface epithelium during each disease phase. Recently, we 

demonstrated that DSS treatment induced loss of crypt and surface epithelium and 

concomitant goblet cell loss 33
. These data suggest that the DSS-induced loss of crypts and 

surface epithelium and the ensuing loss of goblet cells in some areas is, at least partly, 

compensated by an increase in the number of goblet cells in elongated crypts and surface 

epithelium in other areas. Taken together these data emphasize that goblet cells, and 

particularly Muc2 and TFF3 are of critical importance to maintain epithelial protection and to 
stimulate epithelial repair during acute inflammation and regeneration, respectively. 

Quantitative analysis of goblet cell-specific Muc2 expression revealed pronounced 

changes in mRNA and protein levels in the proximal and distal colon during DSS-induced 
colitis. Specifically, both Muc2 mRNA and protein levels were maintained or even up­

regulated during the onset and active disease in both colonic segments. During the 
regenerative phase Muc2 mRNA levels decreased in both colonic segments, whereas Muc2 

protein levels were comparable to controls or even up-regulated. Additionally, Muc2 secretion 

levels appeared to be maintained during each of the DSS-induced disease phases in both 

colonic segments. The down-regulation of Muc2 rnRNA in conjunction with the retained or 

even increased Muc2 protein levels during the regenerative phase suggest an increased 

translation efficacy and/or an altered rnRNA/protein stability. More importantly, the 

maintained or increased Muc2 protein levels in conjunction with the retained Muc2 secretion 

levels suggest that the thickness of the mucus layer is at least maintained or even increased, 

offering optimal protection to the colonic epithelium during DSS-induced colitis. 
TFF3 mRNA and protein levels were maintained or even increased during each DSS­

induced disease phase in the proximal as well as distal colon. As alterations in TFF3 protein 

levels were similar to alterations in TFF3 mRNA levels, we conclude that DSS effects on 

TFF3 expression levels are mediated primarily via transcript abundance. Besides the 
maintained or up-regulated TFF3 protein levels during DSS-colitis, TFF3 secretion levels 

appeared to increase progressively, indicating that the luminal TFF3 content is increased 

during each phase ofDSS-induced colitis. Presently, information on TFF3 protein expression 

and secretion in other colitis models is lacking. Yet, TFF3 deficient mice had impaired 

mucosal healing and manifested poor epithelial regeneration after DSS treatment 16
. Rectal 

instillation of TFF3 was able to prevent the marked ulceration that occWTed after DSS 

treatment in these TFF3 deficient mice. Further, in an in vitro model of epithelial restitution 
addition of TFF3 to wounded monolayers of confluent IEC-6 cells stimulated epithelial 

migration 40
. In concert, these findings suggest that TFF3 plays a pivotal role in epithelial 

repair during acute inflammation and that the epithelial repair capacity is enhanced in this 

acute model of colitis. 
In summary, DSS induced a down-regulation of CA I, CA IV, NHE2 and NHE3, and 

i-F ABP gene expression during active colitis. Down-regulation of these genes may account for 
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some of the pathology seen during DSS-induced colitis. Furthermore, enterocyte-specific AP 

activity was maintained or even up-regulated in normal appearing and flattened surface cells 

during active disease, supporting an important role for enterocytes in the innate defense of the 

mucosa during acute colitis. DSS-induced diarrhea may be largely attributed to down­

regulation of the CAs and NHEs. In contrast to enterocyte-specific gene expression, goblet 

cells continued to express Muc2 and TFF3 during DSS-colitis. Moreover, Muc2 and TFF3-
positive goblet cells accumulated in the surface epithelium and TFF3 expression extended 

from surface epithelium to crypt bottom. Collectively, these data imply that goblet cells play a 

pivotal role in epithelial defense against luminal substances and pathogens via Muc2 synthesis 
and secretion, and in epithelial repair via TFF3 synthesis and secretion. 
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Summary 

To gain insight in Muc2 synthesis and secretion during dextran sodium sulfate (DSS)-induced 

colitis, rats were treated with DSS for 7 days. Colonic segments were excised on days 0 

(control), 2 (onset of disease), 7 (active disease) and 14 (regenerative phase) for histological 

evaluation. Explants were metabolically labeled with [35S]amino acids or [35S]sulfate followed 

by chase-incubation. Homogenates were analyzed by SDS-PAGE and 35S-labeled Muc2 was 

quantified. Also total Muc2 protein and mRNA were quantified. DSS-induced crypt loss, 
ulcerations and concomitant goblet cell loss were most pronounced in the distal colon. Muc2 

precursor synthesis increased progressively in the proximal colon, but was unaltered in the 

distal colon during onset and active disease. During the regenerative phase Muc2 precursor 

synthesis levels normalized in the proximal colon, but increased in the distal colon. Total 
Muc2 levels paralleled the changes seen in Muc2 precursor synthesis levels. During each 

disease phase total Muc2 secretion was unaltered in the proximal and distal colon. [35S]sulfate 

incorporation into Muc2 only decreased in the proximal colon during active disease and the 
regenerative phase, while secretion of e5S]sulfate-labeled Muc2 increased. During the 

regenerative phase Muc2 mRNA levels were down-regulated in both colonic segments. In 

conclusion: DSS-induced loss of goblet cells was accompanied by an increase or maintenance 

of Muc2 precursor synthesis, total Muc2 levels, and Muc2 secretion. In the proximal colon 

Muc2 becomes undersulfated, while sulfated Muc2 was preferentially secreted. Collectively, 
these data suggest specific adaptations of the mucus layer to maintain the protective capacities 

during DSS-induced colitis. 

Abbreviations: DSS, dextran sulfate sodium; TCA, trichloroacetic acid; UC, ulcerative colitis. 
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Introduction 

The colonic epithelium is covered by a mucus layer, which protects the epithelium against 

mechanical stress, luminal substances and pathogens 1
' 

2
. The mucin Muc2, which is 

synthesized by the goblet cells, appears to be the predominant secretory mucin in healthy 

colon of human, rat and mouse 3
-
5
. As mucins are the structural components of the mucus layer 

L 
2

, changes in mucin quantity, secretion and structure could lead to diminished protection of 

the colonic epithelium. Indeed, in humans with ulcerative colitis (UC) changes in the number 

of goblet cells, thickness of the mucus layer, and Muc2 synthesis, secretion and sulfation were 

reported. Specifically, goblet cells contain less mucin and are reduced in number in active UC 
6

• 
7

. The mucus layer in UC patients is thinner than in controls 8
. Mucin sialylation appears to 

be increased in patients with inactive UC 9
. :MUC2 precursor synthesis and total Muc2 levels 

in active UC are significantly decreased compared to controls and UC in remission 10
. 

Moreover, because less :MUC2 is synthesized in active UC, :MUC2 secretion is decreased in 

this stage of the disease n. Further, sulfation ofMUC2 appeared to be decreased in the rectum 

and sigmoid colon of patients with UC ll. 
12

. 

To gain insight into the mechanisms underlying the pathology of colitis, several 

experimental colitis models are currently used as model for human inflammatory bowel 

disease. One thoroughly described colitis model regarding clinical symptoms, 

histopathological changes and the application of therapeutic drugs, is the dextran sulfate 

sodium (DSS)-induced colitis model 13
-
17 The DSS-induced colitis model gives the 

opportunity to study the dynamic disease process in different regions of the colon from the 

onset of disease to complete remission. In humans such a study is not possible, especially 

because the disease is usually diagnosed during advanced stages. Besides the DSS-model can 

be used to develop new therapeutic strategies. Previous studies demonstrated that DSS is 

directly cytotoxic to the colonic epithelium, inducing crypt damage, crypt loss and massive 

erosions 13
· 

14
· 

18
, leading to an overall decrease in the number of goblet cells. Analogous to 

UC, the DSS-induced goblet cell loss might also have consequences for the thickness and 

constitution of the mucus layer and specifically for Muc2 synthesis and secretion. Therefore it 

is of relevance to analyze Muc2 synthesis both quantitatively and qualitatively in the DSS­

induced colitis modeL 

In this study we investigated changes in numbers of goblet cells, Muc2 precursor 

synthesis, total Muc2, Muc2 secretion and sulfation in a rat DSS-induced colitis model. These 

aspects were studied in the proximal as well as distal colon from onset of disease to the 

regenerative phase of disease. Collectively these data were used to establish how the mucin 

production in the colonic epithelium adapted to the damage induced during DSS-colitis. 
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Methods 

Animals 

Eight weeks-old, specified pathogen free, male Wistar rats (Broekman, Utrecht, The 

Netherlands) were housed at constant temperature and humidity on a 12-h light-dark cycle. 

One week prior to and during the experiment the rats were housed individually. The rats had 

free access to a standard pelleted diet (Hope Farms, Woerden, The Netherlands) and sterilized 

tap water (controls) or sterilized tap water supplemented with DSS. All the experiments were 

performed with the approval of the Animal Studies Ethics Committee of our university. 

Experimental Design 

Rats were given 7% DSS (37-40 kD, TdB Consultansy, Uppsala, Sweden) in their drinking 

water for 7 days, followed by a 7 -day recovery period during which DSS was omitted from the 

drinking water. Fresh DSS solutions were prepared daily. On day 0 (control), 2, 7, and 14, five 

animals per timepoint were sacrificed. Segments of the proximal colon and distal colon were 

dissected and prepared for light microscopy or snap frozen in liquid nitrogen and stored in -70 

°C till RNA isolation. In addition, tissue explants (1 0 mm3
) of each colonic segment were 

metabolically labeled, as described below, to study mucin biosynthesis. 

Histology and immunohistochemistry 

Colonic segments were fixed in 4% (w/v) paraformaldehyde immediately after excision, 

embedded and prepared for light microscopy. Sections were stained with hematoxylin and 

eosin (HE) to study DSS-induced crypt loss and ulcerations. The area of crypt loss and 

ulcerations was measured using a micrometer in 3 tissue sections per segment and the area 

involved was expressed as the percentage of the total mucosal surface area. The score of crypt 

loss and ulceration was averaged per segment per animaL Thereafter, the mean score per 

segment per timepoint (± SEM) was calculated. 

Five J.lm thick sections were cut and prepared for immunohistochemistry as described 

previously 19
. To identify goblet cells, sections were incubated with a 1 :500 dilution of a Muc2 

specific monoclonal antibody (WE9) which recognizes the non-0-glycosylated unique termini 

of Muc2 20
. Immunoreaction was detected using the Vectastain ABC Elite Kit (Vector 

Laboratories, Burlingame, England) and staining was developed using 3,3'-diaminobenzidine. 

Finally, sections were counterstained with hematoxylin. 

Metabolic Labeling of Tissue 

Metabolic labeling of colonic tissue in vitro was performed as described earlier 10
· IL 

2
1. 

22
. 

Briefly, Muc2 biosynthesis was studied by metabolic labeling with 35S-labeled amino acids 

(e 5S]-methionine/cysteine, Tran-35S-label, ICN, Zoetermeer, The Netherlands), to label 

polypeptides, or with e5S]sulfate (ICN) to label mature mucins. Two tissue explants (10 mrn3) 

of the proximal colon and 3 explants of the distal colon were cultured and pulse-labeled with 

either Tran-35S-label or [35S]sulfate for 30 min, using 100 ~Ci of each label per 100 ~I 
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medium per tissue explant. In case of pulse labeling with e5S]sulfate, the pulse labeling was 

followed by a chase incubation of 4 h in the absence of radiolabeled sulfate. Thereafter, the 

tissue as well as the culture medium was collected. After the respective pulse or pulse-chase 

experiments, explants were homogenized in, or culture medium was mixed with, a Tris buffer 

containing 1% SDS and protease inhibitors. 

Measurement of protein synthesis 

Protein concentration of each homogenate was measured using a BCA protein assay reagent 

kit (Pierce, Rockford, IL). Total incorporation of radioactivity in proteins was determined after 

trichloroacetic acid (TCA, Merck, Darmstadt, Germany) precipitation by autoradiography 

using a Phosphorlmager, as described previously 10
. The protein synthesis within the tissue 

was calculated as the amount of incorporated radioactivity (e5s]amino acids) in the TCA 

precipitate divided by the total protein content of the homogenate. Average protein synthesis 

of the explants (given as a.u./~g of tissue) was calculated per segment per rat, followed by 

calculation of the mean protein synthesis(± SEM) per segment for each phase of disease. 

Quantitation of radio labeled Muc2 

An aliquot of each e5S]amino acid-labeled and e5S]sulfate-labeled homogenate was analyzed 

on reducing SDS-PAGE (3% stacking and 4% running gel) as described 21
. To visualize and 

quantify mucin-bands, the gels were fixed with 10% methanol/1 0% acetic acid, PAS-stained 

and analyzed by tluorography and autoradiography using a Phosphorimager. For reference to 

very high molecular weight molecules, metabolically labeled, unreduced rat gastric mucin 

precursors were used (molecular weight of monomer and dimer, 300 kDa and 600 kDa, 

respectively 23
. To determine the Muc2 precursor biosynthesis, the amount of e5S]amino acid­

labeled Muc2 in the tissue was divided by the amount of incorporated radioactivity 

Ce5S]amino acids) in the TCA-precipitate. Sulfate incorporation into Muc2 was determined as 

the sum of [35S]sulfate-labeled Muc2 in tissue and media expressed relative to [35S]amino 

acids-labeled Muc2 in tissue as determined in separate duplicate/triplicate explants. For each 

segment, the [35S]sulfate incorporation into Muc2 was corrected for differences in protein 

contents betvveen the individual explants. The percentage of e5S]sulfate-labeled secreted 

Muc2 was calculated as the amount of e5S]sulfate-labeled Muc2 in the medium divided by the 

sum of the amount of e5S]sulfate-labeled Muc2 in the tissue and in the medium. This was 

multiplied by 100 to give the percentage of e's]sulfate-labeled secreted Muc2. For the Muc2 

precursor synthesis, sulfate incorporation into Muc2 and secretion of e5s]sulfate-labeled 

Muc2 average values were calculated per segment per rat, followed by mean values (± SEM) 

for each of the disease phases studied. 

Quantitation of total Muc2 and total Muc2 secretion 

Quantitation of total Muc2 and total Muc2 secretion was described previously 21
. In order to 

analyze the concentrations of total Muc2 and total Muc2 secretion, each e5S]amino acid­

labeled homogenate, e5s]sulfate-labe1ed homogenate and medium was dot-blotted on 
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nitrocellulose (Nitran; Schleier & Schuell, Dassel!, Germany). Briefly, the blots were blocked 

for 1 h with blocking buffer containing 50 mM Tris-HCl, pH 7.8, 5% (wt/vol) non-fat dry milk 

powder (Lyempf, Kampen, The Netherlands), 2 mM CaCl,, 0.05% Nonidet P40 (BDH), and 

0.01% antifoam (Sigma). The blots were incubated 18 h with the Muc2 specific antibody WE9 

or anti-rat colonic mucin (RCM) 4
' 

20
. After washing in blocking buffer, the blot was incubated 

with 1251-labeled protein A (Amersham, Bucks, United Kingdom, specific activity 33.8 

mCi/mg) for 2 h. The blot was covered by two sheets of 3MM Whatrnan filter paper, to 

eliminate background radiation of 35S-label, and binding of 1251-labeled protein A to the Muc2 

specific antibodies was detected using a Phosphorlmager. The elicited signal was quantified 

and total Muc2 was expressed per ]..lg protein of the tissue to determine total Muc2 levels. The 

percentage of total Muc2 secretion was calculated as the amount of Muc2 in the medium 

divided by the sum of the amount of Muc2 in tissue and in the medium. This was multiplied 

by 100 to give the percentage of total Muc2 secretion. Averages of total Muc2 and total Muc2 

secretion were calculated per segment per rat, followed by calculation of the mean total Muc2 

secretion(± SEM) for each of the disease phases studied. 

Quantitation of1\1uc2 mRNA 

Total RNA was isolated from proximal and distal colon using Trizol® following the 

manufacturers protocol (Gibco-BRL, Gaithersburg MD, USA). The integrity of the RNA was 

assessed by analysis of the 28S and 18S ribosomal RNAs after electrophoresis and staining 

with ethidiurn bromide. Subsequently, I )...l.g of total RNA from each segment was dot-blotted 

on Hybond-u- (Amersham). The blot was hybridized to a 32P-labeled rat Muc2 eDNA probe, 

as described 19
. Hybridization of the probe to Muc2 rnRNA was detected and quantified using 

a Phosphorlmager. Hybridized signals were corrected for glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) mRNA to correct for the amount of loading by using 1.4 kb 

GAPDH eDNA as a probe 19
• Average Muc2 mRNA levels were calculated per segment per 

rat, followed by calculation of the mean Muc2 mRNA expression levels(± SEM) for each of 

the disease phases studied. 

Statistical Analysis 

To compare two groups an unpaired t-test was used and to compare 3 or more groups, analysis 

of variance was performed followed by an unpaired t-test. Differences were considered 

significant when p<O .05. Data were represented as the mean ± standard error of the mean 

(SEM). 

Results 

Evaluation of DSS-induced damage 

DSS-treated rats were assigned, according to time of DSS treatment, to the following groups: 

onset of disease (day 2), active disease (day 7), regenerative phase of disease (day 14) and a 
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control group (no DSS). Representative immunohistochemical stainings ofMUC2 in the distal 

colon of each group are given in figure I (see Appendix). Additionally, crypt loss and 

ulcerations were scored and the mucosal area involved was expressed as the percentage of the 

total mucosal surface area (Table 1 ). The first signs of DSS-induced damage consisted of crypt 

loss (6.3%) appearing in the distal colon during the onset of disease (Fig. IB, Appendix). 

During active disease crypt loss and ulcerations were observed in the proximal colon and 

distal colon (Fig. lC, Appendix). The damage was most pronounced in the distal colon where 

it involved 40.1% of the total mucosal surface versus 12.5% of the proximal colon. During the 

regenerative phase, crypt loss and ulcerations were still observed in the proximal colon (6.6%) 

and distal colon (20.6%) (Fig. lD, Appendix). 

Table 1. Crypt loss and ulcerations in the proximal and distal colon during different 

phases of DSS-induced colitis and in controls. 

Day ofDSS Proximal colon: Distal colon: 

Treatment crypt loss/ulceration crypt loss/ulceration 

(disease phase) (± SEM) (± SEM) 

0 (control) 0 (± 0.0) 0 (± 0.0) 

2 (onset of disease) 0.0 (± 0.0)' 6.3 (± 2.1) 

7 (active disease) 12.5 (± 4.0)'1 40.1 (± 4.9)" 

14 (regenerative phase) 6.6 (± 2.4)' 20.6 (± 3.5)111 

The mean score of crypt loss and ulcerations per segment per day (±SEM) are expressed. Statistically 

significant differences were seen between proximal and distal colon during days 2, 7, and 14 (p<0.02). 

In the proximal colon significant differences were seen between day 0 and 7, and day 2 and 7 (tp<O.Ol). 

Significant differences in the distal colon were observed between day 0 and 7, and day 2 and day 7 

('p<0.001); day 0 and 14, day 7 and 14 (ttp<0.01); day 2 and day 14 ('p<0.05). 

Total protein synthesis 

In the proximal colon, total protein synthesis progressively increased during onset and active 

disease (Fig. 2). During the latter disease phase, total protein synthesis was significantly 

increased compared to the other groups. In the distal colon total protein synthesis levels were 

slightly, but not significantly, increased during onset and active disease. 

Figure 2. Total protein synthesis of proximal (open 

bars) and distal (hatched bars) colonic explants of 

control and DSS-treated rats. Mean protein synthesis 

(± SEM) was calculated per segment for each disease 

phase; day 0, control; day 2, onset of disease; day 7, 

active disease; day 14, regenerative phase. Statistical 

significant differences were seen in the proximal colon 

between day 7 and the other groups ( p<O.OS). 
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Identification and quantitation of Muc2 precursor synthesis 

We previously demonstrated that Muc2 is the major colonic mucin in rat 4
. It is synthesized as 

a precursor protein with an apparent molecular mass of about 600 kDa, after pulse-labeling 
with e5S]amino acids followed by immunoprecipitations 4

. This 600 kDa band can only be 

metabolically labeled with amino acids, can not be stained by PAS, and can not be 

metabolically labeled with e's]sulfate. In the present study, we could easily identity the Muc2 

precursor band, according to the biochemical criteria as described above, in tissue 
homogenates after pulse labeling with e5S]amino acids for 30 min (Fig. 3A). After 

identification, the specific radioactivity present in the Muc2 precursor band was quantified and 

the Muc2 precursor synthesis was calculated. Muc2 precursor synthesis was significantly 

higher in the proximal colon compared to distal colon during each phase of the disease (Fig. 

3). In the proximal colon Muc2 precursor increased in the course of DSS treatment. In active 

disease the increase was two-fold, and significantly different from control levels. During the 

regenerative phase, Muc2 precursor synthesis decreased, but still tended to be elevated 
compared to control levels. In the distal colon, Muc2 precursor synthesis was maintained 

during the onset of disease and active disease. During the regenerative phase, however, Muc2 
precursor synthesis increased significantly compared to controls and the previous phases of 

disease. 

A 

Day 0 

600-

300-

8 

7 14 0 7 14 0 7 14 

•• 

Figure 3. Identification of precursor and mature MUC2 (panel A) and quantification of Muc2 
precursor synthesis (panel B). Shown are representative examples of proximal colonic tissue explants 
of day 0 (control), day 7 (active disease), and day 14 (regenerative phase) metabolically labeled with 
e~s]amino acids, [35S]sulfate, or stained with PAS (panel A). Arrow indicates the border between the 
nmning and stacking gel. For reference to very high molecular weight molecules, metabolically labeled, 
unreduced rat gastric mucin precursors are indicated on the left (molecular weight of monomer and 
dimer, 300 kDa and 600 kDa, respectively) 23

. Note that precursor MUC2 has a molecular mass of 600 
k.Da, cannot be metabolically labeled with e5S]sulfate, and cannot be stained with PAS. Mature MUC2 
has an apparent molecular mass of 650 kDa and is PAS stainable. After identification, the specific 
radioactivity present in the Muc2 precursor band was quantified and the Muc2 precursor synthesis was 
calculated. Mean precursor synthesis (± SEM) in the proximal colon (open bars) and distal colon 
(hatched bars) for each group is given; day 0, control; day 2, onset of disease; day 7, active disease; day 
14, regenerative phase. Significant differences were seen between the proximal and distal colon in each 
group (p<0.02); within the proximal colon between day 7 and day 0 (*p<0.01); within the distal colon 
between day 14 and each of the other groups (*~p<0.001). 
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Quantitation of total Muc2 

The regenerative phase excluded, total Muc2 in each group was slightly higher in the proximal 

colon than in the distal colon (Fig. 4 ). Although not statistically significant, total Muc2 levels 

in the proximal colon increased during the onset of disease and active disease, but normalized 

during the regenerative phase. In contrast, in the distal colon total Muc2 was unaltered during 

onset of disease and active disease, but significantly increased during the regenerative phase. 

Comparison of total Muc2 levels determined with either WE9 or anti-RCM revealed similar 

expression patterns during the different phases of disease (not shown). 

C) 
::>. -, 

** ::l 

n:i 

"' 
1 

" ::> 
2 
iii -0 
1-

0 2 7 14 0 2 7 14 

Day 

Quantitation of total Muc2 secretion 

Figure 4. Total Muc2 levels in the 

proximal colon (open bars) and distal 

colon (hatched bars) during and after DSS 

treatment. Mean total Muc2 levels (± SEM) 

are given for each group; day 0, control; day 

2, onset of disease; day 7, active disease; day 

14, regenerative phase. Statistically signi­

ficant differences were seen behveen the 

proximal colon and distal colon on day 2 

(p<0.02) and within the distal colon between 

day 14 and day 0 (p<0.05). 

Total Muc2 secretion in the proximal colon was significantly lower in controls and during the 

regenerative phase than in the distal colon (Fig. 5). Compared to controls, total Muc2 secretion 

in the proximal and distal colon was unchanged during each disease phase. Comparison of 

total Muc2 secretion levels determined with either WE9 or anti-RCM revealed similar 
expression patterns during the different phases of disease (not shown). 
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Figure 5. Secretion of total Muc2 in 

proximal (open bars) and distal colon 

(hatched bars) during and after DSS 

treatment. Mean total Muc2 secretion (± 

SEM) is presented for each of the disease 

phases studied; day 0, control; day 2, onset of 

disease; day 7, active disease; day 14, 

regenerative phase. Statistically significant 

differences were seen between the proximal 

and distal colon on day 0 (p=O.Oll2), and on 

day 14 ('p~0.046). 
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Identification of mature Muc2 and quantitation of t 5 S]sulfate incorporation into Muc2 

By performing pulse-chase experiments with C5S]sulfate followed by irnmunoprecipitations, 

our laboratory previously demonstrated that mature rat Muc2, with an apparent molecular 
mass of 650 kDa on SDS-PAGE, was detectable after 30 min pulse labeling and 4 h chase 

incubation in tissue and medium 4. The "650 kDa" band was PAS-stainable and, after Western 

blotting, was recognized by anti-Muc2 antibodies 4
. In the present study, mature Muc2 could 

also be easily identified by PAS-staining on SDS-PAGE. After pulse labeling with 

C5S]sulfate, 4 h chase incubation and homogenization, [35S]sulfate-labeled mature Muc2 was 

detected on SDS-PAGE at an identical position (about 650 kDa) as the PAS-stained band (Fig. 

3A). After identification and quantitation the amount of e5S]sulfate incorporation into Muc2 
was determined. 

Comparing proximal with distal colon, the amount of [35S]sulfate incorporation into 
Muc2 was significantly lower in the proximal colon in each group investigated (Fig. 6). In the 
proximal colon, [35S]sulfate-incorporation into Muc2 was significantly reduced in each disease 

phase compared to controls. In the distal colon no significant alterations in sulfate 

incorporation were observed behveen any of the disease phases and the control group. 

* 

0 2 7 14 0 2 7 14 

Day 

Figure 6. e5S)sulfate incorporation into Muc2 in 

proximal colon {open bars) and distal colon 

{hatched bars) during and after DSS treatment. 

Mean e5S]sulfate incorporation into Muc2 (± SEM) 

for each group is given; day 0, control; day 2, onset 

of disease; day 7, active disease; day 14, regenerative 

phase. e5S]sulfate incorporation into Muc2 in the 

distal colon was significantly higher in each group 

than in the proximal colon ( p<0.02). In the proximal 

colon e5S]sulfate incorporation into Muc2 decreased 

in each disease group compared to controls: days 2 

and 7 versus day 0 (*p<O.OOl); day 14 versus day 0 

C"r<O.Ol). 

Quantitation of [35 S]sulfate-labeled Muc2 secretion 

Analysis of[35S]sulfate-labeled Muc2 secretion revealed differences between the proximal and 

distal colon (Fig. 7). Specifically, in the proximal colon the amount of secreted [35 S]sulfate­

labeled Muc2 was increased in active disease and the regenerative phase. In contrast, in the 

distal colon [35S]sulfate-labeled Muc2 secretion appeared unaltered during the various disease 

phases. Comparing proximal colon with distal colon revealed that the secretion of 

C5S]sulfate-labeled Muc2 in the distal colon was much higher in each group. 

Quantitation of Muc2 mRNA 

Muc2 mRNA levels in the proximal colon were significantly higher than in the distal colon in 

controls and each disease phase (Fig. 8). Both in proximal colon as well as distal colon Muc2 
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mRNA levels were maintained during the onset of disease and active disease. In contrast, in 

the regenerative phase Muc2 mRNA levels were significantly decreased compared to control 

values in both colonic segments. 
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Figure 7. Secretion of e5S]sulfate-labeled Muc2 

in proximal (open bars) and distal colon 

(hatched bars) during and after DSS treatment. 

Mean e5S]sulfate-labeled Muc2 secretion (± 

SEM) for each group is given; day 0, control; day 

2, onset of disease; day 7, active disease; day 14, 

regenerative phase. e5S]sulfate-labeled Muc2 

secretion in the distal colon was significantly 

higher in each group than in the proximal colon 

(p<O.Ol). Within the proximal colon significantly 

increased C5S]sulfate-labeled Muc2 secretion was 

observed during day 7 versus day 2 ('"p<0.05) and 

day 14 versus days 0 and 2 (**p<O.OS). 

Figure 8. Muc2 mRNA in the proximal (open 

bars) and distal colon (hatched bars) during and 

after DSS treatment. Mean Muc2 mRNA 

expression levels(± SEM) are given for each of the 

disease phases studied; day 0, control; day 2, onset 

of disease; day 7, active disease; day 14, 

regenerative phase. Significant differences in Muc2 

mRNA levels were seen between the proximal 

colon and distal colon in each group (p<O.Ol). 

Significant decreased Muc2 mRNA levels were 

seen during day 14 versus days 0 and 7 (*p<0.05) 

in the proximal colon and during day 14 versus day 

0 (•p<O.OS) in the distal colon. 

In the present study, we investigated changes in numbers of goblet cells, Muc2 biosynthesis, 

secretion, and sulfation in the proximal and distal colon of DSS-treated rats. Morphological 
analysis revealed that the DSS-induced damage, i.e. crypt loss and ulcerations started, and was 

most pronOlmced, in the distal colon, analogous to DSS-induced damage in mice and UC in 

human 24
-
26

. Moreover, as a consequence of the DSS-induced damage the overall number of 
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goblet cells decreased in the proximal colon and distal colon. Similarly, reduced numbers of 

goblet cells were also reported in the colon of humans with active UC 6
. 

I otal protein synthesis of the explants was significantly increased during active 

disease in the proximal colon. This increase can be, at least partly, attributed to the two-fold 
increase in Muc2 precursor synthesis in this colonic segment. No differences were seen 

between controls, onset of disease and the regenerative phase. Although not significantly, 
protein synthesis of the distal colon seemed to be increased as well during onset of disease and 

active disease. As during these phases Muc2 precursor synthesis was unaltered, synthesis of 

other proteins must be increased. 
Detailed analysis of the Muc2 precursor synthesis demonstrated a progressive 

increase in Muc2 precursor synthesis in the proximal colon during the onset of disease and 
active disease, followed by normalization of Muc2 precursor synthesis levels during the 

regenerative phase. In the distal colon Muc2 precursor synthesis was maintained during the 

onset of disease and active disease, but increased significantly during the regenerative phase. 
Although the differences were less pronounced, also the alterations in total Muc2 protein were 

similar to alterations seen in Muc2 precursor synthesis. Moreover, total Muc2 secretion was 

maintained during each disease phase studied. These data in conjunction demonstrate that in 

rat the DSS-induced damage and thus loss of goblet cells is accompanied by an increase, or at 

least a maintenance, of Muc2 precursor biosynthesis, total Muc2 levels, and total Muc2 

secretion. This implies an increase in Muc2 synthesis per goblet cell, and more importantly 

these data suggest that the thickness of the mucus layer is at least maintained or even 
increased, offering optimal protection to the colonic epithelium during the different phases of 

the disease. Yet, these data are in contrast with changes as seen in humans with active UC. 
Namely, in humans MUC2 precursor synthesis and total MUC2 levels were significantly 

decreased in active UC compared to controls and UC in remission 10
· 

11
• In part, these 

differences might be explained by the difference in type of colitis between DSS-induced 
colitis in rat and UC in human. The DSS-induced colitis is a relatively acute model, while UC 

in patients is chronic. 

Sulfate is incorporated in the last steps of mucin-biosynthesis 27
. Changes in sulfate 

incorporation into Muc2 and the secretion of sulfate-labeled Muc2 could reflect changes in the 

structure of Muc2, and indicate qualitative changes in the mucus layer. Therefore, we 

performed metabolic labeling studies with e5S]sulfate in the course of DSS-induced disease. 
In the proximal colon, [35S]sulfate incorporation was decreased, while e5S]sulfate-labeled 

Muc2 secretion was increased, during active disease and the regenerative phase. Thus, in the 

proximal colon [35S]sulfate-labeled Muc2 was preferentially secreted during active colitis and 

the regenerative phase. As a result of the decreased incorporation of sulfate into Muc2, in 
combination with the preferential secretion of sulfated Muc2, the sulfate content of the 
secreted Muc2 in the proximal colon may be normal during active disease. Previously, Van 

Klinken et a!. reported similar results for the distal colon in humans with active UC 11
. In the 

distal colon of rats, however, no alterations in [35S]sulfate incorporation into Muc2 and 

[
35S]sulfate-labeled Muc2 secretion were observed in active disease or any other disease 
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phase. Comparing the proximal colon with the distal colon, e5S]sulfate incorporation into 

Muc2 and secretion of [35S]sulfate-labeled Muc2 was significantly lower in the proximal 

colon in controls and during each disease phase studied. Previously, we demonstrated that 
degree of Muc2 sulfation is increased from proximal to distal colon in rat healthy colon 4

. As 

sulfate is thought to confer resistance to enzymatic degradation of the mucus layer 28
, Muc2 

synthesized in the proximal colon may be more sensitive to enzymatic degradation than Muc2 

produced in the distal colon. Therefore, the higher Muc2 precursor synthesis levels and higher 

total Muc2 levels in the proximal colon might constitute a mechanism within the proximal 

colon to compensate for the increased sensitivity ofMuc2 to enzymatic degradation. 
In the distal colon, where Muc2 precursor synthesis and total Muc2 levels were lower 

and the e5S]sulfate incorporation into Muc2 and the secretion of [35S]sulfate-labeled Muc2 

were both higher compared to proximal colon, the high sulfate content confers optimal 
resistance to enzymatic degradation. On the other hand, a high sulfate content could also be 

disadvantageous, because more sulfate residues would be available to sulfate-reducing 
bacteria, which produce sulfides that are highly toxic to the colonic mucosa. In the colon of 

UC patients these bacteria are indeed overrepresented 29
. If in DSS-treated rats sulfate­

reducing bacteria would be overrepresented during DSS treatment, then the higher degree of 
sulfation in the distal colon might be one of the reasons why the distal colon is more severely 

damaged by DSS than the proximal colon. However, to assess the effects of alterations in 

Muc2 sulfation in relation to enzymatic degradation and sulfate-reducing bacteria during DSS­

induced colitis, further studies are necessary. 

Focussing on Muc2 mRNA, a significant down-regulation of Muc2 mRNA levels 

were observed in proximal and distal colon during the regenerative phase. Taking into account 

that the Muc2 precursor synthesis and total Muc2 levels in both colonic segments were 

maintained or increased during the regenerative phase, these data indicate that the Muc2 
translation efficiency was increased during the latter disease phase. Once more, these data 

emphasize the importance of Muc2 production and the mucus layer in protecting the colonic 

surface epithelium. 
In summary, DSS induced a decrease in the number of goblet cells in proximal and 

distal colon. This is accompanied by the maintenance, or even an increase, of 1) Muc2 
precursor biosynthesis, 2) total Muc2 levels, and 3) total Muc2 secretion. These quantitative 

data suggest a maintained, or even elevated, barrier function of the mucus layer during DSS­

induced disease. During active disease and the regenerative phase Muc2 becomes 

undersulfated in the proximal colon, while sulfated Muc2 is preferentially secreted. However, 

due to the decreased incorporation of sulfate into Muc2, the sulfate content of luminal Muc2 

will likely be unaltered. As Muc2 mRNA decreased and total Muc2 levels were maintained or 

elevated during the regenerative phase, Muc2 translation efficiency is specifically increased 

during this phase. Collectively, these data emphasize the importance of the protective mucus 
layer, and suggest enhanced protective capacities through the mucus layer during the different 

phases ofDSS-induced colitis. 
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Summary 

The small intestinal epithelium proliferates rapidly and is therefore very sensitive to treatment with 

the cytostatic drug methotrexate (MTX). In the present study, we aimed to gain more insight in 

epithelial proliferation, apoptosis and cell type-specific gene expression in a rat MTX-model. 
Small intestinal segments were excised on various days after a single dose of MTX. Epithelial 

proliferation and apoptosis were assessed by detection of incorporated BrdU and cleaved caspase-

3, respectively. Epithelial functions were determined histochemically by the expression of cell 

type specific gene-products at mRNA and protein leveL After MTX treatment, BrdU incorporation 

was diminished in the duodenum from day 1-3, in the jejunum at days 2 and 3, and in the ileum 

only at day 2. Increased levels of cleaved caspase~3~positive cells were observed at 6.5 h, day 1 

and 2 after MTX treatment in each small intestinal segment. The enterocyte markers, sucrase­

isomaltase, sodium-glucose co-transporter 1, glucose transporters 2 and -5, and intestinal- and 

liver fatty acid binding protein were down-regulated at days 3 and 4 after MTX at both rnRNA and 

protein level in each small intestinal segment. In contrast, enterocyte-specific alkaline phosphatase 

(AP) activity was maintained after MTX. Moreover, after MTX goblet cells maintained their 

capacity to synthesize the mucin Muc2 and trefoil family factor 3 (TFF3). Lysozyme expression 

by Paneth cells was also maintained after MTX treatment. In conclusion: the effects of MTX on 

epithelial proliferation indicated that the sensitivity of the epithelium toward MTX decreases from 

duodenum toward the ileum. MTX-induced enterocyte malfunctioning with respect to degradation 

and uptake/transport of nutrients. Enterocytes and Paneth cells actively contribute to the epithelial 

defense after MTX treatment by maintaining AP activity and lysozyme expression, respectively. 

Maintenance of Muc2 and TFF3 expression by goblet cells after treatment with MTX underlines 

the importance of goblet cells in epithelial protection and repair. 

Abbreviations: FAE, follicle-associated epithelium, Glut2 and -5, glucose transporter 2 and -5; i­

and 1-F ABP, intestinal- and liver fatty acid binding protein; SGLTl, sodium glucose transporter 1; 

SI, sucrase-isomaltase; TFF3, trefoil factor 3. 
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Introduction 

The cytostatic drug methotrexate (MTX) is a folate antagonist, which inhibits a key enzyme in the 

thymidylate cycle, dihydrofolate reductase (DHFR) 1
· 
2 The formation ofthymidylate is a key step 

in the synthesis of DNA. Thus in rapidly dividing cells like tumor cells, bone marrow cells, and 

small intestinal epithelial cells, the inhibition of thymidylate biosynthesis by MTX, leads to a 

decrease in thymidine triphosphate pools, a decrease in DNA synthesis, and eventually cell death. 

Additionally, MTX, its metabolites, and the folate byproducts ( dihydrofolate and 10-

formyldihydrofolate), which are formed by the inhibition of DHFR, not only inbibit DNA 

synthesis, but can also inhibit de novo purine synthesis L 
2

. Thus in tumor tissue as well as in 

normal tissue MTX treatment can lead to the inhibition of DNA, RNA synthesis, and thereby to 

inhibition of protein synthesis. 

The small intestinal epithelium proliferates rapidly and is therefore very sensitive to MTX 

treatment. The effects of methotrexate (MTX) on the small intestinal epithelium of human and rat 

are well described 3-6. MTX is kno'Wll to induce loss of crypts, crypt and villus atrophy, and 

flattening of crypt- and villus cells 3-
7

. This damage occurs as a consequence of the MTX-induced 

inhibition of epithelial proliferation and induction of epithelial apoptosis in the crypt compartment. 

Additionally, during MTX-induced damage in rat small intestine sucrase-isomaltase (SI) and 

lactase enzyme activities were significantly decreased 5
. Further, treatment of rats with sub-lethal 

doses of MTX induced Paneth cell hyperplasia 8
• Yet, besides these data, information on 

enterocyte, goblet cell, and Paneth cell specific gene expression is lacking. 

In the present study, we aimed to assess epithelial proliferation, apoptosis and cell type­

specific gene expression after MTX treatment. As enterocytes are specialized in the degradation, 

uptake and transport of nutrients the following markers were used to analyze enterocyte function: 

sucrase-isomaltase (SI), sodium glucose co-transporter I (SGLT!), glucose/fructose transporters 2 

and -5 (Glut2 and -5), and liver- and intestinal fatty acid binding protein (i- and 1-FABP). Goblet 

cell function was analyzed by the expression of the mucin Muc2, which is the structural 

component of the protective mucus layer 9, and trefoil family factor 3 (TFF3), a bioactive peptide 

that is implied in epithelial protection and repair 10
' ll. Paneth cells were analyzed by the 

expression of the anti-bacterial enzyme lysozyme. In addition, clinical symptoms like body weight 

loss, reduced food intake, loose stools, and diarrhea were evaluated after MTX administration. We 

aimed to gain more insight in epithelial functions in general and in enterocyte, goblet cell, and 

Paneth cell functions in particular. 
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Methods 

Animals 

Eight weeks-old, specified pathogen free, male Wistar rats (Broekman, Utrecht, The Netherlands) 

were housed individually at constant temperature and humidity on a 12-h light-dark cycle. The rats 

had free access to a standard pelleted diet (Hope Fanns, Woerden, The Netherlands) and water. 

All the experiments were performed with the approval of the Animal Studies Ethics Committee of 

our institution. 

Experimental Design 

A dosage of 30 mg/kg MTX (Ledertreaxate SP Forte, Cyanamid Benelux, Etten-Leur, The 

Netherlands) was injected intravenously under light anesthesia. Control animals were treated with 

equivalent volumes of 0.9% (wt/vol.) NaCl solution. To study epithelial proliferation, 50 mg 

BrdU/kg body weight (Sigma, St. Louis, USA) was injected intraperitoneally 1 h before 

decapitation. On 6.5 h, days 1, 2, 3, and 4 after MTX four animals per time point were sacrificed. 

One control animal per time point was sacrificed at 6.5 h after MTX and on days 1, 2 and 4. 

Segments of the duodenum, jejunum and ileum were dissected, immediately fixed in 4% (wt/vol.) 

parafonnaldehyde in phosphate buffered saline (PBS) and prepared for light microscopy. Body 

weight, food intake, loose stools, and diarrhea were scored daily during the experiment. 

Histology 

Sections of 5 ).Lm thickness were routinely stained with alcian blue-nuclear fast red (BDH, 

Bnmschwig Chemie, Amsterdam, The Netherlands) to study goblet cells and morphological 

alterations like crypt- and villus atrophy. 

Immunohistochemistry 

Five J...Lm thick paraffin sections were cut and deparaffinized through a graded series of xylol­

ethanoL To visualize BrdU incorporation, sections were incubated with 2M HCl for 1.5 h, washed 

in borate buffer (0.1 M Na2B40 7, pH 8.5), incubated in 0.1% (w/v) pepsin in 0.01 M HCl for 10 

min at 37°C, and rinsed in PBS. Endogenous peroxidase activity was inactivated by 1.5% (v/v) 

hydrogen peroxide in PBS for 30 min, followed by a 30 min incubation with TENG-T (1 0 mM 

Tris-HCl, 5 mM EDTA, 150 mM NaCl, 0.25% (w/v) gelatin, 0.05% (w/v) Tween-20) to reduce 

non-specific binding. This was followed by ovemight incubation with a 1 :500 dilution of mouse 

anti-BrdU (Boehringer Mannheim, Mannheim, Germany). Then, the sections were incubated for 1 

h with biotinylated horse anti-mouse IgG (diluted 1:2000, Vector Laboratories, England) followed 

by 1 h incubation with ABC/PO complex (Vectastain Elite Kit, Vector Laboratories) diluted 

1:400. Binding was visualized after incubation in 0.5 mg/ml3,3'-diaminobenzidine (DAB), 0.02% 
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(v/v) H20 2 in 30 mM imidazole, I mM EDTA (pH 7.0). Finally, sections were counterstained with 

hematoxylin, dehydrated and mounted. Apoptotic cells and the expression of the cell type-specific 

markers were demonstrated according to the above described protocol with omission of the HCI 

incubation, washing with borate buffer, and pepsin treatment. Anti-cleaved caspase-3 (1:100, Cell 

Signaling Technologies, Beverly, MA, USA) was used to identify apoptotic cells, anti-rat SI 

(1 :6000, 12
), anti-rabbit SGL Tl (1: 1000, 13

), anti-rat Glut2 (1:6000, Biodesign, eampro Scientific, 

Vecnendaal, The Netherlands), anti-rat GlutS (1:2500, 14
), anti-rat i-FABP (1:4000, 15

), and anti-rat 

1-FABP (1:6000, 16
) were used to determine enterocyte-specific protein expression. As marker for 

goblet-cell specific protein expression a Muc2 specific antibody (W£9: 1:300, 17
) and anti-rat 

TFF3 (1:6000, D.K. Podolsky) were used. Anti-lysozyme (1:25, Dako, Glostrup, Denmark) was 

used to detect Paneth cell-specific protein expression. To stain SGLTl, Glut2 and GlutS, and 

apoptotic cells, sections were boiled in 0.01 M citrate buffer at pH 6.0 for 10 min prior to 

incubation with the respective primary antibodies. 

To study differences in epithelial proliferation and apoptosis, 6 well-oriented crypts were 

chosen per intestinal segment per animal. The crypts were located at the lateral side of the 

intestine. The number of BrdU- and caspase-3-positive cells in the crypts was counted and 

expressed per crypt, per intestinal segment, per time point. The number of cleaved caspase-3-

positive cells was counted and expressed as follows: 0, 0-1 positive cell per 6 crypts; I, 2-5 

positive cells per 6 crypts; 2, >5 positive cells per 6 crypts. This scoring method was used because 

the variance in the number of caspase-3-positive cells between crypts per time point was relatively 

large. To determine the number of BrdU-positive cells in the crypts of each intestinal region, 

sections were judged twice by two independent observers, who were unaware of the experimental 

conditions. 

In Situ Hybridization 

Non-radioactive in situ hybridizations were performed according to the method described 

previously with slight modifications 18
. Briefly, sections were deparaffinized, hydrated and 

incubated in the following solutions: 0.2 M Hel, distilled water, 0.1% (w/v) pepsin in 0.01 M HCI, 

0.2% (w/v) glycine in PBS, PBS, 4% (wt/v) paraformaldehyde in PBS, PBS and finally in 2 X 

SSe (0.03 M Na3-citrate in 0.3 M NaCl). Until hybridization, sections were stored in a solution of 

50% (v/v) formamide in 2 X SSC at 3TC. For hybridization, cell type-specific probes were 

diluted in hybridization solution (50% (v/v) deionized formamide, 10% (wt/v) dextran sulfate, 2 X 

SSe, 1 X Denhardt's solution, 1 )J.g/ml tRNA, 250 )J.g/ml herring sperm DNA) to a concentration 

of 100 ng/ml, incubated at 68°C for 15 min and layered onto the sections. Sections were 

hybridized overnight at 55°e in a humid chamber. Post-hybridization washes were performed at 

45'e using the following steps: 50% (v/v) formamide in 2 X SSe, 50% (v/v) formamide in 1 X 

SSe and 0.1 X SSe. A 15 min incubation with RNase Tl (2 U/ml in 1 mM EDTA in 2 X SSC) at 
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37 oc was followed by washes of 0.1 X SSC at 45°C and 2 X SSC at room temperature. The 

digoxigenin-labeled hybrids were detected by incubation with anti-digoxigenin (Fab, I :2000) 

conjugated to alkaline phosphatase for 2.5 h at room temperature. Thereafter, sections were 

washed in 0.025% (v/v) Tween in Iris-buffered saline pH 7.5. For staining, sections were layered 

with detection buffer (0.1 M Tris-HC1, 0.1 M NaC1, 0.05 M MgC12 pH 9.5) containing 0.33 mg/m1 

4-nitroblue tetrazolium chloride, 0.16 mg/ml 5-bromo-4-chloro-3-indolyl-phosphate, 8% (v/v) 

po1yvinylalcohol (Mw 31000-50000, Aldrich Chemical Milwaukee, WI, USA) and 1 mM 

levamisol (Sigma). The color reaction was performed overnight in the dark and was stopped when 

the desired intensity of the resulting blue precipitate was reached. Finally, sections were washed in 

10 mM Tris-HCI containing I ml\1 EDTA, distilled water and mounted with Aquamount improved 

® (Gurr, Brunschwig, Amsterdam, The Netherlands). 

Probe preparation for in situ hybridization 

Digoxigenin-11-UTP-1abe1ed RNA probes were prepared according to the manufacturer's 

prescription (Boehringer Mannheim GmbH, Biochemica, Mannheim, Germany) using T3, T7 or 

SP6 RNA polymerase. The following enterocyte-specific probes were used: A 827 bp fragment of 

rat SI eDNA clone ligated in pBluescript KS 19
, a I kb Ncol fragment based on the 2.4 kb 

fragment of rat SGLTI eDNA clone ligated in pBluescript II SK 20
, and a 350 bp fragment of rat I­

F ABP eDNA clone ligated in pBluescript 21
• As Goblet cell-specific probes a 200 bp EcoRI!Noti 

fragment based on the 1.1 kb fragment of rat Muc2 as described previously 7
, and a 438 bp EcoRI 

fragment of rat TFF3 ligated in pBluescript KS were used 22 . A 990 bp fragment of rat lysozyme 

eDNA ligated in pBluescript KS+/L8 was used as marker for Paneth cell specific mRNA 

expression 23
• To detennine epithelial RNA synthesis a 260 bp EcoRl/Hindiii fragment ligated in 

pBluescript was used 24
• Transcripts longer than 450 bp were hydrolized in 80 mM NaHC03 and 

120 rnl\1 Na2C03, pH 10.2 to obtain probes of various lengths:-:;; 450 bp 25 . 

Statistical Analysis 

To detect significant differences in epithelial proliferation within an intestinal region and between 

intestinal regions, analysis of variance was performed followed by an unpaired t-test. Differences 

were considered significant when p<0.05. Data were represented as the mean± standard error of 

the mean (SEM). 
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Results 

Clinical symptoms and morphological changes 

MTX treatment resulted in body weight loss and reduced food intake. The loss of body weight 

became apparent at day 1 after MTX injection and lasted till day 4, the last day of the experiment. 

Concomitant with the initial decrease in body weight was the reduced food intake, which was 

observed till day 3. Loose stools and mild dianhea were seen from day 2 till day 4, the end of the 

experiment. 

Histological evaluation revealed that MTX~induced damage to the small intestinal 

epithelium is characterized by crypt atrophy, villus atrophy, and flattening of crypt and villus cells 

(Fig. 1, see Appendix). Crypt atrophy was most pronounced on day 2 and villus atrophy on days 3-

4 after MTX treatment (Fig. IB and C, Appendix). Flattening of crypt and villus cells was most 

prominent on days 3-4 after treatment (Fig. IC, Appendix). Generally MTX-induced damage 

decreased from duodenuon toward the ileum (not shovm). 

Epithelial Prol[feration 

Epithelial proliferation was studied by immunohistochemical detection and quantitation of 

metabolically incorporated BrdU. In controls, the number of BrdU-positive cells decreased 

significantly from duodenal - toward the ileal crypts (Figs. 2). At 6.5 h after MTX treatment no 

significant changes in the number of BrdU-positive cells were observed in any intestinal segment 

compared to controls. Major differences in the number of BrdU-positive cells in the crypts of 

eachintestinal segment were observed on days 1-4 following MTX treatment. In the duodenum, 

significantly decreased levels of BrdU-positive cells were observed on days 1-3, and retumed to 

control levels thereafter. In contrast, in the jejunal crypts decreased numbers of BrdU-positive 

cells were seen only on days 2 and 3. On day 4 the number of BrdU-positive cells in the jejunal 
crypts was slightly, but not significantly elevated compared to controls. Similar to the jejunum, the 

number ofBrdU-positive cells in the ileal crypts was significantly decreased only on day 2 (Figs. 2 

and 3B, see Appendix for Fig. 3), comparable to control levels on day 3, and even significantly 

increased on day 4 (Figs 2 and 3C, Appendix). 

Epithelial apoptosis 

To detect apoptotic cells we used an antibody specific for the cleaved form of caspase-3. Caspase-

3 is one of the key executioners of apoptosis 26
. Activation of caspase-3 requires proteolytic 

cleavage of its inactive zymogen into activated pl7 and pl2 subunits. The antibody used in this 

study detects only the large fragment of activated caspase-3, whereas it does not recognize full 

length caspase-3 or other caspases. 
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Figure 2. Epithelial proliferation in the duodenum, jejunum and ileum of control and MTX-treated 

rats. Proliferation was studied by immunohistochemical detection of incorporated BrdU at 6.5 hand days 1, 

2, 3, and 4 after MIX. Average numbers of BrdU-positive cells in the crypts were calculated per intestinal 

region, per rat. Subsequently, mean BrdU-positive cell numbers (±SEM) were calculated. In control ileum 

proliferation was significantly lower than in duodenum and jejunum (a, p<0.05). In the duodenum 

proliferation was decreased on day 1 compared to controls and day 4 (b, p<0.05), on day 2 compared to 

controls, 6.5 h, and day 4 (c, p<0.05), and on day 3 compared to controls, 6.5 h, and day 4 (d, p<O.Ol). In 

crypts of the jejunum a significant decrease in proliferation was seen on day 2 compared to controls, 6.5 h, 

day 1 and day 4 (e, p<0.05), and on day 3 compared to controls and 6.5 hand day 4 (f, p<0.05). In the ileum 

proliferation was significantly decreased on day 2 compared to controls, 6.5 h, day l, day 3 and day 4 (g, 

p<0.05). Within the ileum a significant increase in proliferation was seen on day 4 compared to all other 

groups (h, p<0.05). 

At each time point investigated, the scores of cleaved caspase-3-positive cells were 
similar for the duodenum, jejunum, and ileum. MTX treatment resulted in an increase in the score 
of cleaved caspase-3-positive cells at 6.5 h (score of 2) and at day 1 (score of 1) in the crypts of 
the duodenum, jejunum, and ileum (Fig. 4B, jejunum at 6.5 h, see Appendix). On day 2, the score 
of cleaved caspase-3-positive cells decreased in the crypts of each intestinal region compared to 
6.5 h and 1 day after MTX treatment, but was still elevated compared to controls (Fig. 4C, 
jejunum, AppendLv:). The number of cleaved caspase-3-positive cells in each intestinal region was 
comparable with control values on days 3 and 4 (not shown). No differences in the number or 
position of cleaved caspase-3-positive cells were seen between the duodenum, jejunum, or ileum, 
at each time point investigated. Further, there was no inter-animal variance in the score of caspase-
3-positive cells at each time point investigated. 
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Enterocyte-specific gene expression 

Enterocyte-specific mRNA expression was studied by in situ hybridization using rat SI -, rat 

SGLTl -, and rat 1-FABP specific probes. SI -, SGLTl -, and 1-FABP mRNA was normally 

expressed in duodenal, jejunal, and ileal villus enterocytes (Figs SA and I, SGLTl and 1-FABP, 

respectively, see Appendix). At 6.5 hand at days 1 and 2 after MTX treatment no alterations in the 

enterocyte-specific mRNA expression patterns were seen in any of the intestinal segments (not 

shown). However, on days 3 and 4 we observed dramatic alterations in enterocyte-specific rnRNA 

expression patterns in each intestinal segment. Specifically, in each intestinal segment Sl -, 

SGLTl -, and l-F ABP mRNA expression was decreased on day 3 (not shown). On day 4, SI- and 

SGL Tl mRNA expression was even completely absent (Fig. 5B, SGLTl, Appendix). Similar to SI 

-and SGLTl mRNA, 1-FABP mRNA was decreased on days 3 and 4 after MTX treatment (Fig. 

51, 1-FABP, Appendix). In contrast, the house keeping gene /3-actin remained expressed in the 

crypt and villus enterocytes of each intestinal region after MIX-treatment, indicating that the 

enterocytes were still metabolically active (Fig 5M, day 4, Appendix). 

Enterocyte-specific protein expression was studied immunohistochemically using 

antibodies against SI, SGLTl, Glut2 and -5, and i- and 1-FABP. SI -, SGLTl -and GlutS protein 

expression was normally confined to the brush border of villus enterocytes of each intestinal 

segment (Fig. 5C and E, SI and Glut 5, respectively, Appendix). G1ut2 protein was expressed at the 

basolateral membrane of villus enterocytes in control duodenum, jejunum and ileum (Fig. 5G, 

Appendix). In contrast to the membrane-bound expression patterns of the markers described above, 

i- and 1-FABP proteins were normally found in the cytosol of duodenal, jejunal and ileal villus 

enterocytes (Fig. 5K, 1-FABP, Appendix). Similar to the mRNA expression patterns, no alterations 

in enterocyte-specific protein expression patterns were observed on 6.5 h and days 1 and 2 after 

MTX treatment (not shown). On day 3 each of the enterocyte-specific protein markers seemed 

decreased in the villus epithelium of each intestinal segment (not shown). On day 4, the villus 

enterocytes were even negative for SI -, SGLTl -, Glut2 and GlutS protein (Fig. 5D, SI; 5E, GlutS; 

5G, Glut2, Appendix). Additionally, many villus enterocytes were negative for i-F ABP as well as 

1-FABP (Fig. 5L, 1-FABP, Appendix). 

In contrast to the down-regulation of the above-described enterocyte-speciflc genes, 

enterocyte speciflc-AP activity was maintained on each day after MTX treatment (Fig. 6, see 

Appendix). 

Goblet ce/1- and Paneth cell-specific gene expression 

Goblet cell-specific gene expression patterns were studied using rat Muc2 - and rat TFF3 specific 

cRNA probes and antibodies. In controls, Muc2 - and TFF3 mRNA and protein were expressed by 

goblet cells in crypts and villi of the duodenum, jejunum and ileum (Fig. 7A and D, Muc2 and 

TFF3, respectively, see Appendix). After MTX treatment, Muc2 - and TFF3 protein expression 
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was maintained, even at day 4. Although goblet cells continued to express Muc2 - and TFF3 

protein after MTX, the distribution pattern of goblet cells along the crypt-villus axis changed. 

Specifically, goblet cells, although flattened, remained present in the crypts on day 2 after MTX 

treatment (Fig 7B and E, Muc2 and TFF3, respectively, Appendix), but accumulated both in crypts 

and at villus tips on day 4 (Fig. 7 C and F, Muc2 and TFF3, respectively, Appendix). 

Lysozyme was used as marker for Paneth cell-specific cell function. In controls lysozyme 

mRNA and protein was expressed in Paneth cells at the crypt base of the duodenum, jejunum and 

ileum (Fig 8A and C, mRNA and protein, respectively. For figure see Appendix). At days 2 and 3, 

the number of Paneth cells appeared increased and lysozyme mRNA seemed up-regulated (Fig. 8B 

and D, mRNA and protein on day 2, Appendix). 

Discussion 

In the present study we first characterized the rat MTX model with respect to clinical symptoms 

and morphological alterations within the small intestine. Subsequently, we analyzed the effects of 

MTX on epithelial proliferation and apoptosis, and enterocyte-, goblet cell-, and Paneth cell­

specific gene expression in the duodenum, jejunum, and ileum. By studying these parameters in 

conjunction we aimed to gain more insight into epithelial functions in general and enterocyte, 

goblet cell, and Paneth cell functions in particular. 

MIX-treatment resulted in body weight loss, loose stools, and mild diarrhea. Body 

weight loss after MTX treatment was caused both by reduced food-intake and dehydration. The 

latter occurred as a consequence of the MTX-induced loose stools and diarrhea. Additionally, 

morphological analysis demonstrated that MTX induced crypt loss and crypt - and villus atrophy, 

which is accompanied by flattening of crypt and villus cells in the small intestinal epithelium. 

Similar clinical symptoms and morphological alterations were reported in the small intestine of 

rat, mice and cancer patients treated with cytostatic dmgs 3
-
5
-

7
· 

27
. 

As MTX primarily affects cell proliferation and apoptosis, epithelial proliferation and 

apoptosis were studied. In health, epithelial proliferation decreased from duodenum toward the 

ileum. After MTX treatment epithelial proliferation was decreased from days 1-3 in the 

duodenum, days 1 and 2 in the jejunum, but only at day 2 in the ileum. These data demonstrate 

that the sensitivity of the epithelium toward MTX decreases from duodenum toward the ileum, 

which is in line with the knowledge that the sensitivity of tissues toward cytostatic agents depends 

primarily on the proliferation rate, i.e. high proliferation rate leads to high sensitivity. This is in 

line with a parallel study in which we demonstrated that the MIX-induced inhibition of epithelial 

proliferation in the normal small intestine was least affected in the ileum 7. Moreover, in both, the 
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present and the parallel study a sort of 'over-compensation' is seen in the ileal epithelium, wherein 

epithelial hyper-proliferation is already seen at day 4 after MTX. 

Analysis of MTX-induced apoptosis revealed increased apoptotic cell numbers in the 

crypts of each intestinal segment at 6.5 h and at days 1 and 2 after MTX. In contrast to the 

proliferation rates, no differences were seen in the number of MTX-induced apoptotic cells 

bet\.veen the various intestinal regions. However, within each intestinal segment the variance in the 

number of caspase-3-positive cells between crypts per time point was large, therefore we can not 

exclude that there are small differences in the number of apoptotic cells between the duodenum, 

jejunum, and ileum. In conjunction, these data suggest that MTX-induced epithelial damage can 

be accounted for, at least partly, by the effects of MTX on epithelial proliferation and apoptosis. 

Focussing on the enterocytes, a down-regulation of SI, SGLTl, Glut2 and -5, and i- and I­

F ABP was observed in the flattened villus enterocytes in duodenum, jejunum, and ileum after 

MTX treatment. Yet, these flattened enterocytes remained their capacity to express B-actin mRNA 

demonstrating that they were still metabolically active and that MTX treatment did not inhibit 

purine synthesis completely. This implies that enterocytes might specifically down-regulate certain 

genes, possibly to reduce their metabolic need. Moreover, recent data from our laboratory clearly 

demonstrate that the down-regulation of certain enterocyte-specific genes by MTX are gene 

specific, i.e. the genes are not down-regulated to the same extent and/or at the same time after 

MIX-treatment 28
• 

Previously, it was shown that MTX decreased putrescine levels in the small intestine 29
. 

As putrescine appears to be an important source of energy for the small intestinal epithelium under 

normal conditions and under stress conditions 30
, it could very well be that after MTX treatment 

energy sources are reduced in the small intestine. In this light, down-regulation of certain 

enterocyte-specific genes is necessary to retain enough energy for the enterocytes to survive and to 

play a role in epithelial restitution and defense. This hypothesis is further supported by the fact that 

enterocyte-specific AP activity, which is known to detoxify endotoxins 3
1. 

32
, was maintained in the 

small intestine after MTX treatment. More generally, the down-regulation of SI, SGLTl, Glut2 

and -5, and i- and l-F ABP suggests enterocyte malfunctioning with respect to the degradation, 

absorption and transport of sugars and fatty acids. Tanaka er a!. reported similar results for 

enterocyte-specific SI and SGLTl expression in the normal small intestinal epithelium of rats 

treated with 5-fluorouracil 33
• 

The goblet cells of each intestinal segment investigated maintained their capacity to 

produce Muc2 and TFF3 mRNA and protein after MTX treatment. In a parallel study we showed 

that Muc2 and TFF3 mRNA levels were maintained at days 1 and 2 after MTX, but decreased at 

days 3 and 4 7
. This decrease is, at least partly, caused by a decrease in the total number of goblet 

cells after MTX, as demonstrated in the same study. Despite the reduction in number, the goblet 

cells appeared to maintain their capacity to synthesize Muc2 and TFF3. These data suggest an 
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important role for goblet cells in the defense and repair of the small intestinal mucosa after MTX. 

Interestingly, several days after MTX injection goblet cells accumulated at the villus tips. These 

data are in line with a previous study in which we demonstrate that the goblet cells that 

accumulated at villus tips after MTX were selectively spared from apoptosis 7
• 

Paneth cell-specific lysozyme expression was at least maintained in response to MTX 

treatment in the duodenum, jejunum, and ileum. Quantitation of lysozyme mRNA levels, as 

described in a parallel study by our laboratory, showed a strong up-regulation of lysozyme mRNA 

during the first two days after MTX treatment 7
. In addition, Paneth cell hyperplasia in rat small 

intestine after sub-lethal doses of MTX was described previously 8
• As lysozyme displays anti­

bacterial activities, these data suggest that Paneth cells actively contribute to the protection of the 

small intestinal mucosa after MTX treatment. 

In summary, the MIX-induced clinical symptoms and morphological alterations are 

similar to the clinical symptoms and morphological alterations seen in mice and humans after 

cytostatic drug treatment. MTX treatment inhibited epithelial proliferation and induced increased 

epithelial apoptosis. The sensitivity of the epithelium toward MTX decreased from duodenum to 

ileum. MTX treatment resulted in a down-regulation of enterocyte-specific genes that are involved 

in the degradation, absorption and transport of sugars and fatty acids, suggesting enterocyte 

malfunctioning with respect to the up-take and transport of nutrients. Enterocytes and Paneth cells 

actively contribute to the epithelial defense after MTX treatment by maintaining AP activity and 

lysozyme expression, respectively. Maintenance ofMuc2 and TFF3 expression by goblet cells and 

the accumulation of goblet cells at the villus tips after MTX underlines the importance of goblet 

cells in epithelial protection and repair. Collectively, these data suggest that the epithelial nutrient 

uptake and transport capacities are down-regulated by MTX treatment whereas epithelial 

protection, repair and defense mechanisms are at least maintained or may even be up-regulated 

during damage. 
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Summary 

The crypt and villus epithelium associated with Peyer's patches (PPs) was largely spared from 
methotrexate (MTX)-induced damage compared to the epithelium located more distantly from 

PPs, i.e. the non-patch (NP) epithelium. To assess the mechanism(s) preventing damage to the 

PP epithelium after MTX treatment, epithelial proliferation, apoptosis and cell functions were 

studied in a rat-MTX model. Small intestinal segments containing PPs were excised after MIX­

treatment Epithelial proliferation and apoptosis were assessed by detection of incorporated 

BrdU and cleaved caspase-3, respectively. Epithelial functions were detennined by the 

expression of cell type specific gene-products at mRNA and protein level. Before and after 

MTX treatment, the number of BrdU-positive cells was higher in PP crypts than in NP crypts. 

BrdU incorporation was diminished in NP crypts: while in PP crypts incorporation was hardly 

affected. In PP and NP crypts, similar and increased levels of cleaved caspase-3-positive cells 

were observed after MTX. The enterocyte markers, sucrase-isomaltase, sodium-glucose 

cotransporter 1, glucose transporters 2 and -5, and intestinal- and liver fatty acid binding protein 

were down-regulated after MTX in NP epithelium, but not in PP epithelium. In contrast, 

expression of the goblet cell markers, Muc2 and trefoil factor 3, and the Paneth cell marker 

lysozyme was maintained after MTX in both PP and NP epithelium. In conclusion: As MIX­

induced apoptosis was similar in PP versus NP crypts, the protection of the PP epithelium 

seems to be based on differences in regulation of epithelial proliferation. Enterocyte functioning 

in the PP epithelium was unaffected by MTX treatment. Goblet and Paneth cell functioning was 

maintained in NP and PP epithelium. 

Abbreviations: FAE, follicle-associated epithelium, Glut2 and -5, glucose transporter 2 and -5; 

i- and 1-F ABP, intestinal- and liver fatty acid binding protein; NP, non-patch; PP, Peyer's patch; 

SGLTl, sodium glucose transporter 1; SI, sucrase-isomaltase; TFF3, trefoil factor 3. 
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Introduction 

The small intestinal epithelium proliferates rapidly and is therefore very sensitive to cytostatic 

drug treatment. Cytostatic drugs primarily inhibit DNA synthesis thereby deranging epithelial 

homeostasis leading to impaired intestinal epithelial functions 1
• Among the cytostatic agents, 

the effects of methotrexate (MTX) on the small intestinal epithelium of human and rat are well 

described 14
. MTX is known to induce loss of crypts, crypt and villus atrophy, and flattening of 

crypt- and villus cells 1
-
5

. This damage occurs as a consequence of the MTX-induced inhibition 

of epithelial proliferation and induction of epithelial apoptosis. Recently, we demonstrated that 

MTX also induced a down-regulation of enterocyte-specific gene expression leading to 

enterocyte malfunctioning with regard to the degradation and absorption of nutrients 5
• In 

contrast, goblet cell - and Paneth cell gene expression were maintained after MTX treatment, 

suggesting that both goblet cells and Paneth cells were selectively spared. 

In the small intestinal mucosa lymphoid nodules, also known as Peyer's patches (PP), 

are located at the anti-mesenteric side of the intestine. The PPs consist of immunocompetent 

cells covered partly by follicle-associated epithelium and partly by the normal intestinal 

(crypt/villus) epithelium. Intriguingly, we recently observed that the epithelial morphology up 

to 2-3 crypt-villus units adjacent to and overlying the PP remained relatively intact after MTX­

treatment when compared to the 'non-patch' (NP) epithelium 6
. Yet, the mechanisms involved 

in the protection of the PP epithelium were unidentified. 

In the present study, we aimed to assess the mechanism(s) responsible for the 

protection of the PP epithelium from morphological damage after MTX treatment. Secondly, as 

the morphology of the PP epithelium was relatively but not completely unaffected after MTX 

treatment, we studied epithelial cell functions of the PP epithelial cells after MTX treatment. 

Therefore, special attention was paid to epithelial proliferation, apoptosis and cell type-specific 

gene expression. As enterocytes are specialised in the degradation, uptake and transport of 

nutrients the following markers were used to analyse enterocyte function: sucrase-isomaltase 

(SI), sodium glucose transporter 1 (SGLTl), glucose/fructose transporters 2 and -5 (Glut2 and-

5), and liver- and intestinal fatty acid binding protein (i- and 1-F ABP), Goblet cell function was 

analysed by the expression of the mucin Muc2, which is the structural component of the 

protective mucus layer 7
, and trefoil factor 3 (TFF3), a bioactive peptide that is implied in 

epithelial protection and repair s. 9
. Paneth cells were analysed by the expression of the anti­

bacterial enzyme lysozyme. By studying these parameters in conjunction we aimed to get 

insight in PP epithelial protection, to be able to develop therapies to prevent intestinal damage 

occurring as a side effect in cytostatic drug treatment. 
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Methods 

Animals 

Eight weeks-old, specified pathogen free, male Wistar rats (Broekman, Utrecht, The 

Netherlands) were housed individually at constant temperature and humidity on a 12-h light­

dark cycle. The rats had free access to a standard pelleted diet (Hope Farms, Woerden, The 
Netherlands) and water. All the experiments were performed with the approval of the Animal 

Studies Ethics Committee of our institution. 

Experimental Design 

A dosage of 30 mg/kg MTX (Ledertreaxate SP Fotte, Cyanamid Benelux, Etten-Leur, The 

Netherlands) was injected intravenously under light anaesthesia. Control animals were treated 

with equivalent volumes of 0.9% NaCl solution. To study epithelial proliferation, 50 mg 

BrdU/kg body weight (Sigma, St. Louis, USA) was injected intraperitoneally 1 h before 

decapitation. On 6.5 h, days 1, 2, 3, and 4 after MTX four animals per timepoint were 

sacrificed. One control animal per timepoint was sacrificed at 6.5 h after MTX and on days 1, 2 

and 4. Segments of the duodenum, jejunum and ileum containing PPs were dissected, 

immediately fixed in 4% paraformaldehyde in phosphate buffered saline (PBS) and prepared for 
light microscopy. 

Histology 

Sections of 5 ~m thickness were routinely stained with alcian blue-nuclear fast red (BDH, 
Brunschwig Chemie, Amsterdam, The Netherlands) to study goblet cells and morphological 

alterations like crypt- and villus atrophy. 

ImmunohistochemistJy 

Five ~m thick paraffin sections were cut and deparaffinized through a graded series of xylol­

ethanol. To visualize BrdU incorporation, sections were incubated with 2 M HCl for 1.5 h, 

washed in borate buffer (0.1 M Na2B40 7, pH 8.5), incubated in 0.1% (w/v) pepsin in 0.01 M 
HCl for 10 min at 37°C, and rinsed in PBS. Endogenous peroxidase activity was inactivated by 

1.5% (v/v) hydrogen peroxide in PBS for 30 min, followed by a 30 min incubation with TENG­

T (10 mM Tris-HCl, 5 mM EDTA, 150 mM NaCl, 0.25% (w/v) gelatin, 0.05% (w/v) Tween-
20) to reduce non-specific binding. This was followed by overnight incubation with a 1 :500 
dilution of mouse anti-BrdU (Boehringer Mannheim, Mannheim, Germany). Then, the sections 

were incubated for 1 h with biotinylated horse anti-mouse lgG (diluted 1:2000, Vector 

Laboratories, England) followed by 1 h incubation with ABC/PO complex (Vectastain Elite Kit, 
Vector Laboratories) diluted 1:400. Binding was visualised after incubation in 0.5 mg/ml 3,3'­

diaminobenzidine (DAB), 0.02% (v/v) H20 2 in 30 mM imidazole, 1 mM EDTA (pH 7.0). 

Finally, sections were counterstained with haematoxylin, dehydrated and mounted. Apoptotic 

cells and the expression of the cell type-specific markers were demonstrated according to the 

above described protocol with omission of the HCl incubation, washing with borate buffer, and 
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pepsin treatment. Anti-cleaved caspase-3 (LlOO, Cell Signaling Technologies, Beverly, MA, 

USA) was used to identify apoptotic cells, anti-rat SI (1:6000, 10
), anti-rabbit SGLTI (1:1000, 

u), anti-rat Glut2 (1:6000, Biodesign, Campro Scientific, Veenendaal, The Netherlands), anti­

rat GlutS (1:2500, 12
), anti-rat i-FABP (1:4000, 13

), and anti-rat 1-FABP (1:6000, 14
) were used 

to determine enterocyte-specific protein expression. As marker for goblet-cell specific protein 

expression a Muc2 specific antibody (WE9: 1:300, 15
) and anti-rat TFF3 (1:6000) were used. 

Anti-lysozyme (1:25, Dako, Glostrup, Denmark) was used to detect Paneth cell-specific protein 

expression. To stain SGLTl, Glut2 and GlutS, and apoptotic cells, sections were boiled in 0.01 

M citrate buffer at pH 6.0 for 10 min prior to incubation with the respective primary antibodies. 

To study differences in epithelial proliferation and apoptosis between the PP - and NP 

epithelium, 6 well-oriented PP - and NP crypts were chosen per intestinal segment per animal. 

The 6 PP crypts were located adjacent to (3 crypts at each side of the PP) or overlying a PP and 

the NP crypts were located at the lateral side of the intestine. The number ofBrdU-positive cells 

in the crypts was counted and expressed per crypt, per intestinal segment, per time point. The 

number of cleaved caspase-3-positive cells was counted and expressed as follows: 0, 0-1 

positive cell per 6 crypts; 1, 2-5 positive cells per 6 crypts; 2, >5 positive cells per 6 crypts. This 

scoring method was used because the variance in the number of caspase-3-positive cells 

between crypts per time point was relatively large. To detennine the number of BrdU- and 

caspase-3-positive cells in PP - and NP crypts in each intestinal region, sections were judged 

tvvice by two independent observers, who were unaware ofthe experimental conditions. 

In Situ Hybridisation 

Non-radioactive in situ hybridizations were performed according to the method described 

previously with slight modifications 16
. Briefly, sections were deparaffinized, hydrated and 

incubated in the following solutions: 0.2 M HCl, distilled water, 0.1% (w/v) pepsin in 0.01 M 

HCl, 0.2% (w/v) glycine in PBS, PBS, 4% paraformaldehyde in PBS, PBS and finally in 2 X 

SSC {0.03 M Na3-citrate in 0.3 M NaCl). Until hybridisation, sections were stored in a solution 

of 50% (v/v) formamide in 2 X SSC at 3rC. For hybridisation, cell type-specific probes were 

diluted in hybridisation solution (50% (v/v) deionized fonnamide, 10% (w/v) dextran sulfate, 2 

X SSC, 1 X Denhardt's solution, 1 ~g/ml !RNA, 250 ~g/ml herring spem1 DNA) to a 

concentration of 100 ng/ml, incubated at 68°C for 15 min and layered onto the sections. 

Sections were hybridised overnight at 55°C in a humid chamber. Post-hybridisation washes 

were perfonned at 45°C using the following steps: 50% (v/v) formamide in 2 X SSC, 50% (v/v) 

fonnamide in 1 X SSC and 0.1 X SSC. A 15 min incubation with RNase II (2 U/ml in 1 mM 

EDTA in 2 X SSC) at 37 "C was followed by washes of 0.1 X SSC at 45"C and 2 X SSC at 

room temperature. The digoxigenin-labeled hybrids were detected by incubation with anti­

digoxigenin (Fab, 1:2000) conjugated to alkaline phosphatase for 2.5 h at room temperature. 

Thereafter, sections were washed in 0.025% (v/v) Tween in Iris-buffered saline pH 7.5. For 

staining, sections were layered with detection buffer (0.1 M Tris-HCl, 0.1 M NaCl, 0.05 M 

MgCl, pH 9.5) containing 0.33 mg/ml4-nitroblue tetrazolium chloride, 0.16 mg/mlS-bromo-4-

chloro-3-indolyl-phosphate, 8% (v/v) polyvinylalcohol (Mw 31000-50000, Aldrich Chemical 
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Milwaukee, WI, USA) and I mM levamisol (Sigma), The color reaction was perfonned 

overnight in the dark and was stopped when the desired intensity of the resulting blue 

precipitate was reached. Finally, sections were washed in 10 mM Tris-HCI containing 1 mM 

EDTA, distilled water and mounted with Aquamount improved (Gurr, Bnmschwig, 
Amsterdam, The Netherlands)_ 

Probe preparation for in situ hybridisation 

Digoxigenin-11-UTP-labeled RNA probes were prepared according to the manufacturer's 

prescription (Boehringer Mannheim GmbH, Biochemica, Mannheim, Gennany) using T3, T7 or 
SP6 RNA polymerase. The following enterocyte-specific probes were used: A 827 bp fragment 

of rat Sl eDNA clone ligated in pBluescript KS 17
, a I kb Nco! fragment based on the 2A kb 

fragment of rat SGL Tl eDNA clone ligated in pBluescript II SK 18
, and a 350 bp fragment of 

rat 1-FABP eDNA clone ligated in pB!uescript 19 As Goblet cell-specific probes a 200 bp 

EcoRl/Noti fragment based on the 1.1 kb fragment of rat Muc2 as described previously 5
, and a 

438 bp EcoRI fragment of rat TFF3 ligated in pBluescript KS were used 20 A 990 bp fragment 

of rat lysozyme eDNA ligated in pB!uescript KS+/L8 was used as marker for Paneth cell 

specific rnRNA expression 21
. Transcripts longer than 450 bp were hydrolised in 80 rnM 

NaHC03 and 120 mM Na2C03, pH 10,2 to obtain probes of various lengths o> 450 bp 22 

Statistical Analysis 

To detect significant differences in epithelial proliferation between the PP - and NP epithelium 
within an intestinal region and betvveen intestinal regions, analysis of variance was perfonned 

followed by an unpaired t-test. Differences were considered significant when p<0.05. Data were 

represented as the mean± standard error of the mean (SEM). 

Results 

Histological Evaluation 

MIX-induced damage to the 'normal' small intestinal epithelium, i.e. 'non-patch' (NP) 

epithelium, is characterised by villus atrophy, and flattening of crypt and villus cells 3
• 

5
. In the 

present study, we observed similar changes in the NP epithelium of the duodenum, jejunum and 
ileum after MIX treatment (Fig. lC, jejunum, see Appendix). However, focussing on the 

epithelium near a PP (i.e. 2-3 crypt-villus units adjacent to and lining the PP) in each small 

intestinal segment, we observed that MIX-induced damage was much less pronounced (fig. lD, 

jejunum, Appendix). 
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Figun 2. Epithelial proliferation in the duodenum, jejunum and ileum of control and MTX-treated 

rats. Proliferation was studied by immunohistochemical detection of incorporated BrdU at 6.5 h and days 

l, 2, 3, and 4 after MTX. Average numbers of BrdU~positive cells in both the Peyer's patch (PP) crypts 

(white bars) and ·non-patch' (NP) crypts (black bars) were calculated per intestinal region, per rat. 

Subsequently, mean BrdV-positive cell numbers (±SEM) were calculated for PP - and NP crypts. In 

control ileum proliferation in PP - and NP crypts was significantly lower than in duodenum and jejunum 

(a, p<0.05). In each intestinal region of controls, proliferation in the PP crypts was significantly higher 

than in the NP crypts (b, p<O.O 15). In the PP crypts of the duodenum proliferation was significantly 

decreased on day I compared to controls and day 4 (c, p<0.05). 1n contrast, in the NP crypts of the 

duodenum proliferation was decreased on days 1-3 compared to controls and day 4 (d, p<0.05) and on 

days 2 and 3 compared to 6.5 h (e, p<0.05). In the jejunum, proliferation in PP crypts \Vas significantly 

increased on day 3 compared to controls and day 1 (f, p<0.05) and on day 4 compared to controls, 6.5 h. 

and days I and 2 (g, p<0.05). In the NP crypts of the jejunum a significant decrease in proliferation was 

seen on day 2 compared to controls, 6.5 h, and days 1 and 4 (h, p<0.05), and on day 3 compared to 

controls and 6.5 h (i, p<0.05). On day 4, a significant increase in proliferation in NP crypts \Vas seen 

compared to days 1-3 (j, p< 0.01 ). ln the PP crypts of the ileum proliferation was significantly increased 

on day 4 compared to controls, 6.5 h, and days 1 and 2 (k, p<0.05). In the NP crypts of the ileum 

proliferation was significantly decreased on day 2 compared to controls, 6.5 h. days 1, 3 and 4 (\, p<0.05), 

and significantly increased on day 4 compared to all other groups (m, p<0.05). 

Epithelial Prol{jeration 

Epithelial proliferation was studied by immunohistochemical detection and quantitation of 
metabolically incorporated BrdU. In controls, the number of BrdU-positive cells in PP crypts 

was significantly higher than in NP crypts in each intestinal segment (Fig. 2). In addition, the 

number of BrdU-positive ceUs in control intestine decreased significantly from duodenum 

toward the ileum in both the PP - and NP crypts. At 6.5 h after MTX treatment no changes in 

the number of BrdU-positive cells were observed in any intestinal segment in the NP and PP 
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crypts compared to controls. However, major differences in the number of BrdU-positive cells 

in each intestinal segment, in both PP and NP crypts, were observed on days 1-4 following 

MTX treatment. In the duodenum, significantly decreased levels of BrdU-positive cells were 

seen only on day 1 in the PP crypts, whereas decreased levels were observed on days 1-3 in 

the NP crypts. In addition, in the PP crypts of the duodenum the number of BrdU-positive 

cells were comparable with control levels on days 2 and 3, and were slightly increased on day 

4 although not significantly. In the jejunum, no alterations in the number of BrdU-positive 

cells were seen in the PP crypts on days 1 and 2. However, on days 3 and 4 the levels of 

BrdU-positive cells were significantly increased in the PP crypts compared to controls. In 

contrast, in the NP crypts of this segment decreased numbers of BrdU-positive cells were seen 

on days 2 and 3. On day 4 the number of BrdU-positive cells in the NP crypts was comparable 

to controls. Similar to the jejunum, the number of BrdU-positive cells in the ileal PP crypts 

was unaltered on days 1 and 2, and significantly increased on days 3 and 4. On the other hand, 

in the NP crypts the number of BrdU-positive cells was significantly decreased on day 2, 

comparable with control levels on day 3, and significantly increased on day 4. 

Epithelial apoptosis 

To detect apoptotic cells we used an antibody specific for the cleaved fonn of caspase-3. 

Caspase-3 is one of the key executioners of apoptosis 13
. Activation of caspase-3 requires 

proteolytic cleavage of its inactive zymogen into activated pl7 and p12 subunits. The antibody 

used in this study detects only the large fragment of activated caspase-3, whereas it does not 

recognise full length caspase-3 or other caspases. 

Table 1. Scoring of caspase-3-positive cells in PP- and NP crypts in the duodenum of 
control and MTX treated rats -

Time after MTX treatment NP crypts PP crypts 

6.5 h 2 2 

Day 1 2 2 

Day 2 1 1 

Day 3 0 0 

Day4 0 0 

control 0 0 
The number of cleaved caspase-3 posttlVe cells were counted m the Peyer's patch (PP) ep1thehum and 
the non-patch (NP) epithelium of the duodenum, jejunum, and ileumand were expressed as follows: 0. 0-
1 positive cell per 6 CJYpts; 1, 1-5 positive cells per 6 CJYpts; 2. >5 positive cells per 6 crypts. No 
differences \Vere observed in the scores betvveen duodenum, jejunum, and ileum. Therefore, only the 
scores of the duodenum are given. 

At each time point investigated, the scores of cleaved caspase-3-positive cells \Vere 

similar for the duodenum, jejunum, and ileum. Therefore, only the scores for the duodenum 

are given in table 1. MTX treatment resulted in an increase in the score of cleaved caspase-3-

positive cells at 6.5 h and at day 1 in both NP - and PP crypts (Table 1 and Fig. 3B, see 
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Appendix). On day 2, the score of cleaved caspase-3-positive cells decreased in NP - and PP 

crypts compared to 6.5 h and 1 day after MTX treatment, but was still elevated compared to 

controls (Fig. 3C, Appendix). In both the NP - and PP crypts, the score of cleaved caspase-3-

positive cells was comparable with control values on days 3 and 4. No differences in the score 

or position of cleaved caspase-3-positive cells were seen between the NP - and PP crypts, at 

each time point investigated. Further, there was no inter-animal variance in the score of 

caspase-3-positive cells at each time point investigated. 

Enterocyte-spec!fic gene expression 

Enterocyte-specific mRNA expression was studied by in situ hybridisation using rat ST -, rat 

SGL Tl -, and rat l-F ABP specific probes. Sl -, SGL Tl -, and 1-F ABP mRNA was nonnally 

expressed in duodenal, jejunal, and ileal villus enterocytes (Fig. 4A and C, SGLTl and 1-

FABP, respectively, see Appendix). At 6.5 h, and days l and 2 after MTX treatment no 

alterations in the enterocyte-specific mRNAexpression pattems were seen in any of the 

intestinal segments (not shown). However, on days 3 and 4 vve observed dramatic alterations 

in enterocyte-specific mRNA expression pattems between the NP - and PP epithelium. 

Specifically, SI -, SGLTl -,and l-FABP mRNA expression was decreased on day 3 in the NP 

villus epithelium in each intestinal segment, but not in the PP villus epithelium (not shown). 

On day 4 SI - and SGLTl mRNA expression was even completely absent in the NP villus 

epithelium, but remained present at high levels in the PP villus epithelium (Fig. 4B, SGLTI, 

Appendix). Similar to SI- and SGLTl mRNA, 1-FABP mRNA remained present in the PP 

villus epithelium on day 4 after MTX treatment (Fig. 4C, t-FABP, Appendix). Additionally, 

many enterocytes of the NP villi were negative for 1-FABP mRNA on day 4. 

Enterocyte-specific protein expression was studied immunohistochemically using 

antibodies against SI, SGLTl, Glut2 and -5, and i- and 1-FABP. SI -, SGLTl -and GlutS 

protein expression was nonnally confined to the bmsh border of villus enterocytes in NP - and 

PP epithelium of each intestinal segment (Fig. 4E, SL Appendix). Glut2 protein was expressed 

at the basolateral membrane of enterocytes in NP -and PP villi in control duodenum, jejunum 

and ileum (Fig. 4G. Appendix). In contrast to the membrane-bound expression patterns of the 

markers described above, i- and 1-FABP proteins were nonnally found in the cytosol of 

duodenal, jejunal and ileal villus enterocytes (Fig. 4I, l-FABP, Appendix). Similar to the 

mRNA expression patterns, no alterations in enterocyte-specific protein expression pattems 

were observed on 6.5 h and days I and 2 after MTX treatment in the NP epithelium or in the 

PP epithelium (not shmvn). On day 3 each of the enterocyte-specific protein markers appeared 

to be decreased in the NP villus epithelium of each intestinal segment, while the expression 

seemed to be unaffected in the PP villus epithelium. On day 4, the NP villus enterocytes were 

even negative for SI -, SOL Tl -, Glut2 and Gtut5 protein (Fig. 4F and H, ST and Glut2, 

respectively, Appendix). Additionally, many NP villus enterocytes were negative for i-F ABP 

protein (Fig. 4L Appendix) as well as 1-F ABP protein (Fig. 4J and K, Appendix). 
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Goblet cell-specific gene expression 

Goblet cell-specific gene expression patterns were studied using rat Muc2 - and rat TFF3 

specific cRNA probes and antibodies. Muc2 - and TFF3 mRNA and protein were expressed 

by goblet cells in crypts and villi of the NP- and PP epithelium in control duodenum, jejunum 

and ileum (Fig. SA and E, Muc2 - and TFF3 protein, respectively, see Appendix). Following 
MTX treatment, goblet cells in each intestinal segment appeared to maintain Muc2- and TFF3 

mRNA expression in the NP epithelium (Fig. 5D, Muc2 mRNA) as well as PP epithelium 

(Fig. 5C, Muc2 mRNA, Appendix). Muc2- and TFF3 protein expression were also maintained 

in the PP - and NP epithelium at day 4 (Fig. 5B and F, Appendix). Although goblet cells 

continued to express Muc2 - and TFF3 protein, the distribution pattern of goblet cells along 

the crypt-villus axis changed after MTX treatment in the NP epithelium, but not in the PP 

epithelium. Specifically, in the NP epithelium goblet cells were largely absent in crypts on day 

2 after MTX treatment (not shown), but accumulated both in crypts and at villus tips on day 4 
(Fig. 5B, D and F, Appendix). 

Paneth cell-specific gene expression 

Lysozyme was used as marker for Paneth cell-specific cell function. In controls lysozyme 

mRNA and protein was expressed in Paneth cells at the crypt base ofNP- and PP epithelium 
of the duodenum, jejunum and ileum (Fig. 6A, mRNA, see Appendix). Additionally, also 

within immunocompetent cells of the PP lysozyme mRNA and protein expression was 

observed. No changes in lysozyme mRNA or protein expression patterns by Paneth cells 

occurred after MTX treatment in the NP - and PP epithelium. However on days 2 and 3, 

lysozyme mRNA and protein were maintained in the PP crypts and seemed up-regulated in 

NP crypts (Fig. 6B, mRNA, Appendix). Moreover, within the PP the number of 

immunocompetent cells expressing lysozyme mRNA and protein was strongly increased. 

Discussioii 

In the present study we aimed to determine which mechanism(s) underlie the protection of the 

PP epithelium against MIX-induced damage. Therefore, we investigated if there were 

differences in epithelial proliferation and apoptosis between the NP - and PP epithelium after 
MIX administration. Additionally, as the morphology of the PP epithelium was relatively, but 

not completely unaffected after MTX treatment, we studied epithelial cell functions of the PP 

epithelial cells after treatment. 
Morphological analysis revealed that MIX-induced damage was characterised by 

villus atrophy and flattening of crypt and villus cells of the NP epithelium. In contrast, the PP 

epithelium seemed relatively unaffected by MTX treatment. In several studies similar results 

were reported concerning the MTX-induced morphological damage to the nonnal small 
intestinal epithelium 3

· s. 24
. However, in none of these studies the effects of cytostatic dmgs on 

the epithelial morphology of the PP epithelium have been described. 
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It is generally known that the sensitivity of tissues toward cytostatic agents depends 

primarily on the proliferation rate, i.e. high proliferation rate leads to high sensitivity. As the 

epithelial proliferation rate in the NP - and PP epithelium decreased from duodenum toward 

the ileum, one would expect the MTX-induced inhibition of epithelial proliferation to be most 

affected in the duodenum. Indeed, we observed that the duration of MTX-induced inhibition 

of epithelial proliferation in the NP and PP epithelium was the longest in the duodenum, and 

decreased from duodenum toward the ileum. These data are in line with our previous study in 

which we demonstrated that the MTX-induced inhibition of epithelial proliferation in the 

nonnal small intestine was least affected in the ileum 5
• Further, as the proliferation rate in the 

PP epithelium of each intestinal region was significantly higher than in the NP epithelium, we 

expected the MTX-induced inhibition of epithelial proliferation to be most pronounced in the 

PP epithelium. However, the opposite appeared to occur. Namely, the MTX-induced 

inhibition of proliferation was less pronounced, shorter in duration, or did not occur at all in 

the PP crypts. Similarly, Moore and Maunda reported that in mice, the mitotic activity in the 

PP crypts is higher than in the NP crypts 25
· 

26
. Furthennore, the apparent cell cycle time of 

epithelial cells in the PP crypts appeared to be insignificantly lower than the cell cycle time in 

the NP crypts. Interestingly, the latter authors also demonstrated that the PP crypts were less 

sensitive for radiation and cytostatic drug-induced damage than the NP crypts. It is well 

known that the response of cells to ionising radiation is influenced by the concentration of 

oxygen present at the time of radiation 26
. Therefore, asymmetries in the vascular supply in the 

gut as reported previously 27
, might cause differences in oxygen concentrations between the 

PP - and NP crypts. Yet, in radiation experiments extra oxygen supply by breathing pure 

oxygen instead of room air or by using a hypoxic cell sensitizer did not sensitise PP crypts to 

radiation damage 25
. Oxygen need not be the only blood-borne factor unequally distributed 

between PP - and NP crypts, since Bhatia et a!. observed a direct connection between 

capillaries draining the PP follicles and the crypt plexus ofPP crypts 27
. Subsequently, it was 

suggested that humoral factor(s) from the PP might regulate proliferation within the PP crypts 

resulting in differences in proliferation kinetics between the PP - and NP epithelium. In the 

present study we demonstrated that the numbers of proliferating cells in the PP crypts differed 

from those in the NP crypts. Moreover, as the PP epithelium was largely unaffected after 

MTX treatment compared to the NP epithelium, the possible humoral factor(s) which regulate 

epithelial proliferation in the PP crypts also very likely protect the PP crypts against MTX­

induced damage. 

Analysis ofMTX-induced damage revealed increased apoptotic cell numbers in each 

intestinal segment at 6.5 h and on days 1 and 2 after MTX in both NP - and PP crypts. No 

differences were seen in the number and position of apoptotic cells between the NP - and PP 

epithelium, at ali timepoints investigated. However, because the variance in the number of 

caspase-3-positive cells between crypts per timepoint was large, we can not exclude that there 

are small differences between the number of apoptotic cells in NP - and PP crypts. These data 

suggest that the protection from damage of the PP epithelium after MTX treatment can be 
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accounted for by the differences in proliferation between the NP - and PP epithelium and not, 

or to a lesser extent accounted for by differences in epithelial apoptosis. 

Studying enterocyte-specific cell functions we observed major differences between 

the NP - and PP epithelium in the duodenum, jejunum and ileum. After MTX administration 

we observed that each enterocyte-specific marker, i.e. SI, SGLTl, Glut2 and -5, and i- and 1-

F ABP was down-regulated in the NP epithelium, but not in the PP epithelium. These data 

demonstrate a negative correlation between enterocyte-specific gene expression and the MIX­

induced morphological damage. The down-regulation of enterocyte-specific gene expression 

in the NP epithelium implies enterocyte malfunctioning within this epithelium with regard to 

the degradation, absorption and transport of sugars and fatty acids. Furthennore, the retained 

proliferation and enterocyte-specific gene expression in the PP epithelium after MTX 

treatment suggest that maintenance of proliferation is a prerequisite for unperturbed enterocyte 

functioning after MTX treatment. Regarding the down-regulation of enterocyte-specific gene 

expression in the NP epithelium after MTX treatment, Tanaka et a!. reported similar results 

for enterocyte-specific SI- and SGLTl expression in the nonnal small intestinal epithelium of 

rats treated with 5-fluorouracil 28
. 

In contrast to the enterocyte-spccific gene expression, goblet cell-specific gene 

expression (;.e. Muc2 and TFF3) appeared to be maintained after MTX treatment in the NP­

as well as PP epithelium. Maintenance of Muc2 and TFF3 gene expression suggests an 

important role for goblet cells in the defence and repair of the small intestinal mucosa after 

MIX. Interestingly, several days after MTX injection goblet cells accumulated at the villus 

tips of the NP epithelium. These data are in line with our previous study in which we 

demonstrated that the goblet cells that accumulated at villus tips after MTX were selectively 

spared from extrusion 5 . 

Paneth cell-specific gene expression was maintained in the PP epithelium and seemed even 

up-regulated in the NP epithelium in response to MTX treatment. Moreover, the up-regulation 

of lysozyme also occurred in immunocompetent cells of the PP. Quantitation of lysozyme 

mRNA levels, as described in a recent study by our laboratory, showed a strong up-regulation 

of lysozyme mRNA during the first two days after MTX treatment 5
• In addition, Paneth cell 

hyperplasia in rat small intestine after sublethal doses of MTX was described previously 29
. 

These data in conjunction suggest that Paneth cells and also immunocompetent cells within 

the PP actively contribute to the protection of the small intestinal mucosa after MTX 

treatment. 

In summary, the PP epithelium is protected from damage induced by MIX treatment. 

No differences in MIX-induced apoptosis between the NP - and PP epithelium seemed to 

occur. In contrast, proliferation was strongly inhibited after MTX treatment in the NP 

epithelium, whereas in the PP epithelium inhibition of proliferation was less pronounced or 

did not occur at all. Therefore, the protection of PP epithelium is based, at least partly, upon 

differences in the regulation of proliferation. MTX treatment induced a down-regulation of 

enterocyte-specific gene expression in the NP epithelium, but not in the PP epithelium. These 

data suggest maintenance of enterocyte functions in the PP epithelium after MTX treatment 
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with regard to the degradation, absorption and transport of sugars and fatty acids. Maintenance 

of Muc2 and lysozyme expression after MTX in both the NP - and PP epithelium suggest an 

important role for goblet cells, Paneth celts and immunocompetent cells of the PP in the 

mucosal defence after MTX administration. Additionally the maintained expression of TFF3 

in the NP - and PP epithelium indicates that the mucosal repair capacity may not be affected 

after MTX treatment. Collectively these data indicate that maintenance of epithelial defence 

mechanisms and most importantly epithelial proliferation near PPs after MTX preserve 

enterocyte-specific functions such as nutrient degradation, absorption and transport. 

Therefore, identification of the factor(s) which control epithelial proliferation in the PP 

epithelium before and after MTX might be of relevance to develop clinical therapies to protect 

cancer patients from intestinal damage induced by chemotherapy. 
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Summarizing discussion 

The effects of DSS on the colonic epithelium 

DSS causes colitis and inhibits prol!feration 

The first part (Chapters 3-5) of this thesis deals with the colonic functions during acute 

inflammation induced by dextran sulfate sodium (DSS) treatment. In Chapter 3 we first 

characterized the DSS rat model with respect to clinical symptoms and morphological damage 

in relation to the various disease phases. DSS treatment appeared to induce body weight loss, 

loose stools, diarrhea and bloody stools. Morphologically, DSS-induced damage could be 

divided into 3 phase: I. onset of disease, characterized by flattening of crypt cells and crypt 

atrophy/loss; 2. active disease, marked by crypt loss, loss of surface epithelium, and flattening 

of surface epithelium; and 3. regenerative phase, marked by crypt elongations and re­

epithelialization of the surface mucosa. Furthennore, the DSS-induced damage was focal and 

most pronounced in the distal colon. Interestingly, in mice treated with DSS and in humans 

with ulcerative colitis (UC) similar clinical symptoms and pathological changes were observed 
1
· 

2
• Yet, we would like to emphasize that the DSS colitis model described in this thesis 

represents acute colitis, whereas UC in humans is mostly chronic, with exacerbations and 

phases of remission. 

DSS appeared to exert its effects on the colonic epithelium via inhibition of epithelial 

proliferation and induction of apoptosis. Similarly, in vitro DSS appeared to inhibit epithelial 

proliferation 3. Additionally, in vivo DSS induced a decrease in the proliferative activity in the 

cecal epithelium of mice 4
. Collectively, these data suggest that the primmy action ofDSS on 

the epithelium is the inhibition of proliferation, thereby deranging epithelial homeostasis. Yet, 

the colonic epithelium responded to the DSS-induced inhibition of epithelial proliferation by a 

rapid hyper-proliferation and restitution. These data suggested that maintenance and 

restoration of epithelial barrier function is of primary importance during DSS colitis. 

Effects of DSS on 1vater and electrolyte transport 

The question raises how does DSS treatment impact on epithelial functions like electrolyte and 

water absorption, fatty acid uptake and transport, and defense against pathogens and luminal 

agents? Therefore, in Chapters 3 and 4, we focussed on enterocyte and goblet cell functioning 

during DSS-induced colitis. Enterocyte specific expression of carbonic anhydrase I and -IV 

(CA I and -IV), sodium hydrogen exchanger-2 and -3 (NHE2 and -3), and intestinal fatty acid 

binding protein (i-F ABP) was reduced in many nonnal-appearing surface enterocytes and in 

most of the flattened surface enterocytes during active disease. These data suggest down­

regulation of specific enterocyte functions before and during epithelial restitution. In contrast 

enterocyte specific alkaline phosphatase (AP) activity, which is involved in endotoxin 

detoxification 5
' 

6
, was maintained, or even up-regulated, independent of enterocyte 

morphology, imp tying that mucosal defense was maintained during DSS-induced colitis, even 

during epithelial restitution. Maintenance of processes like colonic electrolyte and nutrient 
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transport represent a major metabolic demand on most cells, especially under stress conditions 

like inflammation. Therefore, one could argue that down-regulation of these functions that are 

less essential for survival of the cells during DSS-induced colitis might be necessary to 

conserve sufficient energy for survival of the enterocytes. Moreover, this energy could be used 

to induce a phenotypic shift of the enterocytes preparing them for a pivotal role in epithelial 

restitution and mucosal defense. Supportive to this theory is the fact that the down-regulation 

of certain enterocyte-specific genes during and after DSS treatment are gene specific, i.e. the 

genes are down-regulated to various extents and/or at the different time points during/after 

DSS treatment. We would like to emphasize that the latter reasoning is highly speculative, yet 

studies in this direction seem to be warranted. in vdro studies concentrating on epithelial gene 

expression in wounded monolayers of confluent epithelial cells might give more insight and 

open possibilities to manipulate these processes. 

Quantitative analysis also revealed a reduction in the expression of CA I and -IV, 

NHE2 and -3, and i-FABP during DSS-colitis. As i-FABP is likely to be involved in fatty acid 

uptake and/or transport, down-regulation of i-F ABP implies that fatty acid uptake/transport is 

disturbed during DSS-colitis. Yet, further studies are necessary to delineate the role of i-F ABP 

in fatty acid uptake and/or transport during health and disease. CA I, NHE2 and -3, and most 

likely also CA IV are involved in electrolyte and water absorption, therefore down-regulation 

of these genes during DSS-colitis suggests a critical role for these genes in the induction and 

perpetuation of the DSS-induced diarrhea. Studies in CA II deficient mice demonstrated an 

important role for CA I, but not for CA II, in basal and pH-stimulated colonic electrolyte 

absorption. Additionally, NHE3 deficient mice suffer from mild diarrhea and have intestinal 

absorption defects, demonstrating the impmiance of NHE3 in ion transport. However, it was 

recently shown that, next to NHE2 and -3, the Cl-dependent Na/H exchanger and the 

downregulated in adenocarcinoma (DRA) exchanger also contribute to colonic ion transport l-

9. \Ve can not exclude that these ion transporters are also down-regulated in the colon of DSS 

treated rats. Thus down-regulation of these genes might also contribute to the diarrhea 

associated with DSS treatment. Currently, no infonnation is available on the expression levels 

of CAI and ~IV and NHE2 and -3 in other experimental colitis models. In humans only one 

report has been published demonstrating a reduction in CA I levels during active UC 10
. 

Hovvever, in both human UC and in experimental colitis models electrolyte and water 

absorption are compromised, suggesting alterations in expression levels and activity levels of 

the respective CAs and NHEs. Furthermore, in the previous paragraph we speculated that 

enterocytes down-regulated specific genes, to prepare themselves for a critical role in 

epithelial restitution. At this point, we vvould like to put fonvard a second mutually inclusive 

possibility: CAs and NHEs might be specifically down-regulated to initiate watery diarrhea to 

expulse pathogens and noxious agents like DSS from the intestinal lumen, or to loweJ the 

amount of nonnal commensal bacteria. Normal commensal bacteria in the intestine can be 

detrimental under stress conditions like intestinal damage. 
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The epithelial response tmvards DSS: Augmented goblet cell activity 

The goblet cell specific mucin (Muc2) and trefoil factor 3 (TFF3) expression was maintained, 

in flattened and nonnal appearing goblet cells. Moreover, Muc2 and TFF3-positive goblet 

cells accumulated in the surface epithelium during each disease phase. TFF3 expression, 

which is nonnally confined to the upper c1ypt region, was extended toward the crypt bottom. 

These findings seem to imply that epithelial protection and repair capacity are at least 

maintained during DSS colitis. However, in Chapter 3 we described DSS-induced loss of crypt 

and surface epithelium and thus loss of goblet cells. This seems to be a general phenomenon 

during colitis, implying decreased epithelial protection and repair. Therefore, it was essential 

to focus on the actual levels of expression of Muc2 and TFF3 in the colitis-affected proximal 

and distal colon. Analysis of these expression levels revealed maintenance or even an up­

regulation of Muc2 and TFF3 expression levels in the proximal colon. Depending on the 

extent of DSS-induced loss of crypts and surface epithelium, Muc2 and TFF3 levels were 

either slightly decreased (as in Chapter 3) or maintained (as in Chapter 4) during active 

disease in the distal colon. This apparent contradiction can be explained by the difference in 

the DSS-induced extent of crypt and surface cell loss between the two independent 

experiments (i.e. ~50% loss of epithelium in the experiment described in Chapter 3 versus 

40% loss of epithelium in the experiment described in Chapter 4). So, if we account for the 

DSS-induced loss of crypts and surface cells, it is likely that the absolute goblet cell numbers 

are decreased. This in turn suggests that the amount of Muc2 synthesis per goblet cell is 

increased during active colitis, however morphometric studies must be done to demonstrate 

changes in the relative goblet cell numbers during DSS-colitis. Intriguingly, these data 

indicate that the individual goblet cells that remain during DSS-colitis are able to compensate, 

at least to a ce11ain extent, for the DSS-induced loss of goblet cells and thus loss of Muc2 

synthesis. A similar reasoning can be applied to the TFF3 synthesis. 

Besides the Muc2 and TFF3 expression levels we also detennined the Muc2 and 

TFF3 secretion levels. The percentage of Muc2 secretion appeared to be maintained during 

each disease phase (Chapters 4 and 5). Jn conjunction with the maintained or increased Muc2 

protein tevels and excluding possible alterations in Muc2 sulfation, the retained Muc2 

secretion levels st1ggest that the thickness of the mucus layer is at least maintained or even 

increased. In contrast, in humans MUC2 levels were significantly decreased in active UC 

compared to controls and UC in remission 11
. In part, this difference might be explained by the 

difference in type of colitis bet\veen DSS-induced colitis in rat and UC in human. The DSS­

induced colitis is a relatively acute model, while UC in patients is chronic. 

Next to the maintained or up-regulated TFF3 protein levels during DSS-colitis, the 

percentage of TFF3 secretion appeared to increase progressively (Chapter 4), indicating that 

the luminal TFF3 content is increased during each phase of DSS-induced colitis. Presently, 

infonnation on TFF3 protein expression and secretion in other colitis models is lacking. Yet, 

TFF3 deficient mice had impaired mucosal healing and manifested poor epithelial 

regeneration after DSS treatment 12
. Rectal instillation ofTFF3 was able to prevent the marked 

ulceration that occurred after DSS treatment in these TFF3 deficient mice. The up-ward 

127 



Summarizing discussion, _____________________________ _ 

migration of epithelial cells to the crypt-villus junction appeared to be decreased in these 

TFF3 deficient mice. In concert with our findings, these findings suggest that TFF3 plays a 

pivotal role in epithelial protection and repair during acute DSS-induced inflammation and 

that the epithelial repair capacity is enhanced in this acute colitis model. 

Su(fate on itfuc2 may be important for protection during DSS-associated damage 

Despite the increase/maintenance in Muc2 levels and Muc2 secretion levels, the DSS-induced 

epithelial damage was not prevented. Therefore, in Chapter 5 we compared Muc2 precursor 

synthesis, total Muc2 levels, Muc2 secretion levels, Muc2 sulfation, and secretion of sulfated 

Muc2 in the proximal and distal colon during DSS-induced colitis. Muc2 precursor synthesis 

levels, total Muc2 levels and the percentage secretion ofMuc2 was at least maintained during 

each of the DSS-induced disease phases. Yet, focussing on Muc2 sulfation and secretion of 

sulfate-labeled Muc2, a decrease in sulfate incorporation into Muc2 and an increase in the 

secretion of sulfate-labeled Muc2 was observed in the proximal colon. This implies that the 

structure of Muc2 is altered during DSS-colitis in the proximal colon, and thus that the 

protective capacity of mucus layer is affected by DSS treatment. Similarly, Van Klinken eta/. 

reported that in humans with active UC the sulfate incorporation into MUC2 decreased, while 

the secretion of sulfated MUC2 increased 13
• 

Sulfate is thought to confer resistance to enzymatic degradation of the mucus layer 14
. 

Therefore, higher Muc2 precursor synthesis levels and higher total Muc2 levels which are 

seen in the proximal colon, compared to the distal colon, might be a mechanism within the 

proximal colon to compensate for the increased sensitivity of Muc2 to enzymatic degradation. 

In the distal colon, the high sulfate content confers optimal resistance to enzymatic 

degradation. Hitherto infom1ation on colonic bacteria in relation to MUC2 sulfation in UC and 

DSS-colitis are lacking. As in both UC and in DSS-colitis damage is most pronounced in the 

distal colon studies concentrating on different types of colonic bacteria in relation to the 

sulfation of Muc2 in UC and DSS colitis seem to be warranted. In this way it may be possible 

to identify bacteria that influence Muc2 sulfation and protect Muc2 from degradation. 

The DSS-induced damage model in the rat: Conclusions 

In conclusion, in the first part of this thesis we have shown that, despite the fact that DSS­

induced colitis in rat is rather acute compared to UC in human, there are strong similarities in 

morphological changes, epithelial hyper-proliferation and apoptosis 15
-
1
N. Characterization of 

the DSS-model revealed that DSS primarily affects the colonic epithelium via inhibition of 

proliferation and the induction of apoptosis. DSS induced a down-regulation of enterocyte 

specific genes involved in pH regulation, ion transport, water uptake and fatty acid uptake and 

or transport. In contrast the enterocyte specific AP activity, which is involved in epithelial 

defense was maintained or up-regulated. Moreover, goblet cell specific genes involved in 

epithelial protection and repair were maintained or even upregulated during DSS-colitis. 

Finally, DSS affected the degree of Muc2 sulfation, which might have implications for the 

protective capacity of the mucus layer. 
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The effects of lv!TX on the small intestinal epithelium 

lv!TX affects epithelial morphology, proltferation and apoptosis 

The second part of this thesis (Chapters 6 and 7) describes the small intestinal functions after 

treatment with the cytostatic drug methotrexate (MTX). In Chapter 6 we first defined the 

MIX-rat model with respect to clinical symptoms and the effects of MIX on epithelial 
morphology. Single dose MIX-treatment resulted in body weight loss, loose stools, and mild 

diarrhea. Additionally, morphological analysis demonstrated that MIX-induced crypt loss, 

crypt and villus atrophy, accompanied flattening of crypt and villus cells in the small intestine. 

Similar clinical symptoms and morphological alterations were reported in the small intestine 

rat, mice and cancer patients treated with cytostatic dmgs 19
-
22

. 

As MTX affects proliferation and apoptosis we analyzed the effects of single dose 

MTX treatment on epithelial proliferation and apoptosis from duodenum till ileum. In control 

tissue the epithelial proliferation rate decreased from duodenum toward the ileum. Previous 

studies revealed similar results in both rat and human intestine 19
· 

22
. Jt is generally lmown that 

the sensitivity of tissues toward cytostatic agents depends primarily on the proliferation rate, 

i.e. high proliferation rate leads to high sensitivity. Therefore, one would expect the MIX­

induced inhibition of epithelial proliferation to be most affected in the duodenum. Indeed, we 

observed that the duration of MIX-induced inhibition of epithelial proliferation was the 

longest in the duodenum, and decreased from duodenum to the ileum. In each intestinal 

segment the MIX-induced inhibition in epithelial proliferation was followed by epithelial 

hyper-proliferation, conceivably to restore or maintain the epithelial barrier against noxious 

agents, bacteria and viruses. 

Analysis of MIX-induced damage revealed increased apoptotic cell numbers in the 

epithelium of each intestinal segment after MTX treatment. No differences were seen in the 

number of apoptotic cells between the duodenum, jejunum, and ileum, at all timepoints 

investigated. However, because the variance in the number of caspase-3-positive cells between 

crypts per timepoint was large, we can not exclude that there are small differences in the 

number of apoptotic cells between the duodenum, jejunum and ileum. Overall these data 

suggest that MIX-induced damage can, at least in part, be ascribed to the effects of MTX on 

epithelial proliferation and epithelial apoptosis. 

MTX specifically affects enterocyte-specijic genes 

It is generally known that MIX, its metabolites, and the folate by-products ( dihydrofolate and 

10-formy1dihydrofo1ate), which are formed by the inhibition of the enzyme dihydrofo1ate 

reductase, not only inhibit DNA synthesis, but can also inhibit de novo purine synthesis 23
· 

24
. 

Thus, MTX treatment can affect the synthesis of RNA and thereby the synthesis of proteins. 

Therefore we analyzed enterocyte -, goblet cell-, and Paneth cell specific rnRNA and protein 

synthesis in the entire small intestine after MIX treatment by means of in situ hybridization 

and (immuno) histochemistry. We observed that the enterocyte-specific sucrase-isomaltase 
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(SI) -,sodium glucose transporter! (SGLTI) -, glucosetransporter2 and -5 (Glut2 and -5) -, 

and i- and liver (1-)FABP expression was down-regulated in flattened villus enterocytes, both 

at the mRNA and protein level after MTX treahnent. In contrast, the expression of the house 

keeping gene B-actin and enterocyte specific AP activity was maintained after MTX treatment. 

These results suggest that MTX, MTX metabolites and tbe dihydrofolate byproducts did not 

completely inhibit RNA synthesis or protein synthesis in enterocytes. Moreover, data tempt us 

to speculate that enterocytes specifically down-regulate certain genes possibly to reduce their 

metabolic need, and to prepare enterocytes for a critical role in epithelial restitution and 

defense. Generally, the down-regulation of SI, SGLTI, Glut2 and -5, and i- and 1-FABP 

implies enterocyte malfunctioning within the small intestine with regard to the degradation, 

absorption and transport of sugars and fatty acids. Tanaka et a!. reported similar results for 

enterocyte-specific SI and SGLTl expression in the small intestinal epithelium of rats treated 

with 5-fluorouracil 25
. 

Goblet cells and their gene expression is spared under MTX-induced damage 

Analysis of goblet cell -specific gene expression revealed maintained Muc2 and TFF3 

expression after MTX treatment, suggesting an important role for goblet cells in the defense 

and repair of the small intestinal mucosa after MTX. Interestingly, several days after MTX 

injection goblet cells accumulated at the villus tips. These data are in line with our previous 

study in which we showed that the goblet cells that accumulated at villus tips after MTX were 

selectively spared from apoptosis and extrusion 26
. 

Similar to goblet cells, Paneth cells maintained their capacity to express specific 

genes, i.e. lysozyme, after MTX treatment. Moreover, in a recent study we quantitated 

lysozyme expression levels and demonstrated a strong up-regulation of lysozyme mRNA 

during the first two days after MIX treatment 26
. These data in conjunction suggest that 

Paneth cells actively contribute to the protection of the small intestinal mucosa after MTX 

treahnent. Finally, comparing the effects of MTX on cell type-specific gene expression, i.e. 

down-regulation of enterocyte-specific genes and maintenance of goblet cell and Paneth cell 

specific genes, we conclude that enterocytes are relatively sensitive to MTX treatment, 

whereas goblet cells and Paneth cells are less sensitive. 

MTX hardly affi?cts the epithelium near the Peyer 's Patches 

Intriguingly, thorough analysis revealed that there not only appears a difference in sensitivity 

to MTX between the various cell types, but also between the epithelium adjacent to and 

overlying Peyer's patches (PP) and the epithelium more distantly, i.e. the so called 'non-patch' 

(NP) epithelium (Chapter 7). Namely, the epithelial morphology up to 2-3 crypt-villus units 

adjacent to and overlying the PP remained relatively intact after MIX-treatment when 

compared to the NP epithelium. Moreover, each of the enterocyte-specific markers, i.e. SI, 

SGLTI, Glut2 and -5, and i- and 1-FABP, which were down-regulated in the NP epithelium 

after MTX (as described in Chapter 6), were maintained in the PP epithelium. Both in the NP 

and PP epithelium, goblet cells and Paneth cells maintained their capacity to express Muc2, 
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TFF3 and lysozyme after MTX. But only in the PP epithelium, goblet cells remained normally 

distributed along the crypt villus axis, whereas in the NP epithelium goblet cells accumulated 

in the crypt and surface epithelium on day 3 and 4 after MTX-treatment. The mechanisms 

involved in the protection of the PP epithelium were still unidentified. Therefore, we aimed to 

assess the mechanism(s) responsible for the protection of the PP epithelium from 

morphological damage after MTX treatment. T!J.ereto, we investigated if there were 

differences in epithelial proliferation and apoptosis between the NP - and PP epithelium after 

MTX administration. 

Similar to the proliferation rate in the NP epithelium, the epithelial proliferation rate 

in the PP epithelium decreased from duodenum toward the ileum. The duration of MIX­

induced inhibition of epithelial proliferation in PP epithelium was the longest in the 

duodenum, and decreased from duodenum toward the ileum, similar to changes seen in the NP 

epithelium. Comparing the proliferation rate between the PP and NP epithelium we observed 

that the proliferation rate in the PP epithelium of each intestinal region was significantly 

higher than in the NP epithelium. Generally, a high proliferation rate leads to high sensitivity, 

therefore we expected the MIX-induced inhibition of epithelial proliferation to be most 

pronounced in the PP epithelium. However, the opposite appeared to occur. Namely, the 

MIX-induced inhibition of proliferation was less pronounced, shorter in duration, or did not 

occur at all in the PP crypts. Similarly, in mice, the mitotic activity in the PP crypts was higher 

than in the NP crypts n. 28
. Additionally, PP crypts were less sensitive for radiation and 

cytostatic drug-induced damage than NP crypts 27
• 

28
. Extra oxygen supply did not sensitize PP 

crypts to radiation damage. Therefore, and because of the direct connection between 

capillaries draining the PP follicles and the crypt plexus of PP crypts 29
, we suggest that 

humoral factor(s) from the PP might regulate proliferation within the PP crypts resulting in 

differences in proliferation kinetics between the PP - and NP epithelium. Subsequently, as the 

PP epithelium was largely unaffected after MTX treatment compared to the NP epithelium, 

the humoral factor(s) which are suggested to regulate epithelial proliferation in the PP crypts 

conceivably also protect the PP crypts against MTX-induced damage. From this it can be 

concluded that not only the proliferation rate of crypt cells, but also the (micro-)envirorunent 

of proliferating crypt cells determines the sensitivity of the cells toward MTX treatment. 

No differences were seen in the number and position of apoptotic cells between the 

NP- and PP epithelium, at all timepoints investigated. However, we can not rule out that there 

are differences, which remained unobserved because of the experimental approach used. 

Namely, we studied epithelial apoptosis at 6.5 h, and at days 1-4 after MTX. As apoptosis is a 

very rapid process, the measurement of apoptosis at more and shorter intervals after MIX­

treatment would give more insight in eventual differences in the number of apoptotic cells 

between the NP - and PP epithelium. These data suggest that the protection from damage of 

the PP epithelium after MTX treatment can be accounted for by the differences in proliferation 

between the NP - and PP epithelium and not, or to a lesser extent accounted by differences in 

epithelial apoptosis. Taken together, the retained proliferation and enterocyte-specific gene 

expression in the PP epithelium after MTX treatment suggest that maintenance of proliferation 
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is a prerequisite for unperturbed enterocyte functioning after MTX treatment. Future studies 

should therefore be directed toward identification of the factor(s), which control epithelial 
proliferation in the PP epithelium before and after MTX. Such studies might be of relevance to 

develop clinical therapies to protect cancer patients from intestinal damage induced by 
chemotherapy. 

The MIX-damage model in the rat: Conclusions 

In conclusion, in the second part of this thesis we have shown that MIX-induced clinical 

symptoms and morphological alterations in rat small intestine is comparable to clinical 
symptoms and morphological alterations seen in mice and in humans treated with MTX. MTX 

inhibited epithelial proliferation and induced epithelial apoptosis. MIX induced a down­

regulation of enterocyte specific genes involved in the digestion, uptake and transport of 

nutrients, suggesting enterocyte malfunctioning, which account for the observed malnutrition 

during anti-cancer therapy. Enterocyte-specific AP activity and Paneth cell specific lysozyme 
expression were maintained after MIX treatment, suggesting maintenance of epithelial 

defense. Additionally, goblet cell specific Muc2 and TFF3 expression was preserved after 
MTX treatment implying an important role for goblet cells in epithelial protection and repair 

mechanism after MTX. Finally, the difference in MIX sensitivity between the PP and NP 
epithelium is, at least partially, based on the distinct proliferation kinetics of the PP. 

General remarks, conclusions, and future perspectives 

Damage and damage control: Comparison of the DSS-model with the MIX-model 

Comparing the effects of treatment of rats with DSS or with MIX reveals several remarkable 
similarities concerning the characteristics of the induced intestinal damage and the control of 

this damage. DSS is a toxic agent that inhibits proliferation, induces apoptosis, and elicits a 
strong inflammatory reaction. As a consequence, DSS treatment leads to loss of crypt and 

surface epithelium and ulcerations. The cytostatic agent MIX primarily inhibits proliferation 

and induces apoptosis, leading to loss of crypts and surface epithelium. MIX does not 
primarily induce an inflammatory reaction. The colonic epithelium and the small intestinal 

epithelium respond to these alterations in several ways. There are at least 3 main points of 
similarity in the response of the small intestinal and colonic epithelium, respectively. Firstly, 

both colonic and small intestinal damage lead to flattening of epithelial cells lining the 

crypts and surface cuffs/villi implying the occurrence of epithelial restitution. It is clear 

that epithelial restitution is of utmost importance to both maintenance of the epithelial barrier 

as well as restoration of the epithelial barrier. As such epithelial restitution can be divided in 

two fundamental different processes: I) flattening of cells to maintain the epithelial barrier 

and 2) flattening of cells to restore the epithelial barrier. Maintenance of epithelial barrier 

occurs during inhibition of epithelial proliferation and induction of apoptosis, before ulcers are 

present. This process is seen during DSS treatment and after MIX treatment. Restoration of 
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the epithelial barrier takes place when ulcers are present, thus at the end of and after DSS 

treatment. Many in vitro and in vivo studies are designed to study epithelial restitution after 

the induction of a wound/ulcer. Thus these studies are designed to investigate only one part of 

the restitution process, namely the restoration of the epithelial barrier. As maintenance of 

epithelial barrier and restoration of epithelial barrier are essentially different processes it is 

likely that different types of growth factors are involved to stimulate these processes. 

Therefore, we plead for the design of studies that focus on the intestinal epithelium during the 

maintenance of the epithelial barrier next to studies that focus on the restoration of the 

epithelial barrier. 
The flattening of epithelial cells coincided with the down-regulation of most of 

the enterocyte specific differentiation markers (i.e. SI, SGLTl, Glut2 and -5, and i- and 1-

FABP in the small intestine after MTX treatment, and CA I and -IV, NHE2 and -3 and I­
F ABP in the colon during/after DSS treatment). We hypothesize that down-regulation of these 

genes/functions that are less essential for survival of the cells during/after a severe insult is 

programmed, i.e. a hardwired genetic reaction of the epithelium, to conserve energy to 

survival of the cells and ultimately for survival of the organism. In this way the conserved 

energy can be used to induce a phenotypic shift of the enterocytes to prepare them for a 

critical role in epithelial restitution and mucosal defense. Supportive to this hypothesis is the 

fact the down-regulation of the differentiation markers by MTX and DSS is gene specific, i.e. 

the genes are down-regulated in different extent and/or at different time points. Furthermore, 

the maintenance of AP activity by the enterocytes in both epithelial damage models also 

supports the hypothesis described above. Consequently, this hypothesis should be tested by 

studying the processes of epithelial restitution (i.e. flattening of cell to maintain the epithelial 

barrier and flattening of cell to restore the epithelial barrier) in relation to epithelial gene 

expression in in vitro and in in vivo epithelial damage models. Those studies can give more 

insights and open possibilities to manipulate these epithelial processes. 

The second response of the epithelium, which occurs after colonic and after 
small intestinal damage, is a rapid hyper-proliferation to restore epithelial barrier 
function. The hyper-proliferation after an epithelial insult is most likely a general mechanism 

of the small intestine as well as colon to restore epithelial barrier function, because it is seen in 

in vitro epithelial wound models 30
-
33

, in several epithelial damage models 34
-
36

, in both of our 

epithelial damage models, and in patients with UC 16
' 

37
. In the DSS colonic damage model 

epithelial hyper-proliferation is seen while DSS is still administered and only in severely 

damaged areas (i.e. in crypts adjacent to ulcerations). This is fundamentally different from the 

small intestinal damage induced by MTX, where hyper-proliferation is equally distributed 

along the entire epithelium. 

The third response of the colonic and small intestinal epithelium to damage is 
maintenance of goblet cell-specific Muc2 and TFF3 expression after damage. Moreover, 

goblet cells accumulated in the surface/villus epithelium and/or in the crypts during/after DSS 

treatment and after MIX treatment. This indicates that goblet cells are selectively spared from 

apoptosis and extrusion and that epithelial cells preferentially differentiate along the goblet 
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cell lineage after severe epithelial damage. Supportive to this theory is the observed goblet cell 

accumulation/hyperplasia in the small intestine of nematode-infected mice and in rats treated 

with a zinc-deficient diet 38
· 

39
. Hence future studies should focus on factors regulating goblet 

cell differentiation. 

As a consequence of the goblet cell accumulation in the surface/villus epithelium 

and/or the crypts during/after DSS treatment and after MTX treatment, the expression levels 

of goblet cell-specific Muc2 and TFF3 are maintained or even up-regulated. These data imply 

that goblet cells and in particular Muc2 and TFF3 are of critical importance to control and/or 

restore epithelial damage induced by DSS and MTX. That TFF3 has an important role in 

epithelial migration and the processes of epithelial restitution is clear. Namely, in the HT29 

colonic carcinoma cell line recombinant TFF3 application resulted in perturbation of 
intracellular adhesion, and promotion of cell motility 40

. In TFF3 deficient mice migration of 

epithelial cells up the crypt is decreased 12
• Moreover, TFF3 deficient mice are more 

susceptible to DSS treatment and display impaired mucosal healing and manifested poor 

epithelial regeneration after DSS treatment 12
. Recently, it was reported that transgenic mice 

that overexpress rat TFF3 in the jejunum have reduced villus atrophy after indomethacin 

treatment compared to wild type mice 41
. This reduction of villus atrophy in TFF3 transgenic 

mice after indomethacin treatment was not related to effects of rat TFF3 on epithelial 

proliferation, migration or apoptosis. Taken together these data show that TFF3 plays a key 

role in epithelial protection and repair. 

It is generally accepted that Muc2 plays a significant role in epithelial protection, yet 

studies proving this were lacking till the beginning of this year. The recently generated Muc2 

deficient mouse opens the possibilities to test agents like MTX and DSS to clarify the exact 
role of Muc2 in epithelial protection in the small intestine and colon. Preliminary results 

indicate that the Muc2 deficient mice are indeed more susceptible to DSS treatment than their 

wild type littennates 42
. Moreover, because Muc2 deficient mice still express TFF3, this model 

gives the opportunity to study the role of TFF3 in epithelial protection apart from the 
combined protective effect of TFF3 and Muc2 as studied in wild type animals. 

In summary, we conclude that both the small intestine and colon have at least 3 

specific mechanisms to control epithelial damage after an insult: 1) epithelial restitution 

concomitant with down-regulation of most of the enterocyte-specific differentiation markers 

and maintenance/up-regulation of epithelial defense, 2) epithelial hyper-proliferation, 3) 
maintenance of goblet cell-specific Muc2 and TFF3 expression after damage in combination 

with goblet cell sparing and preferential differentiation into goblet cells. These epithelial 

responses after an intestinal insult are most likely genetically hardwired responses for survival 

of the intestine and ultimately for the survival of the organism. In other words the evolution 

has led to a 'concerted' reactions of the intestine after an epithelial insult, that together lead to 

the best result, i.e. survival of the organism. 
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Samenvatting 

Het epitheel van dunne en dikke darm 

In dit proefschrift zijn de effecten van bet cytostaticum methotrexaat (MTX) en van de 

toxische stof dextraan sulfaat sodium (DSS) op bet epitheel van respectievelijk de dunne en 

dikk:e darm beschreven. Het epitheel in zowel de dunne als de dikke darm heeft verschillende 
fysiologische functies, zoals de vertering en opname van voedingsstoffen, opname van ionen 

en water en bescherrning tegen pathogenen, toxische stoffen en noxische stoffen. Hiertoe 

beschikt bet epitheel over gespecialiseerde celtypen, die ontstaan uit stamcellen gelegen in de 

intestinale crypten. De gespecialiseerde cellen die worden beschreven in dit proefschrift zijn: 

enterocyten, gob1etcellen (i.e. s1ijmbekercellen) en Paneth cellen. 

Enterocyten in de dunne dann vervullen een centrale rol in de vertering, opname en 

transport van voedingstoffen, en produceren daartoe o.a. het enzym sucrase-isomaltase (SI), de 

natrium-glucose co-transporter 1 (SGLTl), glucose en fructose transporters 2 en -5 (Glut2 en 

-5) en de vetzuur-bindende eiwitten, fatty acid binding proteins (FABPs). In de dikke darm 

spelen enterocyten een rol in de opname van ionen en water waarvoor zij o.a. carbonic 

anhydrase I en -IV (CA I en -IV) en natrium waterstof transporter 2 en 3 (NHE2 en -3) tot 

expressie brengen. Daamaast produceren enterocyten in de dunne darm en dikke darm het 

enzym alkalische fosfatase (AP), dat van belang is voor de detoxificatie van endotoxinen. 

Gobletcellen zijn aanwezig in het dunne en dikke darmepitheel en produceren o.a. het 

secretoire mucine Muc2 en trefoil-peptide family factor 3 (TFF3). Muc2 is de strncturele 

component van de beschermende slijmlaag. TFF3 speelt een voomame rol in epitheliale 

restitutie en induceert herstel van het epitheel na schade. Paneth cellen komen aileen voor in 

de dunne darm en produceren o.a. lysozym dat een belangrijk anti-bacteriele werking heeft. 

Mucin en, het darmepitheel, injlammatoire darmziekten en experimentele colitis 

De etiologie van de inflammatoire dannziekten, colitis ulcerosa (CU) en de ziekte van Crolm, 

is tot nu toe onbekend. Wei is het duidelijk dat deze ziekten mede veroorzaakt worden door 

verscheidene omgevings en genetische factoren zoals, 1) het immuun systeern, 2) microbiele 

factoren, en 3) de epitheliale barriere van de dann. Deze epitheliale barriere van de dann 

wordt gevormd door het epitheel en de daarmee geassocieerde slijmlaag. Mucinen worden 

gemaakt door het epitheel en zijn de bouwstenen van de slijmlaag. De dikte en beschennende 

eigenschappen van de slijmlaag worden dan ook bepaald door mucinen. Mogelijk zouden 

veranderingen in de stmctuur van en/of de expressie niveaus van mucinen een etiologische 

factor kunnen zijn in de pathogenese van IBD. In hoofdstuk 2 wordt de rol van het epitheel en 

de daarmee geassocieerde slijmlaag in IBD en in verscheidende experimentele colitis 

modellen bediscussieerd. 

Recent is aangetoond dat, van de tot nu toe bekende mucinen (e.g. MUCl-2, 

MUC3A-B, MUC4, MUCSB-AC, MUC6-18), IBD geassocieerd is met genetische varianten 

van het membraan gebonden mucine MUC3A 1
. Het hebben van 1 of 2 allelen van het 

MUC3A gen met een afurijkend aantal 51-bp repeat eenheden is geassocieerd met colitis 
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ulcerosa. Genetiscbe predispositie voor de ziekte van Crobn is gekoppeld aan nucleotide 

polymorfisme in de C-tenninus van MUC3A 2
. In geen van de tot nu toe bekende andere 

mucine genen zijn mutaties of aTivijkingen in allelen gevonden die gekoppeld zijn aan colitis 

ulcerosa of de ziekte van Crobn. Omdat MUC2 bet meest prominente secretoire mucine is in 

de dann 3
, is er in bet bijzonder gezocht naar allel variaties in het MUC2 gen 4

. Er kon echter 
geen link worden gelegd met CU. Ecbter de biosynthese, de secretie en de sulfatering van 

MUC2 zijn sterk afgenomen in de actieve fase van CU 5
' 

6
. Dit impliceert dat de mucosale 

bescberrning tijdens actieve CU is afgenomen. In experimentele colitis blijken er ook sterke 
veranderingen op te treden in de biosyntbese, secretie en sulfatering van MUC2 7

• Bovendien 

blijken cytokinen, enterale bacterien en bacteriele componenten de synthese, secretie en 

sulfatering van MUC2 in cellijnen aanzienlijk te kunnen beYnvloeden 8
·
12

. Dit suggereert dat 

MUC2 een belangrijke rol speelt in de pathogenese van CU en in experimentele colitis­

modellen. 

DSS-gei'nduceerde colitis: effecten op morfologie en epitheliale homeostase 

De inductie van CU gaat in bet algemeen niet gepaard met specifieke symptomen. Wanneer 

patienten zich melden bij de arts is deze ziekte vaak in een gevorderd stadium en spreken we 
over actieve CU. Om de verscbillende fasen van de ziekte, inclusief de inductie fase, te 

kunnen bestuderen bebben we gekozen om het DSS-geYnduceerde colitis model voor onze 

studies te gebruiken. In boofdstuk 3 zijn de effecten van de toxiscbe stof DSS op de dikke 
dann van de rat beschreven. De DSS-geYnduceerde colitis in de rat is gekarakteriseerd met 

betrekking tot kliniscbe symptom en en bet effect op bet epitbeel gedurende verschillende fases 

van de ziekte. DSS induceerde een afname van bet licbaamsgewicht, dunne outlasting, diarree 

en bloed in de outlasting. Morfologisch bebben we de DSS-gei'nduceerde colitis verdeeld in 3 

fasen: 1) inductie van de ziekte, gekarakteriseerd door afplatting van crypt cellen, crypt atrofie 
en verdwijnen van crypten, 2) actieve colitis, gekarakteriseerd door verlies van crypten en 

oppervlakte epitheel en afplatting van oppervlakte epitheel, 3) de regeneratie jOse 

gekarakteriseerd door crypt verlenging en re-epithelialisatie van de oppervlakte mucosa. DSS­

ge'induceerde colitis is focaal en het distale colon is het sterkst aangedaan. In muizen 

behandeld met DSS en in patienten met IBD treden vergelijkbare kliniscbe symptomen en 
patbologische veranderingen aan het dannepitbeel op. 

De primaire actie van DSS op het epitheel is remming van de proliferatie en inductie 
van apoptose (geprogrammeerde celdood, Hoofdstuk 3), waardoor de epitheliale homeostase 

wordt verstoord. Het epitbeel reageert bier op middels byperproliferatie en afplatting van de 
cellen, i.e. epitheliale restitutie. Deze data impliceren dat berstel van de epitheliale barriere 

functie van primair belang is gedurende DSS-colitis. Bovendien is ook in patienten met CU 

een toename van epitheliale proliferatie en apoptose waargenomen. 

Effect en von DSS op enterocyt functies 

Naast de effecten van DSS op de morfologie en de bomeostase van het epitheel hebben we ons 

gericht op de bestudering van de effecten van DSS op de enterocyt-specifieke functies 
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(Hoofdstukken 3 en 4). Enterocyt-specifieke CA I en -IV, NHE2 en -3 expressie is bepaald als 

parameter voor water- en ion transport, intestinale (i-) F ABP expressie als parameter voor vet 

opname/transport en AP activiteit als maat voor mucosale afweer. DSS behandeling 

induceerde een afname van CA I, -IV, NHE2, -3 en i-FABP expressie in enterocyten met een 

normale morfologie en in afgeplatte enterocyten. Dit suggereert een afuame van specifieke 

enterocyt functies vOOr en gedurende epitheliale restitutie. Echter, AP activiteit bleef 
gehandhaafd en was onafhankelijk van enterocyt morfologie in elk van de DSS-geYnduceerde 

ziektefasen. Dit is een aanwijzing dat de mucosale afweer capaciteit van de mucosa 

gehandhaafd blijft gedurende DSS-colitis. 

Kwantitatieve analyses op mRNA en eiwit niveau lieten ook een afname van CA I, -

IV, NHE2, -3 en i-F ABP in bet proximale en distal colon zien. Dit laatste impliceert een 

defect in water en ion transport. Orndat DSS-colitis gepaard gaat met diarree suggereren deze 

data bovendien een kritische rol voor CA I, -IV, NHE2 en NHE3 in de DSS-gelnduceerde 

diarree. 

~ffecten van DSS op gobletceljimcties: epitheliale beschenning en herstel 

In hoofdstuk 3 en 4 zijn de gobletcel-specifieke functies tijdens DSS-colitis bestudeerd aan de 

hand van Muc2 en TFF3 expressie. Hierbij is Muc2 gebruikt als parameter voor epitheliale 

beschenning en TFF3 als parameter voor epitheliale herstel en restitutie. Ondanks de 

afplatting van bet epitheel gedurende DSS-colitis blijven zowel Muc2 als TFF3 mRNA en 
eiwit expressie gehandhaafd. Muc2- en TFF3-positieve goblet cellen accumuleren in bet 
oppervlakte epitheel gedurende elk van de DSS-gei"nduceerde ziektefasen. TFF3, dat normaal 

in bet bovenste deel van de crypten tot expressie komt, wordt gedurende actieve colitis zelfs 

gezien in de goblet cellen onder in de crypten. Gedurende de regeneratie fase blijken Muc2-
en TFF3-positieve goblet cellen te accumuleren in de crypten. Deze data suggereren dat de 

bescberrning en herstel van het epitheel, door respectievelijk Muc2 en TFF3, gehandhaafd 

blijven. Echter, zoals reeds is aangeven in hoofdstuk 2, 3 en 4, blijkt DSS behandeling ook het 

verlies van crypten en oppervlakte epitheel cellen te induceren. 

Gezien bet bovenstaande hebben we in hoofdstuk 3 en 4 naast Muc2 en TFF3 

expressie niveaus de mate van epitheel verlies geanalyseerd. Tijdens iedere fase van de DSS­

gelnduceerde colitis was de Muc2 en TFF3 expressie gehandhaafd of zelfs verhoogd, met 

name in het proximate colon. Afuankelijk van de mate van het DSS-gei"nduceerde epitheel 
verlies waren Muc2 en TFF3 niveaus ofwel licht verlaagd (zoals in hoofdstuk 3) ofwel 

gehandhaafd (zoals in hoofdstuk 4) gedurende actieve colitis in het distale colon. Deze 
schijnbare tegenstrijdigheid kan vvorden verklaard door het verschil in de mate van DSS­

gei"nduceerde epitheel verlies tussen de 2 onafhankelijke experimenten (i.e. ~50% epitheel 
verlies in het experiment beschreven in boofdstuk 3 ten opzichte van 40% epitheel verlies in 

bet experiment beschreven in hoofdstuk 4). Deze gegevens geven geen uitsluitsel over 

veranderingen in het relatieve aantal goblet cellen gedurende DSS-colitis. Deze data geven 

echter wei aan dat de individuele goblet cellen die aanwezig blijven gedurende DSS-colitis, in 
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staat zijn om het verlies van epitheel/ goblet cellen, en dus van Muc2 en TFF3 expressie, tot 

op zekere boogte te cornpenseren. 

Muc2 en TFF3 zijn beide secretoire producten en worden dus gesecreteerd om hun 
functie te kunnen uitoefenen. Daarorn is in hoofdstuk 4 de ex vivo secretie van Muc2 en TFF3 

bepaald. In zowel het proxirnale als distale colon was bet percentage Muc2 secretie 

gebandhaafd gedurende iedere fase van DSS-colitis. Het percentage TFF3 secretie bleek 

progressief toe te nernen gedurende iedere fase van DSS-gelnduceerde colitis in het proximale 

en distale colon. In samenhang met de bandhaving van Muc2 en TFF3 mRNA en eiwit 

expressie niveaus door goblet cellen duiden deze data op handhaving van de goblet eel 

specifieke functies. Daarnaast suggereren deze data dat de epitheliale beschenning mogelijk 

wordt gehandhaafd en dat de capaciteit tot berstel/ restitutie van het epitheel toeneemt tijdens 
DSS-geYnduceerde schade. 

Effecten van DSS op Muc2 biosynthese en structuur 

Zoals reeds is beschreven in hoofdstuk 1 is de biosynthese, secretie en sulfatering van MUC2 

afgenomen in patienten met actieve colitis. In hoofdstuk 5 hebben we dan ook de biosynthese, 
secretie en sulfatering van Muc2 in DSS-geTnduceerde colitis geanalyseerd. In het proximale 

colon nam de Muc2 precursor synthese progressief toe gedurende de inductie fase en de 

actieve fase van DSS-colitis. Tijdens de regeneratie fase nonnaliseerde de Muc2 precursor 

syntbese. In het distal colon was de Muc2 precursor synthese gehandhaafd tijdens de inductie 
en de actieve fase, terwijl deze toenam gedurende de regeneratie fase. Veranderingen in totale 

Muc2 expressie niveaus tijdens DSS-gei'nduceerde colitis liepen parallel aan de veranderingen 

in Muc2 precursor synthese niveaus. Bovendien, bleef het percentage van Muc2 niveaus 

gehandbaafd in het proximale en distal colon gedurende iedere fase van DSS-colitis. Deze 

gegevens suggereren dat de bescherrning van bet epitheel en dus de barriE:re functie intact 

blijven in DSS-colitis. 

Analyse van sulfaat incorporatie in Muc2 en secretie van gesulfateerd Muc2 laat zien 
dat de sulfaat incorporatie in Muc2 in het proximale colon afnam tijdens DSS colitis, terwijl 

de secretie van gesulfateerd Muc2 juist toenam. Dit impliceert dat gesulfateerd Muc2 
preferentieel gesecreteerd wordt. Deze data suggereren dat de structuur van Muc2 verandert 

tijdens DSS colitis en dat mogelijk de beschennende capaciteit van Muc2 verandert. In het 
distale colon bleken deze veranderingen niet op te treden. Het uiteindelijke effect van de 

sulfateringsveranderingen van Muc2 tijdens DSS-geinduceerde colitis zal nader bes1udeerd 

moeten worden. 

DSS-gefnduceerde colitis in de rat: Conclusies 

In het eerste deel van dit proefschrift hebben we laten zien dat DSS-gernduceerde colitis sterke 

overeenkomsten vertoont met CU in patienten wat betreft morfologische veranderingen, 
epitheliale proliferatie en apoptose. DSS bleek primair de epitheliale proliferatie te remmen en 

apoptose te induceren. Het epitheel reageerde hierop door middel van epitheliale 

hyperproliferatie en restitutie. DSS behandeling leidde tot een afname van de expressie van 
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genen betrokken bij water en ion transport en vetzuur opname/ transport. Echter, de enterocyt 

specifieke AP activiteit bleef gehandhaafd tijdens DSS-colitis, hetgeen suggereert dat de 

mucosale afweer intact blijft. De goblet cel-specifieke genen die van belang zijn in epitheliale 

bescherming en restitutie, in het bijzonder Muc2 en TFF3, bleven gehandhaafd ofnamen zelfs 

toe in DSS-colitis. Tot slot, DSS behandeling resulteerde in een afname van Muc2 sulfatering 

en een preferentiele secretie van gesulfateerd Muc2, dit zal mogelijk implicaties kunnen 

hebben voor de beschennende capaciteit van de slijmlaag. 

ivfTX behandeling: Klinische symptomen en mm:fologische veranderingen 

In het 2" dee] van dit proefscbrift zijn de effecten van bet cytostaticum MTX op de morfologie, 

prollferatie, apoptose, en functies van bet dunne dann epitheel in de rat beschreven 

(hoofdstukken 6 en 7). MTX behandeling leidde tot afname van het lichaamsgewicht, dunne 

ontlasting en milde diarree (Hoofdstuk 6). Morfologische analyse van het epitheel na MIX 

behandeling toonde verlies van crypten en crypt - en villus atrofie, dat gepaard ging met 

afplatting van epitheel cellen in de crypten en op de villi. Vergelijkbare klinische symptomen 

en morfologische veranderingen treden ook op in muizen en patienten die worden behandeld 

met cytostatica. 

E.ffecten van MTX op epitheliale prol!ferat;e en apoptose 

Het is algemeen bekend dat MTX aangrijpt op prolifererende cellen en apoptose kan 

induceren. In het MTX rat model is het effect van MTX op de epitheliale proliferatie en 

apoptose in de dunne darm beschreven (Hoofdstuk 6). In de nonnaie (onbehandelde) dunne 

dann neemt de proliferatie van het epitheel af vanaf duodenum in de richting van het ileum. 

De gevoeligheid van weefsel voor cytostatica is primair afhankelijk van de proliferatie 

snelheid, d.w.z. een hoge proliferatie snelheid leidt tot een hoge gevoeligheid. Het is dus zeer 

aannemelijk dat de MTX-gelnduceerde remming van proliferatie bet sterkst tot uiting komt in 

het duodenum. Inderdaad bleek dat de duur van proliferatie remming het langst was in bet 

duodenum en dat dit afnam in de richting het ileum. In elk segment van de dunne dann werd 

de MTX-geinduceerde remming van epitheliale proliferatie gevolgd door een toename van 

protiferatie en in het ileum zelfs door hyperproliferatie. 

Naast de effecten op proliferatie bleek MTX ook apoptose te induceren in het dunne 

dannepitheel. Er werden geen verschillen gevonden in het aantal apoptotische cellen tussen 

het duodenum, jejunum en ileum. Het is echter mogelijk dater subtiele verschillen zijn in het 

aantal apoptotische cellen tussen de verschiltende intestinale segmenten, maar dat we deze 

subtiele verschillen niet hebben gedetecteerd vanwege de opzet van de experimenteD en de 

detectie methode. In het algemeen kunnen we de MTX-gei"nduceerde schade (morfologische 

veranderingen) onder andere toeschrijven aan de effecten van MTX op epitheliale proliferatie 

en apoptose. 
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Effecten van lv!TX op enterocyt juncties 

Naast het effect van MTX op DNA synthese, kunnen MTX, MTX metabolieten en de folaat 

producten die ontstaan bij de remming van het enzym dihydrofolaat reductase ook de de novo 

purine synthese rernmen. Dit kan weer leiden tot de remming van zowel RNA a]s eiwit 

synthese. In hoofdstuk 6 hebben we dan ook de enterocyt specifieke functies bestudeerd na 

MTX toediening. Als parameters voor enterocyt functie(s) is de expressie van SI, SGLTl, 

Glut2 en -3, i- en l-FABP bepaald op RNA en eivvit niveau. Hiemaast is de AP activiteit 

bepaald als component van de mucosale afweer. MIX induceerde een afname van SI, SGLTL 

Glut2 en -5 en i- en l-FABP exprcssie op zovvelmRNA als eiwit niveau in de afgeplatte villus 

enterocyten. AP activiteit en B-actine wRNA expressie bleven echter gehandhaafd. Dcze data 

impliceren dat enterocyten de transcriptie van bepaalde genen specifiek kunnen remmcn en 

dat in de enterocyt functies met betrekking tot de opname en transport van voedingsstoffen 

verstoord zijn na MTX behandeling. Aangezien de AP activiteit behouden bieef na MTX 

behandeling is het aannemelijk dat deze component van de mucosale afvveer intact blijft na 

MTX. 

Effecren van 1'YfiX op goblet eel en Paneth ce/functies 

In hoofdstuk 6 zijn de goblet eel en Paneth eel specifieke functies bestudeerd tijdens MTX­

gei"nduceerde schade in de dunne dann van de rat. Als parameter voor goblet eel functies is de 

expressie van Muc2 en TFF3 geanalyseerd. Lysozym fungeerde als maat voor Paneth eel 

functie. Na MTX behandeling behielden gobletcellen de capaciteit om Muc2 en TFF3 mRNA 

en eiwit tot expressie te brengen. Vanwege de rol van Muc2 en TFF3 in respectievelijk 

epitheliale bescherming en restitutie concluderen vve dat deze goblet eel functies van cruciaal 

belang zijn na MTX behandeling. 

Ook Paneth ce11en bleken hun capaciteit met betrekking tot lysozym n1RNA en eiwit 

expressie te behouden na MTX behandeling. Bovendien leek het aantal Paneth cellen en de 

expressie van lysozym toe te nemen. Deze gegevens suggereren dat na MTX behandeling de 

Paneth cell functie met betrekking tot de mucosale beschenning toeneemt. 

Effie ten van lv!TX op het epitheel geassocieerd mer de Peyerse plaar 

In de mucosa van de dunne dann zijn zogenaamde Peyerse platen (PPs; mucosale lymfe­

knopen) aanwezig. De morfologie van bet dunne dannepitheel geassocieerd met PPs, i.e. 2-3 

crypt villus eenheden naast de PP, leek gespaard te blijven na MTX behandeling (Hoofdstuk 

7). Om inzicht te krijgen in het mechanisme die de MTX-ge'induceerde schade voorkomt in 

het PP-geassocieerde epitheel werd de epitheliale proliferatie en apoptose bestudeerd en 

vergeleken met die van het nonnale, 'non-PP-geassocieerde' epitheel. Voor en na MTX 

behandeling bleek de proliferatie van het PP-epitheel hoger dan in het non-PP-epitheel. 

Inhibitie van epitheliale proliferatie na MTX bleek niet of in mindere mate op te treden in het 

PP-epitheel. MTX induceerde een toename van apoptose in zowel het PP- en non-PP-epitheel, 

er werden echtcr geen verschillen in het aantal apoptotische cellen gevonden in deze 

146 



________________________________ Chapter 9 

afzonderlijke epithelia. De beschem1ing van het PP-epitheel lijkt dus voomamelijk te zijn 

gebaseerd op verschil in proliferatie tussen het PP- en non-PP epitheel. 

Epitheliale functies, d.w.z. enterocyt- , goblet eel - en Paneth eel functies, \Verden 

geanalyscerd om de mate van bescherming van het PP-epithee] te kunnen bepalen. De 

expressie van enterocyt markers SI, SGLTl, G1ut2 en -5 en i- en 1-FABP handhaafden zich in 

hct PP-epitheel, maar namen sterk af in het non-PP epitheel. Dezc data duiden crop dat de 

cnterocyt functies na MTX behoudcn blijven in het PP-epithee1, maar niet in het non-PP­

epitheeL Tot nu toe is/zijn de factor( en) die een ro1 spelen bij de handhaving van proliferatie 

en entcrocyt functies in het PP-epitheel na MTX behandeling onbekend. De expressie van de 

goblet eel specifieke markers, Muc2 en TFF3, en de Paneth eel marker lysozym bleven na 

MTX toediening gehandhaafd in het PP- en het non-PP-epitheel. Dit betekent dat de 

epithe1ia1e bescbem1ings -, rcstih1tie capaciteit en de mucosale afwcer gehandhaafd blijven in 

zowe1 het PP-epitheel als het non-PP-epitheel. 

EffCcten von lv!TX op het darmepirheel: Conc!usies 

In het twcede deel van dit proefschrift hcbben \Ve \Veergegeven dat de MTX-gelnduceerde 

klinische symptomen en morfo1ogische veranderingen vergelijkbaar zijn met de klinische 

symptomen en morfologische veranderingen in muizen en patienten die behandeld vvorden 

met cytostatica. Ml'X induceerde een inhibitie van proliferatie en induceerde apoptose in bet 

epi1heel van de dunne darm. MTX behandeling resulteerde in een afname van enterocyt 

specifieke genen die betrokken zijn bij de digestie, opname en transport van voedingsstoffen. 

Enterocyt specifieke AP activitcit en Paneth cet specifiek lysozym expressie bleef 

gehandhaafd na MTX toediening. Dit suggereert dat de mucosale bescherming behouden bhjft 

na MTX. Handhaving van goblet cell-specifieke Muc2 en TFF3 expressie impliceert dat 

goblet ceUen een belangrijke rol spelen bij de beschenning en inductie van herstel na MTX 

behandeling. Bet verschit in gevoeligheid voor MTX tussen het PP- en non-PP-epitheel is in 

ieder geval dee1s gebaseerd op de specifieke proliferatie kinetiek van het PP-epithee1. De 

identificatie van factor(en) die betrokken zijn bij beschem1ing van het PP-epitheel zal 

waaJschijn10k van beiang kunnen zijn voor de ontwikk:eling van therapieen ter bescherming 

van het dam1epitheel na cytostatica toediening. 

Schade en schade beperking: vergel{jk van het DSS model met het 1\dTX model 

In hoofdstuk 8 is de respons van het epitheel op de DSS~gelnduceerde schade aan het colon 

vcrgeleken met de MTX-gei'nduccerde schade aan de dunne dann. Zowel MTX behandeling 

als DSS behandeling induceert remming van epitheliale proliferatie. Daamaast leidt DSS 

behandeling tot het ontstaan van ulcers. Om de schade te beperken en herstel te initieren 

beschikt he1 colon en de dunne dmme dam1 over 3 specifieke mechanismen: 

l) Afplatting van epitheel cellen gepaard gaande met a) verlies van specifieke enterocyt­

functies door middei van afname van expressie niveaus van enterocyt-specifieke genen (i.e. 

Sl, SGLTl, Glut2, GlutS, i-FABP en 1-FABP in de dunne dann na MIX behandeling en CA 
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I, CA IV, NHE2, NHE3 en 1-FABP in het colon tijdens en na DSS behandeling) en b) 

handhaving van epitheliale beschenning (d.w.z. handhaving van bet enterocyt-specifieke AP 
activiteit). 

2) Hyper-proliferatie van het epitheel. 

3) Handhaving of zelfs verhoging van de epitheliale bescherming en herstel door middel van 

a) handhaving van Muc2 en TFF3 expressie door goblet cellen tijdens iedere fase van DSS- en 

MTX-geinduceerde schade en b) selectieve sparing van goblet cellen en preferentiele 
differentiatie tot goblet cell en na schade inductie. Deze beide aspecten (3a en b) lei den tot 
handhaving of zelfs verhoging van Muc2 en TFF3 expressie niveaus. 

In dezc 2 fundamentee] verschillende schade modellen treden dus vergelijkbare epitheliale 
responsen op om de dannschade te beperken en herstel te initieren. Deze epitheliale responsen 

zijn wellicht ingeprinte reacties in zowel de dunne dann als bet colon, om de darm en daannee 

het organisme te laten overleven in geval van dannschade. Een verdere ontrafeling van de 

betrokken mechanismen zijn van essentieel belang om de dannschade die optreedt bij CU en 

chemotherapie wellicht in de toekomst te kunnen beperken/voorkomen. 
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Chapter 3, Figure 2. Epithelial morphology and apoptosis before, during and after DSS treatment. 

HE-staining of the distal colon. Morphology of controls (A), after 2 days (B and C), and after 7 days of 

OSS treatment (D). Distal colon at day 28, 21 days after the end of DSS administration (E). Apoptotic 

cells are indicated by anows (C). Flattened surface epithelium and erosions are indicated by arrows and 

anowheads, respectively (D and E). 
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Chapter 3, Figure 3. Effect of DSS treatment on epithelial proliferation as measured by BrdU 

incorporation into the distal colon. BrdU-positive epithelial cells were confined to the lower half of the 

crypts in control tissue (A). The number of BrdU-positivc cells was decreased at day 2 in distal colon (B) 

as compared to control tissue. Continuation of DSS treatment resulted in a strong increase in the number 

of BrdU-positive cells in the proximity of ulcerations in the distal colon on day 7 (C). Note that BrdU­

positive cells were seen from crypt base to almost the surface epithelium. On day 28, 21 days after the 

last DSS administration, elevated levels of BrdU-positive cells were still observed near ulcerations in the 

distal colon (D). 
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Chapter 3, Figure 4. Effects of DSS on surface enterocytes in the distal colon. Surface enterocytes 

were identified by CA I expression in the colon of control rats (A), after 7 days of DSS treatment (B) and 

on day 28 during the recovery phase (C). The CA !-positive cells during active disease (day 7) are 

indicated by arrows (B). 
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Chapter 3, Figure 6. Effects of DSS on goblet cells in the p•·oximal and distal colon. Gob let cells in 

the proximal colon (A-D) and distal colon (E-L) were identified by detection of Muc2 -(A, B, E-G and 

K) and TFF3 expression (C, D. H-J and L). Goblet cells in control tissue (A. C. E and H), after 7 days of 

DSS treatment (B, D, F, G, 1 and J), and on day 28, 2 1 days after the end of DSS administration (K and 

L). Note the accumulation of goblet cells in the surface epithelium of the proximal colon on day 7 (Band 

D), the expression of TFF3 at the bottom of the c1ypts in the distal colon on day 7 (J), the accumulation 

of goblet cells in the surface epithelium on day 7 (F and I) and day 28 (K and L), and the large goblet 

cells in the elongated ctypts on day 28 (K and L). Contr., control: pc. proximal colon;dc, distal colon; 

DSS7, day 7 of DSS treatment; DSS28, day 28 i.e. 2 1 days after the end of DSS treatment. 

164 



CA I 
mRNA 

CAIV 
mRNA 

CA IV 
protein 

NHE2 
protein 

i-FABP 
protein 

AP 
activity 

Control Day 7 

D ·>: 

G 

J 

I A 

M 

p 

Appendix 

Day 14 

B 

E F 

~.,,., 

H 

I 
' 

• 
K L 

• 

N 0 

Q R 

Chapter 4, Figure 1. Localization of enterocyte-specific gene expression during DSS-induced 

colitis- Expression ofenterocyte-specific genes in controls (A, D. G, J, M, P), at day 7 ofDSS treatment 

(B. E, H, K, N, Q), and at day 14 (C, F, I. L, 0, R). CAl mRNA expression in the proximal colon (A-C); 

CA IV mR:-.!A expression in the distal colon (D-F); CA IV protein expression in the distal colon (G-1): 

NHE2 protein expression in the distal colon (J-L); i-F ABP protein expression in the proximal colon (M-

0); AP activity in the proximal colon (P-R). Arrows indicate normallnonnal appearing surface 

epithelium positive for CA IV protein (G and I) and NI-IE2 (J) protein. Large anowheads indicate 

flattened surface epithelium negative for CA IV protein (H) and :--JHE2 (K) protein. Small anowheads 

indicate flattened surface epithelium positive for CA IV protein (!) and NHE2 protein (L). Sections in 

panel J-L were counterstained with hematoxylin. Bar in panel A represents 39 J.ll11, magnifications of 

panel A-Rare similar. 
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Chapter 4, Figure 4. Localization of goblet cell-specitic gene expression during DSS-induced colitis. 

Expression of Muc2 mRNA (A-C) and protein (D and H), TFF3 mRNA (E-G) in the distal colon of 

controls (A, D and E). at day 7 of the DSS treatment (Band F), and at day 14 (C, G, and H). Sections 

used for immunohistochemistry were counterstained with hematoxylin (D and H). Note the accumulation 

of Muc2-positive goblet cells in the elongated crypts and surface epithelium at day 14 (H). Bar in panel 

A represents 110 ~Lm, magnifications of panel A-C and E-G are similar. Bar in panel D represents 215 

~Lm, magnifications of panel D and Hare similar. 
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Chapter 5, Figure 1. Epithelial damage during and after DSS treatment. Muc2 staining of goblet 

cells in the distal colon using the WE9 monoclonal antibody and hematoxylin as counterstain. 

Morphology of control tissue (panel A), during onset of disease (day 2, panel B), active disease (day 7, 

panel C), and the regenerative phase (day 14, panel D). Areas with cryp~ loss and ulcerations are 

indicated by asterisks and arrows, respectively. 

A B c 

Chapter 6, Figure 1. Morphology of the jejunal epithelium before and after MTX-treatment. 

Alcian Blue-Nuclear Fast Red staining. A, control; B, day 2 after MTX; C, day 4 after MTX. Crypt 

atropl1y (B), villus atrophy and flattening of crypt - and villus epithelial cells (C) were observed after 

MTX treatment. 
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Chapter 6, Figure 3. Epithelial proliferation in the ileum. A, control; 8, day 2 after MTX; C, day 4 

after MTX. Note that the number of BrdU-positive cells was strongly decreased at day 2 after MTX (B). 

and increased fit day 4 (C). 

A B c 

Chapter 6, Figure 4. MTX-induced apoptosis in the jejunum. A, control rat; B, 6.5 h after MTX; C, 

day 2 after MTX. Caspase-3-positivc cells were present 6.5 h and 2 days after MTX in the crypt 

epithelium. 

168 



SGLT1 
mRNA 

Sl 
protein 

Glut5 
protein 

Glut2 
protein 

1-FABP 
mRNA 

1-FABP 
protein 

ll-actin 
mRNA 

-----------__________ Appendix 

Day 0 (control) Day4 

A B 

··, .. 

.c D 

E F 

G H 

J 

K L 

Chapter 6, Figure 5. Effects of MTX on enterocyte-specitic gene expression in the small intestinal 

epithelium. A, C, E.G, I, K, M: control epithelium; B, D, F, H, J, L, N: epithelium on day 4 after MTX: 

A. B, E, F. G. H: duodenum; C, D, I, J, K, L, M. N: jejunum. SGLTI mRNA (A), SI protein (C), Glut5 

protein (E), Glut2 protein (G), and 1-FABP mRNA (I). 1-FABP protein (K), and B-actine mR:--rA (M) 

were expressed in the small intestinal epithelium of controls. Four days after MTX, SGLTl mRNA (B), 

SI protein (C), GlutS protein (F) Glut2 protein (H), and 1-F ABP mRNA (J) and protein (L) were not 

expressed or less expressed in the villus epithelium. Note that f3-actine mRNA was still detectable at high 

levels at day 4 after MTX (N). 
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Chapter 6, Figure 6. Enterocyte-specitic in situ alkaline phosphatase (AP) activity in the jejunum 

before and after MTX treatment. AP-activity in controls (A) and at day 4 after MTX (B). Note that 

enterocytes remained their capacity to synthezise active AP after MTX treatment. 
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Chapter 6, Figure 7. Effects of MTX treatment on goblet cell-specific gene expression in the jejunal 

epithelium. A and D. controls; B and E, day 2 after MTX; C and F, day 4 after MTX. In control rats, 

Muc2 protein (A) and TFF3 protein (D) were nonnally expressed by goblet cells in the crypts and along 

the villi. At day 2, goblet cells in the crypts were flattened but continued to express both Muc2 pl"Otein 

(B) and TFF3 protein (E). At day 4 after MTX, goblet cells positive for Muc2 protein (C) and TFF3 

protein (F), and accumulated in the crypts and at the tips of the villi. 
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Chapter 6, Figure 8. Effects of MTX on Paneth cell-specitic gene expression in the ileum. A and C, 

controls; B and D, day 2 after MTX. Lysozyme mRNA (A) and protein (C) were normally expressed 

by Paneth cells in the crypts. At day 2 after the number of Paneth cells, and both lysozyme mRNA (B) 

and protein (D) seemed to be up-regulated. 
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Chapter 7, Figure I. Morphology of the normal jejunal epithelium (i.e. 'non-patch (NP) 

epithelium) and the jejunal epithelium near and lining Peyer's patches (PP) (i.e. PP epithelium) 

before and after MTX-treatment. Alcian Blue-Nuclear Fast Red staining. A and B: jejunum of control 

rat; C and D: jejunum 4 days after MTX treatment. Villus atrophy and flattening of crypt - and villus 

epithelial cells were observed in the normal intestinal epithelium, i. e. · non-patch' (NP) epithelium on day 

4 (C). The epithelium up to 2-3 crypt-vi llus units next to and lining Peyer's patches (PPs), i. e. the PP 

epithelium appeared to be spared from damaged (D). 
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Chapter 7, Figure 3. MTX-induced apoptosis in the normal intestinal epithelium (i.e. 'non-patch' 

(NP) epithelium) and the epithelium near and lining Peyer's patches (PP) (i.e. PP epithelium). A: 

jejunum of control rat; 8: jejunum 6.5 hrs after MTX; jejunum 2 days after MTX. Caspase-3-positivc 

cells were present 6.5 hrs and 2 days after MTX in the NP - and PP epithelium. Some crypts are 

indicated with asterisks. 
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Chapter 7, Figure 4. Effects of .'\1TX on enterocyte-specific gene expression in the normal intestinal 

epithelium (i.e. 'non-patch (NP) epithelium) and the epithelium near and lining Peyer's patches 

(PP) (i.e. PP epithelium). A, C, E, G, I: jejunum of controls; B, D, F, H, J, K, L: jejunum on day 4 after 

MTX. SGLTI mRNA (A), 1-FABP mRNA (C), SI protein (E). Glut2 protein (G), and 1-FABP protein (I) 

were expressed in the NP- and PP epithelium in controls. Four days after MTX. SGLTI mRNA (B). l­

FABP mRNA (D), Sl protein (F), Glut2 protein (H) and 1-FABP protein (J) were expressed at high levels 

in the PP epithelium. but were not expressed or less expressed in the NP epithelium. L-FABP protein (K) 

and i-FABP protein (L) were expressed in the PP epithelium and in some cells of the NP epithelium at 

day 4. 
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Chapter 7, Figure 5. Effects of MTX treatment on goblet cell-specific gene expression in the 'non­

patch' (NP) epithelium and the epithelium near and lining Peyer's patches (PP). A and E: rat 

contTol jejunum; B, C, D , and F, rat jejunum 4 days after MTX treatment. Muc2 protein (A) and TFF3 

protein (E) were normally expressed by goblet cells in both the PP - and NP epithelium. Four days after 

MTX treatment, goblet cell-spec ific Muc2 mRNA was maintained both in the PP epithelium (C) and NP 

epithelium (D). Muc2 protein (B) and TFF3 protein (F) expression were also maintained in the PP - and 

NP epithelium at day 4 . Note that in the NP epithel ium goblet cells seemed to accumulate at the villus 

tips (arrows). 
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Chapter 7, Figure 6. Effects of MTX on Paneth cell-specific gene expression in the 'non-patch' 

(NP) epithelium and the epithelium near and lining Peyer's patches (PP). Lysozyme mRNA was 

expressed by Paneth cells in the NP - and PP epithelium, and by immunocompetent cells within the PP 

(A). Two days after MTX treatment lysozyme mRNA seemed to be up-regulated in the NP - and PP 

epithelium and in immunocompetent cells within the PP. 
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