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Scope of this thesis 

Every year, around 5oo new pediatric and 
6o.ooo new adult cancer patients are identified 
in the Netherlands, divided over some 5o 
different clinical diagnoses. Yearly, in the 
Netherlands around 3o.ooo cancer patients 

die. Thanks to extensive research in the last 
decennia and newly :iillplemented treatment 
protocols, more and more cancer patients can 
currently be cured. Besides operative removal 
of the tumors and their metastasis, which is 
only effective in a minority of the cancers, 
treatment most often consists of a combination 
of irradiation and chemotherapy. Until today, 
anti-cancer treatments are often long-lasting 
and painfull. The intensity of the therapy 
needs to be carefully monitored in order to 
prevent toxic side effects from becoming a 
life-threatening problem. 

Besides the bone marrow, a major dose
limiting organ in anti-cancer treatments is the 
intestine. Malfunctioning of the small 
intestine, through the application of anti
cancer drugs and local irradiation therapy, is 
clinically manifested by abdominal pain, 
malabsorption, malnutrition, anorexia, 
dehydration, wdght loss and diarrhea. This 
syndrome is caused by a dysfunction of 
the intestinal epithelial cells, which are 
responsible for the degradation and absorption 
of nutrients as well as the protection against 
pathogens and other substances in 
the intestinal lumen. 

The intestine is a relative large organ. Starting 
at the stomach and ending at the anus, the 
intestine is divided in two parts with different 
functions. The first and longest part is called 
the small intestine due to its relative narrow 
circumference. This part is indispensable for 
the digestion and absorption of nutrients, such 
as carbohydrates, fatty acids, proteins and 
vitamins. The second part is the colon. Here, 
the remaining bulk is further degraded by 
residing micro-organisms. Usefull products 
such as short chain fatty acids, vitamin B, bile 
acids and other sterols, can be absorbed. The 
colon is also the part where the faeces is 
formed, through resorption of water. At the 



transition from small intestine to colon, 
humans have a rudimentary appendix with no 
apparent function which is analogous to the 
coecum in rodents. In contrast to the 
appendix, the coecum is continuous with the 
rest of the intestine and functional as part of 
the colon. 
The life-time of the epithelial cells in the small 
intestine is in the order of days. To remain 
healthy, the small intestinal epithelium is 
continuously producing new cells. Because of 
the relative high cell turnover, the epithelium 
of the small intestine is very sensitive for the 
action of anti-cancer drugs, such as metho
trexate, which inhibit cell proliferation. 
Effective concentrations of this drug in anti
cancer treatments lead to a reduction in the 
numbers of intestinal epithelial cells within 
days. It can be easily imagined that during this 
decrease in cell numbers the ability of the 
epithelium to absorb sufficient amounts of 
nutrients is under great pressure. Similarly, 
the cytoprotective capacity is likely to be 
reduced, thereby rendering the epithelium 
more sensitive to damage, and allowing 
unwanted substances and organisms to enter 
the body more freely. 

Most research in analyzing the consequences 
for intestinal epithelial functions has focussed 
on morphological changes. Much less is known 
about the functions of the various types of 
intestinal epithelial cells. For further 
improvement in effective treatment of cancer 
patients, a better understanding of intestinal 
physiology during chemotherapy is essential. 
Insight in the functional changes and failures of 
the intestine in response to anti-cancer 
treatment would allow to offer protection and 
repair to this indispensable organ. In addition, 
it could also lead the way for development of 
clinical diets that could assist in the prevention 
of malnutrition in, especially pediatric, cancer 
patients. 

In studying the effects of cytostatic drugs on 
intestinal function, the use of experimental 
animals is indispensable. Only they permit a 
detailed analysis of the entire organ in time, 
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allowing each study of each phase of the 
disease. This would be both unethical and 
technically very difficult to perform in biopsies 
of human patients, especially in cancer patients 
who are already suffering from both disease 
and treatment. In our studies, the rat was 
chosen as a model, because of the similarities 
to humans in intestinal physiology and the 
availability of techniques and tools. 

In this thesis, attention was focussed on the 
absorptive and defensive functions of the 
intestine during damage and regeneration 
induced by the cytostatic drug methotrexate 
(MTX). MTX was chosen among the various 
cytostatic drugs available, because of the 
considerable knowledge about its 
pharmacology and its way of action in humans 
and animal species. As folic acid analogue, MTX 

directly seizes the proliferative machinery of 
the intestine, thereby disturbing the normal 
cell turnover of the epithelium. 



I Introduction 

Figure 1.1 

Alcian blue/ nuclear fast red 

staining <if rat small intestinal 
epithelium. Stem cells and 

proliferating cells are localized 

in the crypts (c). Along the 
crypt-villus axis, the epithelium 
is populated by enterocytes 
(white), goblet cells (blue), 
entero-endocrine cells (arrow) 

and Paneth cells (arrowhead). 

Table 1.1 

Structure ofthe Small 
Intestinal Epithelium 

The small intestinal epithelium is formed by a 
monolayer of cells with numerous invagina

tions (crypts) and finger-like folded structures 
(villi). This highly folded structure covers the 
entire intestinal mucosa and separates the 
exterior (i.e. the intestinal lumen) from the 
bodies interior. Figure I. I shows a cross
section of rat small intestinal epithelium with 
its characteristic crypt-villus organization. 

Cell types ofthe small intestinal epithelium 

Along the crypt-villus axis, the epithelium is 
populated by four differentiated cell types: 
enterocytes, goblet cells, entero-endocrine 
cells and Paneth cells, each with specific 
functions. Detailed accounts of the numbers of 
each cell type in the small intestine of adult 
mice on tissue sections showed a regional 
variations in the population of each cell type 
(Table r. I). On average, about 88% of the 
cells are enterocytes, 4% are goblet cells, 
o.5% are entero-endocrine cells and 7.5% are 
Paneth cells (Cheng and Leblond I 974a). In 
rats and humans, the frequencies of these cell 
types are similar to those found in mice. 

The epithelium functions as a highly selective 
barrier in all regions of the small intestine, to 
prevent the entrance of toxins and noxes into 
the body's interior. At the same time, the 
epithelium orchestrates the dynamic processes 
of nutrient degradation and absorption. To this 
end, the intestinal epithelial cells express a 
wide range of specific enzymes and transporter 
proteins. The absorptive and defensive 
functions are under the control of both 

Cell types in the crypts and villi cif'the small intestine <if adult mice, calculated as the 

percentage <if total cells. Data are from: Cheng and Leblond, 1974a. 

Duodenum Jejunum Ileum 
crypts villi crypts villi crypts 

Enterocytes 92,4 97,3 86,o 95,0 84, I 
Goblet cells 3,7 2,5 5,9 4,6 8,9 
Entero-endocrine cells o,6 o,2 o,6 o,4 0,4 
Paneth cells 3d 7,5 6,6 

villi 

87,6 
I 2, I 

0,3 



autonomous and environmental signals during 
normal as well as during pathological 
conditions, such as after chemotherapy. 

Along the proximal-to-distal axis, the small 
intestine is divided into three regions. The first 
part is the duodenum and is about r 2 em long 
in adult rats. It continues into the jejunum that 
extents for about 70 em, and ends in the ileum 
that measures about rS em in rat. There are 
morphological and functional differences along 
the proximal-to-distal axis of the small 
intestine. For instance, the length of the villi 
and the proliferation rate in the crypts 
decrease towards the distal end of the small 
intestine. Furthermore, the digestive functions 
of the small intestinal epithelium in 
duodenum, jejunum and ileum are overlapping 
but not the same. There is a region-specific 
expression of genes that mediate the different 
epithelial functions along the proximal-to
distal axis of the small intestine (Gordon r 99 3, 

1989; Traber 1994). 

Epithelial Cell Renewal 
The small intestinal epithelium has one of the 
most rapid cell turnover rates among 
mammalian tissues. Cells are produced by 
stem cells and proliferating daughter cells in 
the lower half of the crypts of Lieber kuhn 
(Figure r. I). Most of the newly produced cells 
migrate as a cohort in a rapid, orderly way out 
of the crypts and upto the villus tip. During 
migration these cells differentiate into 
functional enterocytes, entero-endocrine 
cells, or goblet cells. The journey takes about 
3 days in rodents and S days in humans, then 
the epithelial cells are removed from the villus 
tip by either apoptosis or shedding into the 
lumen (Potten et al. I997b). The cells that 
migrate to the base of the crypts differentiate 
into Paneth cells. These cells reside below the 
stem cell level (Figure r. r ). Paneth cells have 
a relative long life-time of about 3 weeks in 

humans and rodents before undergoing 
apoptosis. 

Despite the high turnover of the epithelium, 
its integrity is remarkably stable, which is 

Table 1.2 

I I 

reflected by the very low incidence of small 
intestinal cancers. From all malignancies in the 
gastrointestinal tract only 2% are situated in 
the small intestine, which predominantly arise 
in the smooth muscular tissue but not in the 
epithelium (Blanchard et al. 2ooo ). Of all 
malignant tumors in the small intestine, 30%
so% are adenocarcinomas. The majority of 
which arise in the proximal duodenum and 
jejunum (Gillet al. 2oor). Remarkably, site 
with the highest risk of developing tumors is 
the duodenum ( 6 s%)' despite the fact that it 
contributes only 4% of the overall length of 
the small intestine (Hutchins et al. 2oor). 

Because of the high cell turnover, intestinal 
epithelial cells are highly sensitive for chemo
therapeutic drugs such as methotrexate (MTX), 
which inhibit epithelial proliferation. Until 
today, the detailed consequences of such an 
inhibition of proliferation for the function of 
the different intestinal epithelial cells remains 
unclear. 

Crypt Dynamics 
The most detailed studies of gut epithelial 
renewal have been performed in mice. An 
average crypt in adult mouse small intestine 
contains about 2So cells (Table r. 2). When 
viewed in longitudinal cross section, crypts are 
approximately 2 2 cells in height with I 6 cells 
forming an average circumference at the 
widest point (Bach et al. 2ooo). Incorporation 
studies of tritiated thymidine or bromo
deoxyuridine indicate that between So-So% of 
all crypt cells are proliferative of which I so-
r 6o are in rapid cycle, whereas 7 s of these are 
inS-phase at any one time (Bach et al. 2ooo). 

Estimates qf small-intestine epithelial cell dynamics in the crypt-villus 
units '!J mice and humans. Data are from: Patten et al. 1997b; Wright 
and Irwin 1982. 

Mouse Human 
Cells/ crypt 2So 4S0 

Cell cycle I 0- I 8 h 20-73 h 
Stem cell cycle ~24h >36h 
Stem cells/ crypt 4-I6 unknown 
Transit cell generations 4-6 >4-6 
Crypts/ villus 6-14 ~6 

Cells/villus 2ooo-8ooo unknown 
Crypts/intestine r-3XIo6 unknown 



12 INTRODUCTION 

Fiaure 1.2 

In rat and human small 

intestine. PCNA expression 
is localized in epithelial 

cells in the crypt compart
ment and in stromal 

lymphocytes (A). Like 
PCNA, Brdu-positive cells 

can be visualized on tissue 

sections with the use if 
immunohistochemistry (B). 

Radio- label dilution studies have shown that 
cells in the upper region of the crypt have only 
limited division potential. The number of 
mitotic divisions increases toward lower cell 
positions and is maximal at positions 6-9 from 
the crypt base, where the cells have an average 
cell cycle time of I2-I3 h (Potten etal. I997a). 

Stem cells 

Eventually, all epithelial cells are derived from 
epithelial stem cells. The numbers of stem 
cells that are present in a small intestinal crypt 
was investigated by different research groups. 
Based on indirect evidence from studies in 
mice, the number of stem cells ranges 
between four and sixteen (Loeffler et al. 
I997). In mice, stem cells divide on average 
once every 24- h. Each crypt produces about 
I 2 cells per hour or about 300 new cells per 
day (Potten and Loeffler I 990 ). In humans, 
the cell cycle times of stem cells are less well 
defined; studies in the colon indicate that 
they are between four and eight times longer, 
compared with mice (Bach et al. 2ooo ). 
Through studies on the migration velocity of 
tritiated thymidine-labeled crypt cells, e.g. in 
cell positions per unit of time, the actual stem 
cells appear to be positioned at about 4--6 cell 
positions from the crypt base in the small 
intestine (Potten et al. 1997a). The actual 
stem cells as well as first, 2nd and 3rd 
generation of clonogenic daughter cells are all 
localized within the first 7 cell positions from 
the base of the crypt (Figure I . I). 

The undifferentiated nature of these cells 
makes it impossible to recognize them in situ 
using specific labeling protocols. Stem cells 
can only be defined by their functions. They 
are capable of proliferation, thereby producing 
many different progeny. Furthermore, they 
allow regeneration of the tissue after injury 
(Potten et al. I 997a). The proliferation of 
stem cells is inhibited by the action of anti
cancer drugs, such as MTX. 

According to Potten and colleagues, stem 
cells are organized in an hierarchic manner. 
There findings in regenerating chimeric mice, 



following irradiation or drugs that reduce stem 
cell numbers, together with the positional 
analysis of apoptosis in small intestinal crypts, 
suggest that three apparently distinct 
categories of stem cells can be distinguished 
(Potten and Hendry I995)- The actual stem 
cells are the less differentiated ones, being 
very sensitive to DNA damage and unable to 
repair such damage. These cells are irreversi
bly damaged and die through apoptosis within 
about 6 h after I Gy of gamma-radiation. By 
committing suicide following injury, these 
cells execute the ultimate form of protection. 
The use of computer modeling indicates the 
presence of approximately 4-6 actual stem 
cells in a normal steady state adult mouse small 
intestinal crypt (Potten and Loeffler I99o). 

A supposed second category of stem cells 
appears to consists of 6 clonogenic cells per 
crypt with lower sensitivity toward gamma
radiation. These 6 daughter cells are derived 
after division of one or more actual stem cells 
and normally become dividing transit cells and 
subsequently differentiated epithelial cells. 
However, at this early stage they have the 
ability to repair their DNA and retain stem cell 

properties (Roberts et al. I995)- Hence, in 
a situation where the actual stem cells are 
killed, such as by local radiation or chemo
therapy, these cells may repopulate the crypt 
stem cell niche. 

A third category of I 6-24 stem cells is being 
recruited as the level of damage increases and 
the first two stem cell types have been killed. 
This has been demonstrated in highly cytotoxic 
radiation studies using above 9 Gy of gamma
radiation, in which the small intestinal crypts 
recruited about 30-40 clonogenic cells during 
regeneration (Potten et al. I997a). Thus, as 
the level of damage increased, the crypts called 
upon more and more clonogenic cells. All 
together the crypts had the ability to call upon 

about 36 (28-42) clonogenic cells to ensure 
crypt survival. It is therefore proposed that 
there is a hierarchical loss of sternness over 
two cell divisions, without loss of the ability 

to repopulate the crypt (Potten et al. I997a). 
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The potency of crypts to regenerate following 
damage is solely attributed to stem cells, and 
not to other lineages of the proliferative zone. 
Evidence for this comes &om studies in mice 
and rat in which the small intestinal crypts 
were damaged with large doses of radiation 
(Al-Dewachi et al. I98o, I977; Potten et al. 
I99o). The regeneration of the damaged 
crypts initiated at the position that is 
attributed to stem cells (i.e. upto 7 cell 
positions &om the crypt base), whereas the 
mid- and upper crypts did not have the 
capacity to regenerate. Similarly, crypts could 
be sterilized by a dose of irradiation that 
spared the mid- and upper crypts, which 
contain undifferentiated proliferating daughter 
cells (Hendry et al. I989). 

Markers of Epithelial Proliferation 

Proliferating cell nuclear antigen (PCNA) and 
5-bromo-2' -deoxyuridine (Brdu) are 
co=only used markers to asses proliferation 
in human and animal tissues. PCNA, or DNA 
polymerase D-associated antigen, is an 
evolutionary highly conserved acidic nuclear 
protein of 35 ko, previously known as cyclin 
(Mathews et al. I 9 84). The expression of PCNA 
is essential for DNA replication in eukaryote 
cells (Waseem and Lane I99o). PCNA can be 
demonstrated by i=unohistochemistry on 
routinely processed and embedded tissues 
(Hallet al. I99o). In rat and human small 
intestine, PCNA expression is localized in 
epithelial cells in the crypt compartment and 
in stromallymphocytes (Figure I. 2 a). The 
half-life of PCNA is relative long, about 2o h 
(Bravo and Macdonald-Bravo I987). 
Therefore, i=unohistochemical detection is 
not restricted to cells in s-phase. 

The uridine-analogue Brdu can be used in vivo 
for the analysis of proliferation, through a 
pulse-labeling of proliferating cells. When 
injected in substantial amounts (5o mg/kg 
body weight.) in rodents, Brdu will be 
incorporated into the DNA of cells during 
s-phase. Like PCNA, Brdu-positive cells can be 
visualized on tissue sections with the use of 
i=unohistochemistry (Figure I . 2 b). 
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Apoptosis 
Apoptosis is a fonn of genetically controlled 
cell death. The control of cell death is of major 
importance for maintenance of homeostasis in 
rapidly dividing tissues such as the small 

intestine (Potten et al. I 997b). In the crypts, 
apoptosis serves to remove mutated or 
superfluous (stem) cells. Apoptosis in the 
small intestine occurs predominantly in cells 
that have reached the villus tip. As an 
altemative mechanism these cells can also be 
removed through shedding. Under conditions 
that lead to DNA damage or disturbances in 
DNA synthesis, like irradiation or cytostatic 
drugs, apoptosis is induced in the proliferative 
crypt cells. 

A classical apoptotic cell has a very distinctive 
morphology which has well been described in 
literature. Initially, the cell cytoplasm shrinks 
and the cell becomes detached from its 
neighbors. The nucleolus disappears and the 
chromatin becomes condensed around the 
nuclear membrane. At a light microscopical 
level, these shrinking cells can be recognized 
on tissue sections stained with haematoxylin 
and eosin (HE). After fragmentation of the cell 
into smaller membrane-bound vesicles, these 
so-called apoptotic bodies are phagocytozed 
by neighboring cells. Unlike necrosis, the 
organized packaging of the dying cell into 
smaller fragments and their uptake by neigh
boring cells may very well be to save energy. 

During the process of apoptosis the cell 
activates a variety of caspases, such as caspase-
3 , which can be used to identify these cells 
with immunohistochemical methods 
(Grossmann et al. 1998). Caspase-3 is such a 
apoptose-linked protease and responsible for 
the cleavage of poly (ADP-ribose) polymerase. 
The enzyme, also known as apopain, 
is composed of two subunits of relative 
molecular mass I7K and I 2K that are derived 
from a common pro-enzyme, identified as 
CPP 3 2. Cleavage of the two subunits is 
required to obtain proteolytic activity and 
subsequent induction of apoptosis. The 
suitability of cleaved caspase- 3 in the detection 



of apoptotic cells has been demonstrated in the 
small intestine of mice, where radiation 
significantly induced cleaved caspase- 3 staining 
in the crypts and not on the villi (Marshman et 
al. 2ooi). 

Nutrient Degradation and 
Absorption 

Enterocytes 
Most of the small intestinal epithelial cells 
differentiate into enterocytes. Enterocytes are 
highly specialized polarized cells, responsible 
for the degradation and absorption of 
nutritional compounds. At the same time these 
cells play a role in intestinal mucosal immunity 
and maintenance of the barrier. In the crypts 
and on the villi, enterocytes have distinct 
functions. In the crypts, secretory functions 
of the enterocytes predominate, whereas the 
enterocytes of the villi have mainly hydrolytic 
and absorptive functions. 

Degradation and absorption of ingested 
carbohydrates, proteins and lipids, as well as 
vitamins, minerals, and trace elements occurs 
in the apical membrane of villus enterocytes. 
This highly folded membrane domain, named 
brush border, harbors a whole range of en
zymes and proteins, including lactase, sucrase
isomaltase, sodium glucose cotransporter I, 
glucose transporter 5, and alkaline phospha
tase. Intra-cellularly, enterocytcs contain 
binding proteins, such as fatty acid binding 
proteins, which are needed for the transport 
of specific substrates to the basolateral 
membrane. At the basolateral side, these 
substrates are transported to the blood. All 
degradation and absorption processes are 
highly specific and the expression of metabolic 
enzymes is tightly regulated. The consequen
ces of chemotherapy for the function of 
enterocytes is thus far not well understood. 

Dietary Carbohydrates 
Dietary carbohydrates include mono-, di-, 
and polysaccharides. Disaccharides, such as 
lactose and sucrose, as well as polysaccharides, 
such as starch, are degraded in the intestinal 
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lumen into mono-saccharides before they 
can be taken up by enterocytes (Dekker et al. 
2oo2a). The small intestinal epithelium 
contains several glycohydrolases that are 
indispensable in degrading the more complex 
carbohydrates into absorbable mono
saccharides. 

In newboms, the sole source of carbohydrate 
is lactose, present in mammalian mille This 
disaccharide is exclusively hydrolyzed by 
lactase in the small intestine. Mature lactase is 
I 6o kna and expressed in the apical membrane 
of villus enterocytes. The mean functional 
residence time of lactase was estimated 7. 8 h 
in in vivo experiments in adult rat (Dudley et 
al. I993). Lactase is responsible for hydrolysis 
of the disaccharide lactose, into glucose and 
galactose. 

The more complex carbohydrates, consumed 
at later age, are degraded in the small intestine 
primarily by sucrase-isomaltase ( sr). sr consists 
of 2 subunits, which are both encoded by the 
sr gene and cleaved after translation by pan
creatic proteinases into a I 2 o kna sucrase 
subunit and a I4o kna isomaltase subunit 
(Van Beers et al. I995). sr is localized in the 
apical membrane of villus enterocytes and has 
its active sucrase and maltase domains in the 
intestinal lumen. The mean residence time of 
functional sr is 5. 8 h in rat (Dudley et al. I 9 9 3). 
sr is responsible for hydrolysis of the disaccha
ride sucrose into glucose and fructose. Sucrose 
is found in many fruits and some vegetables. 
Importantly, sr is particularly important for 
the degradation of maltose, which is the main 
degradation product of starch. The maltose is 
split by either of the two subunits of sr in two 
glucose residues, which can be absorbed by the 
intestine. 

In mammalian intestine, absorption of degra
ded carbohydrates is mediated via selective 

transporter proteins, specific for one or more 
hexoses or pentoses. The most important 
proteins for digestion and absorption of 
carbohydrates are schematically represented 

in Figure I . 3 . 
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Figure 1.3 
Hexose and pentose transport through 
enterocytes. From: (Dekker et al. 2002a) 
Schematic representation if a small intestinal 
enterocyte showing the most important 
compounds if the carbohydrate hydrolysis 
and absorption system. The enterocyte is 
shown with its apical membrane to the lift, 
and the basolateral mambrane to the right. 
These plasmamembrane domains are 
separated by the tight junctions, which also 
serve to seal '!if the intestinal luminal 
compartment from the bodies interior. 
Indicated are the most important 
glycohydrolases, lactase and sucrase
isomaltose, and the three most important 
monosaccharide transporterproteins, SGLTI, 

GLUT2, and GLUTS. Also indicated is the 
sodium/potassium ATPase (Na/K-ATPase) 
that is responsible for the sodium (and 
potassium) gradient over the apical 
brush border membrane, which is essential for 
the active uptake if glucose and galactose 
over this membrane. Glc, glucose; Gal, 
galactose; F fructose; N a, sodium; K, 

potassium. From: (Dekker et al. 2002a) 

lmestlnal Lumen 

The major transporter involved in glucose 
absorption in humans and rodents is the 

sodium (Na+ )-coupled glucose transporter 
(sGLTI ). SGLTI is localized in the apical 
membrane of enterocytes and actively takes up 

glucose (and galactose), in combination with 
sodium (Na+) (Figure 1.3). Most glucose is 
derived from dietary starch. Another 
important carbohydrate transporter is GLUTS. 
GLUTS passively takes up fructose through 
facilitated diffusion. GLUTS is localized in the 
apical membrane of enterocytes (Figure I .3). 
Its activity is driven by the concentration 
gradient of fructose over the plasma 
membrane. Fructose is present for instance in 
processed apple juice. Since the uptake of 
fructose can be relatively easy saturated, high 
amounts of fructose in the diet may in fact lead 
to malabsorption symptoms, and may be one 
of the causes of 'toddlers diarrhea' in children. 
At the basolateral side of the enterocyte, 
fructose as well as glucose and galactose are 
passed to the blood through the facilitative 
hexose transporter GLUT2 (Figure 1.3). 

Dietary Lipids 

Dietary lipids (triacylglycerols) are mainly 
composed of long-chain fatty acids (>c I 6). 
These are liberated from lipid droplets in the 
proximal part of the small intestine by 
pancreatic lipases and bile acids. These 
liberated fatty acids form mixed micelles with 
bile acids to increase their solubility. Other 
dietary lipids are cholesterol esters and 
phospholipids. Although lipophilic molecules 
can passively diffuse across cell membranes, 
enterocytes are supplied with lipid 
transporters at the apical membrane to absorb 

Villus Enterosrt.c Blood 



long chain fatty acids from the lwnen 
(Abwnrad et al. 1999; Abwnrad et al. 2ooo). 
The conditions for lipid absorption can be 
favored by lowering the pH microclimate in 
the jejunwn, which results in an enhanced 
dissociation of the mixed micelles and a higher 
fatty acid uptake (Shiau 1990). 

Genes involved in mammalian lipid absorption 
are FABPm, FAT/ CD36 and FATP (Dutta-Roy 
2ooo ). In the small intestine, the fatty acid 
translocase FAT is an abundant protein for 
uptake oflong chain fatty acids (LcFAs). FAT is 
localized in enterocytes of the upper two-third 
of the small intestinal villi (Poirier et al. r 996). 
In addition, the fatty acid transporter protein 
FATP4 has been identified as the major 
intestine-specific isoform of fatty acid 

transporters (Stahl et al. r 999). Fatty acids are 
transported intracellularly to the endoplasmic 
reticulwn (ER) to be re-esterified and, 
depending on the hydrophobicity, either or 
not incorporated into chylomicrons, and 
transported to the basolateral membrane. 
Basolaterally secreted chylomicrons are taken 
up by the lymphatic system. In contrast, 
mediwn-chain and short-chain fatty acids, 
which are less hydrophobic compared to 
LCFAS, are essentially found in the blood bound 
to albumin (Stahl et al. 1999). 

Fatty acid binding proteins 

The intracellular transport processes of fatty 
acids is mediated by fatty acid binding proteins 
(FABPs). They are members of a family of I4-
I5 kna proteins (Storch and Thwnser 2ooo). 
Two FABPs are known to be expressed in 
mammalian enterocytes, e.g. intestinal- (1-) 
and liver ( L-) FABP. Studies with fluorescent 
fatty acids and model membranes suggest that 
l-FABP may be involved in uptake and specific 
targeting of fatty acids to subcellular 
membrane sites, whereas L-FABP may serve as 
cytosolic buffer to balance unbound fatty acid 

concentrations within the cell (Storch 1990). 
The use of specific antibodies and i=uno
histochemical methods have shown a co
expression of these proteins in rodent small 
intestine (Shields et al. 1986). Expression of 
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r-FABP but not L-FABP, is regulated by the 
cytokine TGF-beta, as shown in studies using 
TGF-beta knockout mice (Fontaine et al. I 996). 

Intestinal alkaline phosphatase 

Intestinal alkaline phosphatase (r-AP) is a 
membrane-bound enzyme at the apical 
memranes of enterocytes in the intestinal 
epitheliwn which can dephosphorylate various 
phosphorylated substrates. The natural 
substrate of I-AP is not known but endotoxin is 

a likely candidate (Poelstra et al. 1997). In one 
study, l-AP was capable of inactivating endo
toxins in vivo (Poelstra et al. 1997). Through 
the inactivation ofbacteria, l-AP contributes to 
protection of the intestinal epitheliwn. In rats 
it was shown that l-AP expression and locali
zation is regulated by dietary triacylglycerols 
(Zhang et al. 1996). Movement of l-AP from 
the apical membrane to the supra-nuclear 
Golgi region, in response to triacylglycerols, 
suggest that l-AP plays a role in fat absorption. 

The Intestinal Epithelial Barrier 

There are several factors that contribute to 
the maintenance of the epithelial barrier. An 
important structural component is formed by 
the tight junctions. These are highly organized 
membrane networks between adjacent cells 
(Nusratetal. 2ooo; Powell 1981). Another 
important component serving protection 
against infiltrating noxes and pathogens is 
formed by the mucus layer (Dekker et al. 
1999). Mucus mainly consists of gel-forming 
mucins, which cover the luminal side of the 
epitheliwn (Van Klinken et al. 1997). The gel 
structure of mucins also forms a specific 
anchorage for micro-organisms. It has been 
described that the intestinallwnen serves as a 
host for some 400 different bacterial species in 
hwnans (Bry et al. r 99 6). By their permanent 
residence as symbiotic organisms this so
called microflora prevents that unwanted 

prokaryotes invade the epitheliwn. 

Goblet cells 

Goblet cells constitute 4-2o% of the epithelial 
cells depending on their position along the 
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Figure 1.4 
Alcian blue/ nuclear fast red staining cif a tissue 
section containing a Peyer 's patch in rat small 
intestinal epithelium. Immune cells, which regulate 
the immune response, are localized inside the 
lymphoid nodules (domes). 

duodenal- colonic axis. Goblet cells contribute 
to the epithelial barrier through the expression 
of mucins. Mucins are large glycoproteins with 
a molecular weight of >I ,coo kn. There are at 
least I 8 different epithelial mucins identified 

(Dekker et al. 2 o o 2 b). These mucins are ex
pressed in a tissue-specific manner, of which 
MUC 2 is the most prominent mucin in the small 
and large intestine (Van Klinken et al. I 9 9 7) . 

In addition to mucin, goblet cells of the small 
and large intestine also constitutively express 
and secrete trefoil peptides. Trefoil peptides 
are small molecules and extremely protease
resistant. They are expressed in the gut and 
important for epithelial protection. There is a 
region-specificity leading to expression of TFFI 

and TFF2 in the stomach and TFF3 in the small 
and large intestine. Expression of intestinal 
trefoil factor (TFF3) is induced in damaged 
intestinal mucosa, where it enhances repair 
through induction of epithelial restitution 
(Dignass et al. I994)· Restitution is a rapid 
process by which differentiated intestinal 
epithelial cells Inigrate over denuded 
connective tissue to reseal superficial wounds. 
The movement of cells requires rearrange
ments in the cells cytoskeleton. In cell lines it 
was shown that TFF3 promotes Inigration 
through it's effects on E-cadherin, APC and 
catenin expression (Efstathiou et al. I998). 

The purpose of restitution is to prevent the 
formation of gaps in the epithelial barrier. 

Paneth cells 
Deep down in the base of the crypts of the 
small intestine lie the Paneth cells. Paneth cells 
are thought to perform antibacterial functions. 
Their extensive endoplasmic reticulum and 
secretory granules allow them to secrete large 
quantities of peptides and proteins, such as 
lysozyme, TNF alpha, and cryptdins, which 
contribute to the local immunity (Ouellette 
I 9 9 9). Their position, in the base of the 
crypts, allow Paneth cells to offer protection 
to the epithelial stem cells. The genetic 
information that lies in these cells is endlessly 

passed through to daughter cells during 
proliferation. To maintain a healthy 



epithelium, stem cell integrity is vital. Paneth 
cells are capable of preserving the viability of 
stem cells by protecting crypts from bacterial 
overgrowth (Ouellette I997)- Interestingly, 
certain species such as dog and pig appear to 
lack Paneth cells, which contradicts their 
supposed essential function in crypt immunity 
(Potten et al. I997a). 

Morphologically, the activation of Paneth cell 
defense is characterized by an increase in the 
numbers of cells and an enlargement of the 
intracellular granules, as observed using 
electron microscopy (Brennan et al. I 9 9 8 ; 
Jeynes and Altmann I978; Sulikowska and 
Lewicki I99o). Studies in mice showed that 
activated Paneth cells release a whole series of 
cryptdins. At least some of these cryptdins 
need to be activated before their bactericidal 
activity becomes functional. This activation is 
done by the protease matrilysin, which is also 
expressed and secreted by Paneth cells 
(Lopez-Boado et al. 2ooo; Wilson et al. I995; 

Wilson et al. I997; Wilson et al. I999). 
Matrilysin secretion is induced in response to 
bacteri;1, both in vitro and in vivo. 
Furthermore, it is not detectable in germ-free 
animals, unless they are inoculated with 
bacteria such as Bacteroides thetaiotaomicron 
(Lopez-Boado et al. 2ooo ). An important anti
bacterial enzyme secreted by Paneth cells is 
lysozyme. This enzyme breaks down the 
peptidoglycan of bacteria and thus contributes 
to the maintenance of local immunity. 

Gut-Associated Lymphoid Tissue (GALT) 
The lumen of the gastrointestinal tract is 
continuous with the outside of the body and 
much of it is heavily populated with potentially 
pathogenic microorganisms. It is thus 
important that the immune system establishes 
and maintains a strong represenation at this 
mucosal boundary. Indeed, the intestinal 
mucosa is heavily loden with lymphocytes, 

macrophages and other cells that participate in 
immune responses. 
Aside from all of its other functions, the 
gastrointestinal tract is a lymphoid organ, and 
the lymphoid tissue within it is collectively 
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referred to as the gut-associated lymphoid 
tissue or G.'I.LT. Lymphocytes of the GALT can, 
based on location, be distributed in three 
populations: 

I Peyer's Patches: These are lymphoid 
follicles similar in many ways to lymph nodes, 
located in the mucosa and extend into the 
submucosa of the small intestine, especially 
the ileum (Figure 1.4). 

2 Lamina propria lymphocytes: These are 
lymphocytes scattered in the lamina propria of 
the mucosa. A majority of these cells are I gA
secreting B cells. 

3 Intraepitheliallymphocytes: These are 
lymphocytes that are positioned in the 
basolateral spaces between lumenal epithelial 
cells, beneath the tight junctions. 

Another important component of the gastro
intestinal immune system is the M or microfold 
cell. Mcells are localized in the intestinal 
epithelium that endocytose a variety of protein 
and peptide antigens. Instead of digesting these 
proteins, Mcells transport them into the 
underlying tissue, where they are taken up by 
macrophages. Macrophages that receive 
antigens from M cells present them to T cells in 
the GALT, leading ultimately to appearance of 
immunoglobulin A-secreting plasma cells in 
the mucosa. The secretory I gA is transported 
through the epithelial cells into the lumen, 
where, for example, it interferes with 
adhesion and invasion ofbacteria. Tcells 
exposed to antigen in Peyer' s patches also 
migrate into the lamina propria and the 
epithelium, where they mature to cytotoxic 
T cells, providing another mechanism of 
epithelial defense. 

The Enteric Nervous System 

The nervous system exerts a profound 
influence on all digestive processes, namely 
motility, ion transport (associated with 
secretion and absorption), and gastrointestinal 
blood flow. Some of this control emanates 
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Figure 1.5 

The enteric nervous o/stem is composed if two 
ganlionated plexuses. The larger myenteric 
plexuses, situated between the circular and 
the longitudinal layers if the muscularis 
extema, contains the neurons responsible for 
motility and for mediating the enzyme output 
if adjacent organs. The smaller submucosal 
plexus contains sensory cells that 'talk' to the 
motor neurons of the myenteric plexus, as 

well as motor fibers that stimulate secretion 
from epithelial crypt cells into the gut lumen. 
Other anatomical landmarks if note include 
para~pathetic (vagal) fibers entering the 
bowel in the mesentery, perivascular o/mpa
thetic input to the gut, and the subepithelial 
plexus if nerve fibers in the lamina propria 
if the mucosa. 

par.:tsympo.thetic (va.gal) nerve 
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nerve 
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from connections between the digestive 
system and central nervous system (eNs) via 
parasympathetic and sympathetic nerves. 
Besides the CNS, the digestive system is 
endowed with its own, local nervous system, 
the enteric nervous system (ENS). With a 
collection of I o 8 neurons, it has the ability to 
innervate the intestinal muscles in response 
to mechanical stimulation from the lumen, 
independently of input from the brain or spinal 
cord. Anatomically, the ENS is organized in 
2 plexuses of ganglia: the submucosal 
(Meissner's) plexus and the myenteric 
(Auerbach's) plexus, both of which are 
embedded in the wall of the digestive tract 
(Figure I. 5). 

The myenteric plexus is located between the 
longitudinal and circular layers of muscle in 
the tunica muscularis and exerts control 
primarily over digestive tract motility. The 
submucosal plexus is buried in the submucosa. 
Its principal role is in sensing the environment 
within the lumen, regulating gastrointestinal 
blood flow and controlling a variety of 
epithelial functions. In addition to the two 
major enteric nerve plexuses, there are minor 
plexuses beneath the serosa, within the 
circular smooth muscle and in the mucosa. 

Within enteric plexuses are three types of 
neurons: 



I Sensory neurons receive information from 
sensory receptors in the mucosa and muscles. 
Chemoreceptors sensitive to acid, glucose and 
amino acids have been demonstrated which, in 
essence, allows 'tasting' of luminal contents. 
Sensory receptors in muscle respond to stretch 
and tension. Collectively, enteric sensory 
neurons compile a comprehensive battery of 
information on gut contents and the state of 
the gastrointestinal wall. 

2 Motor neurons within the enteric plexuses 
control gastrointestinal motility and secretion, 
and possibly absorption. In performing these 
functions, motor neurons act directly on a 
large number of effector cells, including 
smooth muscle, secretory cells (chief-, 
parietal-, mucous-, pancreatic exocrine cells, 

and enterocytes) and gastrointestinal 
endocrine cells. 

3 Intemeurons are largely responsible for 
integrating information from sensory neurons 
and providing this information to enteric 
motor neurons. 

In addition to neurons, the ENS also contains 
interstitial cells of Cajal (Icc), localized 
between the two layers of the muscularis 
extema and in the muscularis plexus. Icc's 
have been identified as intestinal pacemaker 
cells. Abnormalities in ICC are increasingly 
recognized in a number of disorders such as 
infantile hypertrophic pyloric stenosis, 
Hirschsprung' s disease, inflammatory bowel 
diseases, slow transit constipation, and chronic 
intestinal pseudo-obstruction. 

Enteric neurons secrete an array of neuro
transmitters, such as acetylcholine, 5-HT, 
substance P, and many neuropeptides (e.g. 
vasoactive intestinal polypeptide (viP), 
neuropeptide Y, somatostatin). One major 
neurotransmitter produced by enteric neurons 
is acetylcholine. In general, neurons that 
secrete acetylcholine are excitatory, 
stimulating smooth muscle contraction, 
increases in intestinal secretions, release of 
enteric hormones and dilation of blood 
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vessels. Norepinephrine is also used 
extensively for neurotransmission in the 
gastrointestinal tract, but it derives from 
extrinsic sympathetic neurons; the effect of 
norepinephrine is almost always inhibitory and 
opposite that of acetylcholine. 

Autonomic innervation by the ENS is involved 
in cell division and migration in the intestinal 
epithelium. For instance, the chemical or 
electrical stimulation of the cholinergic 
receptors was shown to have stimulatory 
effects on intestinal epithelial proliferation, 
whereas both chemical and surgical sympa
thectomy inhibited crypt cell proliferation in 
rats (Tutton and Helme I974; Tutton I97 sa; 
Tutton I97 sb). 

Mast cells 

There are two types of mast cell populations in 
the intestinal mucosa. The mucosal mast cells, 
in the lamina propria, and the connective 
tissue mast cells, in the submucosa. They are 
both recruited from mast cell precursors in the 
bone marrow (Wershil2ooo). Mucosal mast 
cells are localized in close proximity to nerves 
in the human gastrointestinal mucosa (Stead 
et al. I 9 8 9). Mast cells secrete a variety of 
regulatory mediators and cytokines such as 
biogenic amines, proteoglycans, proteases and 
TNF-alpha (Yu and Perdue 2ooi). 

Mucosal mast cells serve both transport and 
barrier functions in the intestinal mucosa. For 
instance, mucosal mast cells have direct effects 
on intestinal epithelial permeability (Scuda
more I998) and mucin secretion (Castagliuolo 
et al. I996). In mast cell-deficient rats is was 
further shown that mast cells enhance fluid 
secretion and neutrophil infiltration in 
endotoxin-mediated enteritis in mice (Wershil 
et al. I998). Also the vascular permeability is 
regulated by the mucosal mast cells, such as 
during delayed type hypersensitivity reactions 

in the rat (Kraneveld et al. I998). 

In rats mucosal mast cells can be histo

chemically stained on tissue sections with the 
use of specific antibodies directed against rat 
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Figure 1.6 
Sites cf action cf MTX and MTX polygluta
mates (MTx(glu)N). MTX enters cells by 
either the reducedjolate carrier ( 1) or 
the '!'embranejolate binding protein (2). 
MTX is then polyglutamylated by the enzyme 

jolypolyglutamate synthetase (3). MTX 

(glu )N is a potent inhibitor cf dih ydrcfolate 
reductase (DHFR) (4). MTX polyglutamates 
are hydrolyzed to MTX in the lysosome by 
gamma-glutamyl hydrolase (GGH) ( r;). 
FH 2 = dihydrcfolate; FH4 = tetrahydro
jolate; CH 2 FH4 = NS, Nio-methylene 
tetrahydrcfolate; dUMP = deoxyuridylate; 
TMP = thymidine monophosphate; GGH = 
gamma-glutamyl hydrolase. 

MTX 

mast cell protease (Kimura I998), as well as 
with alcian blue or toluidine blue (Stead I 9 8 7). 

Stress 
Stress is known to induce a variety of physiol

ogical responses in the intestine. Two types of 
stress can be discriminated, the chronic and 
the acute form, which have different con
sequences for intestinal epithelial functioning. 
Chronic stress is based on the long-term 
effects of a physiological stressors, such as the 
repetitive appliance of an electrical shock, or 
immobilization, or removal of drinking water 
to laboratory animals. This type of stress 
results in decreased intestinal epithelial 
proliferation (Tutton and Helme I973; Greant 
et al. I 9 8 8), increased intestinal ion secretion 
(Saunders et al. I994), and increased intestinal 
epithelial permeability (Kiliaan et al. I998) as 
well as endothelial permeability (Wilson ~d 
Baldwin I998). 

Studies in rats showed that sensory neurons 
(Ren et al. 2ooo ), mast cells (Wilson and 
Baldwin I999), and adrenal glucocorticoids 
(Medd.ings and Swain 2ooo) can be involved in 
the mechanism of chronic stress-induced 
mucosal changes. Much less is known about 
the effects of acute stress for intestinal 
epithelial functions. 



Methotrexate as 
Chemotherapeutic Drug 

The folate antagonist MTX is widely used in 
(pediatric) cancer patients to kill neoplastic 
cells. The use of MTX to treat cancer patients 
has been extensively described. MTX is given 
either alone, or in combination with other 
chemotherapeutic agents. High doses of this 
anti-cancer drug lead to severe side effects in 
the small intestine and cause symptoms like 
abdominal pain, diarrhea, weight loss, mal
absorption, or even malnutrition. As a rescue 
therapy for proliferating epithelial cells 
after exposure to high concentrations of MTX, 

the reduced folate pools can be restored 
through by-passing the MTX -induced 
enzymatic block with leucoverin. This 
'classical' combination therapy is successfully 
used in (childhood) leukemia. Also in cancer
bearing rats, primary tumor eradication can be 
realized through this combination of MTX and 
leucovorin (Pologeorgis et al. I993). 

Mechanism of action of MTX 

Methotrexate is an inhibitor of dihydrofolate 
reductase (DHFR), a key enzyme in the 
synthesis of thymidylate, and therefore, of 
DNA. Dihydrofolate reductase is resposible 
for the reduction of dihydrofolates to tetra
hydrofolates (Figure I .6). These reactions are 
essential in the biosynthesis of thymidilic acid, 
a DNA-specific nucleotide, and inosinic acid, 
a purine precursor. Binding of MTX to DHFR 
leads to a decrease in tetrahydrofolate-pools 
and thus to decreased thymidylate biosynthesis. 

Although the response of the intestinal 
epithelium to MTX has been well described, 
the functions of the epithelial cell types during 
damage and regeneration are not well 
understood. From studies in human and rat it 
is known that MTX induces apoptosis in the 
proliferative compartment of the epithelium. 

It is described that the loss of epithelial crypts 
cells induces crypt loss, crypt atrophy and 
villus atrophy (T aminiau et al. I 9 8 o; 

Pinkerton et al. I982; Altmann I974; Trier 
I962). With the use ofbiochemical and 

histochemical methods, MTX treatment has 
been shown to lead to reduced expression of SI 

and lactase enzyme activities in rat and mice 
small intestine (Taminiau I 9 8 o). 



2 Aims & outline of this thesis 

A well known side-effect of the use of the 
chemotherapeutic drug MTX in anti-cancer 
treatments is the inhibition of intestinal 
epithelial cell proliferation, which leads to 
villus atrophy in the small intestine. This side

effect is dose-limiting but the consequence 
of chemotherapeutic damage for intestinal 
epithelial functions remains largely obscure. 
We aimed to study the intestinal epithelial 
functions in response to chemotherapy with 
the use of an in vivo model, in which rats are 
injected intravenously with the cytostatic 
drug methotrexate (MTX). In this model we 
investigate epithelial functions in intestinal 
tissue segments during different stages of 
damage and regeneration. To this end, rats are 
sacrificed every 24 h after the administration 
of the drug until regeneration is complete. 
The reproducibility of our model will be 
tested using various concentrations of MTX 
ranging from 3o-6o mg/kg. These will be 
given either as a single dose, or as a 
fractionated dose on two consecutive days. 
In the different drug-administration protocols 
we will analyze the inhibition of epithelial 
proliferation, the development of epithelial 
damage, the implications for intestinal 
epithelial functions and the regeneration of 
the intestinal epithelium. 

In our study we will pay attention to possible 
region-specific differences in MTX sensitivity, 
since it is not known whether the severity of 
intestinal epithelial damage, provoked by 
cytostatic drugs, is dependent on the position 
along the horizontal axis and whether it can 
be modulated by local factors. To this end, 
we will carefully study intestinal epithelial 
morphology and function in different regions 
of the small intestine during damage and 
regeneration. And, since very litle is known 
about the effects of cytostatic drugs on colonic 
functions, we also aime to study epithelial 
functions in the colon. To asses a possible role 
oflocal i=uno-modulatory factors in the 
development of damage we will also focus on 
the epithelium in close proximity to Peyer's 
patches, which are known to contain i=uno
regulatory Tcells and Bcells. 



The inhibitory action of MTX on epithelial 
proliferation will be evaluated on tissue 
sections through detection of incorporated 
Brdu into the DNA of proliferating epithelial 
cells, which is injected 24 h before sacrificing 
the animals. The 24h-interval between Brdu
administration and analysis of the tissue allows 
analysis of both proliferation and migration of 
the epithelial cells. As second, independent 
marker of proliferation we will localize the 
expression of proliferating cell nuclear antigen 
(PCNA). Both markers can be detected in situ 
using immunohistochemical methods. 

To investigate the intensity of direct damage 
in proliferative cells of the epithelium, we 
qualitatively evaluate the induction of 
apoptosis on tissue sections. Apoptotic cells 
are stained on tissue sections using the TUNEL 
method. In addition, cells expressing cleaved 
caspase- 3 are stained as second, independent 
marker of apoptosis. Identification of 
apoptotic cells with the use of these specific 
detection methods will be evaluated through 
comparison with morphological signs of 
apoptosis, such as cell shrinkage and 
appearance of apoptotic bodies, which can be 
observed on HE-stained tissue sections. 

Epithelial functions will be studied through 
analysis of epithelial gene expression. The use 
of cell type-specific differentiation markers 
allows us to discriminate between the different 
cell types of the intestinal epithelium, i.e. 
enterocytes, goblet cells and Paneth cells. 
Through analysis of gene expression at mRNA 
and protein levels, insight will be obtained in 
regulatory events. Knowledge thus gathered 
regarding changes in epithelial functions 
during damage and regeneration could 
contribute to the development of specific 
diets, either via providing epithelial protection 
or by preventing malnutrition. 

Enterocytes with their unique functions in 
nutrient-metabolism will be investigated 
through expression of a range of markers. 
Sucrase-isomaltase (sr), lactase (Lac), 
sodium- glucose cotransporterl (sGLTr), and 
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the facilitative glucose transporters (GLUTS), 
will be used as characteristics for carbohydrate 
metabolism. Lipid metabolism will be 
screened via intestinal alkaline phosphatase 
(r-AP), intestinal fatty acid binding protein 
(r-FABP) and liver type fatty acid binding 
protein (L-FABP). 

Goblet cell functions will be evaluated with 
the use of mucin (MUC2) and intestinal trefoil 
factor (TFF3) as markers. Both gene products 
are important for the barrier function of the 
epithelium. Loss of MUC2 expression will 
increase the vulnerability of the epithelium 
through an impairment of the mucus layer. 
Likewise, loss of TFF3 could lead to decreased 
intestinal repair, in particular via decreased 
ability for restitution. 

The defensive functions of Paneth cells will be 
studied through analysis of the expression of 
lysozyme (LYS). Loss oflysozyme expression 
is potentially harmful and could contribute to 
a colonization of bacteria, especially in the 
crypts where these cells are localized. On the 
other hand, an increased expression of this 
protein could be important during phases of 
increased vulnerability. The specificity of 
changes in the expression of lysozyme will be 
evaluated by the use of matrilysin (MAT), 
a protease needed for cryptdin activation in 
mice, as second marker ofPaneth cell 
function. 

Intestinal epithelial regeneration is studied 
through analysis of a recovery of crypt-villus 
morphology in the small intestine and crypt 
morphology in the colon, as well as the 
recovery in cell type-specific gene expression 
in the small intestine and colon. Through 
comparison of gene expression pattems, in 
time and per cell type, insight is provided in 
regulatory mechanisms that control epithelial 
functions. In Chapter 3, three regions of the 
small intestine, i.e. dudenum, jejunum, and 
ileum, and the proximal part of the colon were 
studied to investigate possible region-specific 
differences in MTX-sensitivity. Morphological 
data are presented about changes in crypt- and 
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villus heights and changes in the population of 
functional epithelial cells during 4 phases of 
damage and repair. Furthermore, data are 
presented which indicate that not all cell types 
are equally sensitive for damage in the small 

intestine induced by MTX. The relative 
resistance of goblet cells and Paneth cells is 
demonstrated, compared to enterocytes, 
towards MTx-induced changes in epithelial 
differentiation with the use of immunohisto
chemical and biochemical methods. Also, 
preliminary data are presentaed on colonic 
changes in epithelial proliferation and morpho
logy. Since the general effects of MTX on 
epithelial proliferation and morphology were 
similar along the horizontal axis, later chapters 
only describe the effects of MTX in the jejunum 
as representative for the entire small intestine. 

In Chapter 4, a detailed analysis of the MTX -
induced changes in epithelial mRNA and 
protein expression is presented during the 4 
phases of damage and regeneration which 
could be discriminated in this model. With the 
use of statistical analysis, the specificity is 
shown of quantitative changes in mRNA and 
protein expression during these 4 phases of 
damage and regeneration. The presence of 
correlations between some, but not all, gene 
products of the same cell type is demonstrated, 
as well as the absence of correlations between 
gene products of different cell types. The 
mRNA and protein expression patterns in the 
MTX -treated rats, which are expressed as 
relative percentages of those seen in saline
injected controls, indicate a preference for 
fatty acid metabolism in contrast to carbo
hydrate metabolism during damage. Further
more, the maintenance is demonstrated of 
defensive goblet cell functions during damage 
via expression of mucin ( MUC 2) and trefoil 
factor molecules (TFF3). And, with the use of 
statistical analysis the independent regulation 
of these genes during damage and regeneration 
is shown. Furthermore, the maintenance of 
Paneth cell function in epithelial protection 
during MTX -induced damage is demonstrated 
in Chapter 4 via the specific increased 
expression oflysozyme. All quantitative data 



are underscored by immunohistochemical 
data, which are also presented in this Chapter. 

In Chapter 5, the protection of intestinal 
epithelium in close proximity to Peyer' s 
patches (PP) is described, compared to non
patch (NP) epithelium towards MTX. (Immuno) 
histochemical data are presented which show 
a reduced inhibition of proliferation in PP 
epithelia relative to NP epithelium, but equal 
induction of apoptosis in response to MTX. 

The absence of damage in PP epithelium, in 
contrast to NP epithelium, was demonstrated 
by a lack of changes in epithelial mRNA and 
protein expression using in situ hybridization 
and immuno-histochemical methods. 

A possible role for the Central Nervous 
System in the development of intestinal 
damage is presented in Chapter 6, wherethe 
impact of stress during chemotherapy is 
demonstrated. Through the use of various 
concentrations and administration schedules 
of MTX in combination with different housing
conditions, a doubling is shown of small 
intestinal dysfunction under stressfull 
circumstances. 
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the intestine of methotrexate-treated rats 
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Proliferation, differentiation and cell death 
were studied in the small intestinal and colonic 
epithelium of rats after a 2-days treatment 

with methotrexate. Days r-2 after the final 
dose were characterized by decreased 
proliferation, increased apoptosis and 
decreased numbers and depths of small 
intestinal crypts, in a proximal-to-distal 
deceasing gradient along the small intestine. 
The remaining crypt epithelium appeared 
flattened, except for the Paneth cells, in which 
lysozyme protein and mRNA expression was 
increased. Regeneration through increased 
proliferation, during days 3-4, coincided with 
villus atrophy, showing decreased numbers of 
villus enterocytes and decreased expression of 
the enterocyte-specific genes SI and CPS!. 
Remarkably, goblet cells were spared at villus 
tips and remained functional in MUC2 and Tl'F3 

gene expression. On days 8-ro, all parameters 
had returned to normal in the whole small 
intestine. No methotrexate-induced changes 
were seen in epithelial morphology, 
proliferation, apoptosis, MUC2 and TFF3 

immunostaining in the colon. The observed 
small intestinal sparing of Paneth cells and 
goblet cells following exposure to 
methotrexate, is likely to contribute to 
epithelial defensive during increased 
vulnerability of the intestinal epithelium. 
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Introduction 

The intestinal epithelium forms a dynamic 
system of continuous proliferation, 
differentiation and cell death. In the crypt 
compartment, stem cells and proliferating 
cells produce new epithelial cells. During 
migration from the proliferative compartment 
towards the crypt base, villus tips (small 
intestine) or surface epithelium (colon), 
epithelial cells differentiate into distinct cell 
types, that can be identified using morpho
logical criteria and through expression of 
specific genes. At villus tips and at the surface 
epithelium, cells are shed into the lumen or 
become fagocytosed after apoptosis (Hall et al. 

I994)· 

Enterocytes form the largest population of 
epithelial cells. They express highly selective 
enzymes and transporter proteins that regulate 
nutrient uptake and fluid housekeeping in a 
well-orchestrated manner. Specific differences 
exist in the functions of enterocytes along the 
proximal-to-distal axis of the intestine, which 
are reflected in the regulated expression of 
region-specific genes (Walters et al. I997)
The vulnerable epithelium is protected against 
mechanical stress, luminal substances and 
pathological micro-organisms through the 
secretion of mucus. The mucus barrier 
consists mainly of mucins, which are large 
glycoproteins that are secreted by goblet cells 
(Tytgat et al. I995a, Van Klinken et al. 1995). 
The relative numbers of goblet cells increase 
along the proximal-to-distal axis, constituting 
only a few percent in the duodenum but up to 
about 2 o percent of the cells in the colon. 
Paneth cells, only present in the small intestine, 
are localized at the very base of the crypts and 
secrete anti-microbial polypeptides, like 
lysozyme, and growth factors into the lumen. 
In contrast to the enterocytes and goblet cells, 
which have lifespan of only 3 days in rat, the 
Paneth cells have a slower turnover resulting 

in a lifespan of about 3 weeks (Cheng I974). 
Another small group of slowly renewing cells 
is formed by the enteroendocrine cells, 
specialized in the primarily mucosal secretion 
of hormonal peptides (Cheng and Leblond 

I974b). Collectively, the epithelial cells 
maintain a high barrier function, principally 
through the presence of a tight junctional 
network between their plasma membranes, to 
separate the luminal content from the body's 

interior (Westcarr I999)-

The use of the cytostatic drug methotrexate 
(MTx) in anti-cancer treatments may severely 
impair intestinal epithelial function and 
therefore constitutes a dose-limiting factor in 
treatment schedules (Pinkerton et al. I 9 8 2). 
Like other chemotherapeutics it induces 
diarrhea and anorexia, accompanied with 
malabsorption, malnutrition and dehydration. 
Research has been performed on the effects of 
cytostatic drugs, including MTX, on the 
epithelium of the small intestine in animals. 
The use of animal experiments allows the 
analysis of the effects of a specific drug in time 
in all regions of the intestine, which would be 
impossible to perform in humans. Previously, 
it was shown in rats that MTX inhibited 
intestinal epithelial proliferation, which was 
followed by villus atrophy in the rat small 
intestine (T aminiau et al. I 9 8 o). Furthermore, 
during damage the levels of glycohydrolase 
enzyme activities strongly decreased in rat 
jejunum (T aminiau et al. I 9 8 o), suggesting 
enterocyte malfunction. In other studies using 
the cytostatic drug 5-fluorouracil (5-FU), 
expression of the aminopeptidase transporter 
I (PepT I) appeared resistant to similar muco
sal injury in rat ileum (Tanaka et al. I998). 
In each study, the epithelium was able to fully 
regenerate. During regeneration, the epithelial 
cells increased in number and the enterocytes 
regained their degradative and absorptive 
functions. In several studies, the prophylactic 
or therapeutic administration of particular 
growth factors, vitamins or inhibitors of 
apoptosis could enhance the regenerative 
capacities of the epithelium in vivo (Farrell et 
al. I998, Howarth et al. I998, Howarth et al. 

I996, Kanauchi et al. I998, Logvinova et al. 

1999, Nagai et al. 1993). 

Despite numerous investigations, very little is 
known about the faith of the individual epithe-
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lial cell types after exposure to cytostatic 
drugs. Also, little attention was paid to the 
response of the large intestine to MTX or other 
cytostatics. Knowledge of cell type-specific 
and region-specific variation in MTX sensitivity 

is still lacking, that is essential for the develop
ment of oral treatments in humans that could 
maintain or enhance intestinal epithelial cell 
functions during and after exposure to 
cytostatic drugs. In this study, we investigated 
in rats the mechanism of intestinal epithelial 
damage and regeneration in all regions of the 
small intestine and in the proximal colon using 
specific (immuno-) histochemical stainings for 
proliferating cells, enterocytes, goblet cells, 
Paneth cells and apoptotic cells. Furthermore, 
we quantified the expression of cell type
specific differentiation markers at the mRNA 
level. This will give us insight in the functional 
capacities of the epithelium during each phase 
of MTX -induced damage and subsequent 
regeneration. 

Materials and Methods 

Unless otherwise indicated, chemicals and 
enzymes were obtained from the following 
manufacturers: Merck (Darmstadt, Germany); 
Sigma (StLouis, MO, USA); BDH (Poole, Dorset, 
UK); Boehringer Mannheim (Mannheim, 
Germany); Vector Laboratories (Burlingame, 
cA, usA); Dako (Glostrup, Denmark); 
Amerham (Buckinghamshire, UK) and Gibco
Bethesda Research Laboratories 
(Gaithersburg, MD, usA). 

Animals 
Male Wag/Rij rats (Broekman, Utrecht, The 
Netherlands), aged 6 weeks (I 2o-I4o gram), 
were kept in conventional cages (3 rats per 
cage) in a specific-pathogen-free environment 
under controlled humidity and I 2 h light/ dark 
cycle (light: 7am-7pm) with free access to de
fined semisynthetic chow (I mg/kg folic acid, 
Hope Farms, Woerden, The Netherlands) and 
water. The dosage schedule of MTX-treatment 
leading to intestinal damage and regeneration 
without causing death was obtained from pilot 
studies. At I o am (Day-I), 2 o mg/kg body 



weight methotrexate (MTX, Ledertrexate SP 
forte, Cyanamid Benelux, Etten-Leur, The 
Netherlands) was injected intraveneously 
under light anesthesia. Twenty-four h later 
(Day o), a second injection of IO mg/kg body 
weight MTX was given. Control animals 
received equivalent volwnes of 0.9% sodiwn 
chloride solution both times. During the 
experiment, food intake, body weight, 
diarrhea and malaise were recorded daily. 
At days r, 2, 3, 4, S, 6, 8, and ro, the MTX
treated rats were sacrificed by decapitation. 
Control animals were sacriflced at day 8. To 
analyse epithelial proliferation, so mg/kg 
body weight bromodeoxyuridine (Brdu, 
Sigma), dissolved in sterile phosphate-buffered 
saline, pH 7 ·4 (PBs), was injected intraperiton
eally 24 h prior to decapitation. Rats that were 
sacrinced at day r were injected with Brdu 17 h 
before decapitation. Segments of duodenwn 
(proximal3 em of the small intestine), 
j ejunwn (anatomical middle of the small 
intestine), ilewn (distal 3 em of the small 
intestine) and proximal colon (proximal 3 em 
of the colon) were rinsed in PBS, fixed in 4% 
formaldehyde (Merck) dissolved in PBS, de
hydrated and embedded in Paraplast Plus 
(Sherwood Medical, Den Bosch, The Nether
lands) according to standard procedures for 
(immuno-)histochemistry. ln addition, small 
segments of the jejunum (o.s em) of each 
animal were frozen in liquid nitrogen and 
further stored at-8o0 c for RNA-isolation. 

Morphology 

Epithelial morphology and apoptosis were 
analyzed on 6 )lm thick tissue sections after 
standard histochemical staining methods using 
either alcian blue (BDH) and nuclear fast red 
(Merck) or hematoxylin (Vector Laboratories) 
and eosin (Merck) (HE-stain). Crypt depth and 
villus height were measured manually in well
orientated sections (S measurements per 
region per rat) using a micrometer (Nikon, 

Bunnik, The Nether lands) mounted in an 
Eclipse E8oo Microscope (Nikon, Japan). 

Immunohistochemistry 

Proliferation and antigen expression were 
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detected using immunohistochemistry. 
Tissue sections were deparaffinized with 
xylene (Merck), rehydrated in graded ethanol 
solutions and treated with I._s"lo (v/v) 
hydrogenperoxide (Merck) in PBS for 30 min 
at room temperature to remove endogenous 
peroxidase activity. Antigen unmasking was 
carried out by heating the sections for I o min 
in o.oi M sodiwn citrate (Merck, pH 6.o) at 
I oo°C. For the anti-Brdu antibodies, all 
sections were incubated using 2o mg/ml 
proteinase K (Boehringer) in PBS for 7. S min 
and colonic sections were additionally treated 
with 2 N Hcl (Merck) for 90 min before 
incubation with the protease. Non-specific 
protein binding was blocked using a buffer 
containing I o mM Tris (Merck), S mM EDTA 
(Merck), o.IS M Nacl (Merck), o.2S% gelatin 
(Sigma), o.os% Tween-2o (Merck), pH 8.o. 
All sections were incubated overnight (4°C) 
using the primary mouse monoclonal anti
bodies, anti-Brdu (Boehringer, I:Ioo-4oo), 
anti-hwnan proliferating cell nuclear antigen 
(PCNA, Boehringer, I:2Soo), anti-hwnan 
MUC2 (WE9 (Tytgat et al. I99Sb), I: Ioo) or 
the rabbit polyclonal antibodies anti-hwnan 
lysozyme (Dako, I :So), anti-calf alkaline 
phosphatase (Dako, I:ISoo), anti-rat 
carbamoylphosphate synthase r (Gaasbeek 
Janzenetal. I984) (I:Sooo), anti-ratsucrase
isomaltase (Yeh et al. I 99 I) (I :6ooo), anti-rat 
trefoil factor 3 (I :6ooo) or anti-rat carbonic 
anhydrase I (cAI, r:6ooo). Immunodetection 
was performed using V ectastain elite ABC kit, 
peroxidase-conjugated (Vector Laboratories) 
and o.s mg/ml3,3 '-diaminobenzidine (Sigma) 
in imidazole buffer containing 3 o mM 
imidazole (Merck) and I mM EDTA (Merck), 
pH 7.0. Sections were counterstained using 
ready-to-use hematoxylin (Vector 
Laboratories), mounted in Entellan (Merck) 
and analyzed under an Eclipse E8oo 
Microscope (Nikon). To investigate whether 
the observed sparing of goblet cells during 

villus atrophy was statistically signiflcant, 
MUC2-positive cells were counted in villi of the 
jejunwn until day 4 after MTX. Ten crypt-villus 
axes were chosen per animal in well
orientated sections. The nwnber and ratio of 
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Figure 3.1 
MTX-induced iffects on body weight. For each 
rat, its body weight at the onset cif treatment 
(day-1) was set arbitrarily at 100%. Rats 
cif the control group (o) and the MTX-treated 
group ( o) were injected intraveneously using 
Nacl or MTX, respectively at day -1 and 
day 0 (arrows). Individual changes in body 
weight relative to day -1 were recorded daily 
and averaged per group. Standard deviations 
are given in percentages cif absolute weights. 
Rats cif the MTX-treated group were sacrificed 
sequentially until day 10. Control rats were 
sacrificed at day 8. 

MUC2-positive cells in the lower- and upper 
half of the villi of control and MTx-treated rats 
were compared using the Mann-Whitney u 
test. Similarly, the number oflysozyme
positive cells were counted in I o jejunal crypts 

per animal, until day 4, to investigate the MTX
resistance of Paneth cells. 

Histochemistry 

Differentiated enterocytes expressing alkaline 
phosphatase activity were localized on 
deparaffinized, rehydrated tissue sections in 
an one step assay using So J..Ll nitro blue tetra
zolium solution (NBT, Vector Laboratories) 
and 37 .s J..Ll bromo-chloro-indolyl phosphate 
solution (BCIP, Vector Laboratories) in Io ml 
Tris (pH 9 .s) as described by the manufacturer. 
After a I 2 min incubation at room 
temperature, the reaction was stopped in 
destilled water. After mounting in Entellan 
(Merck), brush border staining was analyzed 
under an Eclipse E8oo microscope (Nikon). 

Terminal transferase deoxy-uridine nick-end 

labeling (tunel) 

For the detection of apoptotic cells, the TUNEL 
method was used as described previously, with 
slight modifications (Moss et al. I 996). Briefly, 
following deparaffinization and rehydration, 
sections were incubated for 7 -S min with 2o 
mg/ J..Ll proteinase K (Merck) at room 
temperature. After rinsing in PBS and removal 
of endogenous peroxidase activity for 2o min 
using r.s% (v/v) H2o 2 in PBS, sections were 
pre-incubated in 2S mM Tris, pH 6.6, 2oo mM 
potassium cacodylate, o. 2 mM EDTA, o. 2S 
mg/ml bovine serum albumine (BsA) for Io 
min. Subsequently, new buffer was added 

including I mM cobalt chloride, o ·4 pM 
digoxigenin- I I -deoxyuridine triphosphate 
(Boehringer) and 2S u/ml terminal transferase 
(Boehringer) for a 90 min incubation at 37°C. 
Negative controls were included by omitting 
terminal transferase. Positive controls were 
incubated in o.S u/ml DNAse (Boehringer) 
containing buffer, including So mM Tris 
(Merck, pH 9. 2), I 4 mM ammonium sulfate 
(Merck), 2o% (v/v) dimethylsulfoxide 
(Merck), 0.3% (v/v) Tween-2o (Merck), So 



mM Mgch (Boehringer) and Ioo mM each 
(Boehringer), prior to incubation with the 
terminal transferase. The reaction was stopped 
for I 5 min using 3 oo mM Nacl and 3 o mM 
sodium citrate and subsequently blocked for 
I o min with 2% BSA in PBS. After rinsing in 
PBS, the sections were incubated overnight at 
4°C using peroxidase conjugated Fab fragments 
(I :2ooo, Boehringer) in PBS. Binding ofFab 
fragments was visualized using o. 5 
mg/ ml3, 3 '-diaminobenzidine, dissolved in 
imidazole buffer. Serial sections were stained 
using HE for comparison of TUNEL reaction 
with the known morphological criteria 
(nuclear shrinkage, apoptotic bodies) (Hallet 

al. I994). 

Northern Blots 

Total RNA was isolated from frozen jejunal 
segments ( o.5 em) using Trizol Reagent 
(Gibco ). Cell type-specific mRNA expression 
was quantified on both Northem- and 
N orthem spot blots. For the detection of 
MUC2 and CPS! mRNA, 2 mg total RNA was 
spotted directly onto nylon membranes 
(Hybo:ndN+, Amersham) using a BioRad spot 
blot device (BioRad, Hercules, CA, USA). To 
detect SI, TFF3 and lysozyme mRNA, I 0 mg 
total RNA was separated on I- I. 2% agarose 
gels (Boehringer) containing 3.5% glyoxal 
(Merck) before blotting. All blots were 
hybridized using specific 32p-labeled cDNA 
probes. Hybridization signals were quantified 
using a Phosphorlmager (Molecular Dynamics) 
after I- 3 days exposure time. The following 
probes were used: A 827 bp ECORI-fragment of 

rat SI mRNA (Krasinski et al. I994), a I ·9 kb 
ECORI fragment of rat CPSI mRNA (N yunoya et 
al. I985), I kb ofratlysozymemRNA 
(Yogalingam etal. I996) and438 bp ofrat 
TFF3 mRNA (Suemori et al. I99 I). For the 
construction of a rat MUC2 probe, RT-PCR was 
performed on colonic RNA using the following 
primers: ACC TGT CGA CTG GTA GAG GAG ATT 

ACC CCC AND GCT CTA GAT CAC ATG TGG TCA 
GGT TGC, based on the rat MUC2 coding 
sequence (Xu et al. I 99 2). I. I kb of rat MUC2 
(bp 5o6- I 56o) was amplified and cloned in the 
sall- xbal sites ofpBluescript sK+ (Promega 
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Biotec, Madison, WI, usA). Hybridized signals 
were corrected for glyceraldehyde- 3-
phosphate dehydrogenase ( GAPDH) mRNA 
expression, to correct for the amount of 
loading, using I ·4 kb GAPDH mRNA as a probe. 

Statistical analysis 

Statistical analysis was performed on crypt 
depth, villus height, goblet cell- and Paneth 
cell numbers and mRNA expression using the 
Mann-Whitney-u test. Due to time-dependent 
intra-aninial variations, data of 2 consecutive 
time points were pooled. A p-value ofless 
than o. o 5 was considered statistically 
significant. 

Resu Its 

Clinical symptoms 

The intake of food and the gain in body weight 
decreased immediately after the first injection 
of MTX and lasted until day 4· In Figure 3. I, 
average changes in the body weight of control 
and MTx-treated rats are shown in time, 
relative to their individual weight at the onset 
of treatment at day- I. Food consumption in 
the MTX-treated group was minimal at days 2 
and 3, when only 25% (i.e. 4 gram per rat) of 
the intake of control rats was observed (not 
shown). By then, the MTX-treated rats had lost 
2-Io% of their initial body weight. Partly, this 
weight loss was the result of dehydration as all 
MTX-treated rats developed diarrhea from day 
2 until day 6. Recovery was seen from day 3 
onwards, accompanied with regain of appetite 
and with increased gain in body weight when 
compared to the controls. During the 
experiment, no effect of MTX-treatment on 
water intake was observed (not shown). 

Proliferation 

The effects of MTX on intestinal epithelial 
proliferation were analyzed through detection 
of incorporated Brdu, injected the day before 

the rats were sacrificed. Because of the 24 h 
interval between injection and killing, Brdu
positive cells were not restricted to the crypts, 
but were also found up to one third of the 
length of the villi in all small intestinal regions 
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Figure 3.2 
Effects if MTX-treatment on epithelial proliferation. Brdu-incorporation was detected immunohistochemically in the duodenum 
(A, D, G, J, M, P ), jejunum (B, E, H, K, N, Q), ileum (c, F, I, L, o, R) and the colon (s-u) if control and MTX-treated rats. In 
control rats, proliferation and migration resulted in Brdu-positive cells up to one third if the villi in the small intestine (A-c) and 
in the mid-crypts if the colon (s); After MTX-treatment, proliferation was absent at day 1 along the entire small intestine (n-F), 
and proliferation returned at first in the distal small intestine at day 2 (G-I). Maximal proliferation was seen at day 4 along the 
entire small intestine (J-L). Proliferation decreased gradually towards control patterns as seen at day 6 (M-0) and day 8 (P-R). 

No decrease in Brdu-staining was seen at day 1 in the colon (T). Hyperproliferation was seen in the colon if some rats at day 6 
(u). Bars represent 1 oo j.J.m. 



of control rats due to migration of the cells 
(Figure 3 . 2 A-c). In each small intestinal 
region, MTX completely inhibited epithelial 
proliferation, since Brdu injected 5 h after the 
final dose of MTX could not be detected in 
epithelial cells in any of the small intestinal 
regions (Figure 3. 2D-F). An induction of 
epithelial proliferation in the small intestine 
occurred between 24 h and 48 h after the final 
dose of MTx in a region dependent way. 
A minor increase in the amount ofBrdu
staining was seen in duodenal crypts at day 2 
(Figure 3.2G). Slightly more Brdu-labeled 
cells were seen in the jejunum at day 2 (Figure 
3 . 2 H), while highest induction of proliferation 
was seen in the ileum (Figure 3. 2 L). At day 3, 
Brdu-positive cells were abundantly covering 
the crypt epithelium and reached up to one 
third of the length of the villi in all small 
intestinal regions (not shown). The numbers 
of Brd u-positive cells were further increased at 
day 4 in each region of the small intestine such 
that labeling was seen along the entire crypt
villus axes (Figure 3 . 2 J-L). Between day 5 and 
day 8 the numbers of Brdu-positive cells 
decreased towards control pattems in each of 
the small intestinal region (Figure 3. 2M-R). 

Inhibition of proliferation was not seen in the 
colon in the days following MTX-treatment 
since the detection ofBrdu-positive cells at 
day I-3 remained in the mid-crypt area very 
similar to controls (Figures 3. 2 s, T). 
A remarkable induction of proliferation was 
observed in the colon between day 4-6, when 
Brdu-labeling occurred along the entire 
colonic crypt epithelium (Figure 3. 2U). 
However, this colonic hyperproliferation was 
not seen in each animal. After day 6, the 
detection of Brd u in the colon of MTX-treated 
rats was comparable to the controls (not 
shown). 

Morphology 

Morphological damage and regeneration was 
analyzed on tissue sections through measure
ment of the length of the crypts and the villi 
in the small intestine and the colon. Due to 
time-dependent inter-animal variations in the 
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response to MTX-administration, measure
ments of 2 consecutive days were pooled in 
the quantitative analysis of crypt depth and 
villus height (Figure 3. 3). Following the 
second MTx-injection, the crypt depths were 
decreased in all small intestinal regions at day 
I and day 2 when compared to controls. This 
decrease was only significant in duodenum 
and jejunum, where crypt depths were So% 
and 6o% of controls, respectively. In all small 
intestinal regions, the crypts were significantly 
elongated on days 3 and 4 when compared 
to days I and 2. The small intestinal crypts 
were further elongated on days 5 and 6 when 
compared to controls or to days 3 and 4· 
Between days Sand Io, the crypt depth was 
comparable to controls in all small intestinal 
regions. In the colon, no significant changes 
occurred in the average crypt depth following 
MTx-administration (not shown). 
Nevertheless, it is worth to mention that in 
some animals the colonic crypts were enlarged 
to I 5o% of control length between day 4-6, 
coinciding with increased Brdu-incorporation 
in these animals, as shown in Figure 3. 2u. 

The small intestinal villi progressively 
shortened between day I and day 4 following 
MTx-treatment, when compared to the length 
of the villi in controls. This villus atrophy was 
only significant in the jejunum (7 5% of control 
values) and less pronounced in duodenum 
(So% of control values) and ileum (S5% of 
control values). Between day 5 and day I o, 
the villi regenerated to normal lengths in all 
small intestinal regions. However, during the 
regeneration phase at days 5 and 6, the ileal 
villi temporarily exceeded the lengths of 
normal ileal villi (I 40% of controls). 

Next to MTx-induced changes in small 
intestinal crypt and villus sizes, a morpho
logical characteristic of epithelial damage 
became apparent when judged on HE-stained 
sections. At days I and 2, epithelial damage in 
the small intestine was characterized by a 
reduction in the number of crypts. In the 

remaining crypts, the epithelial cells appeared 
flattened. This damage was most severe in the 
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Figure 3.3 
Effects tj MTX-treatment on crypt depth 
and villus height in duodenum (filled bars), 
jejunum (open bars) and ileum (hatched 
bars). Mean crypt depth (downwards) and 
mean villus height (upwards) is shown per 
group per region. Crypt depth decreased in 
the small intestine until day 2. In the 
proximal regions this decrease was significant 
when compared to controls (p<O.O>)
During crypt regeneration on days 3 and 4, 
they were enlarged when compared to days 
1 and 2 in all small intestinal regions 
(p<o.o,). Crypt elongation continued on 
days 5 and 6, during which they even 
exceeded control values in duodenum and 
ileum. The length tj the small intestinal 
villi decreased until day 4 .ifter MTX. Only 
in the jejunum this decrease was significant 
(p<o.o,). Small intestinal villi regenerated 
on days 5 and 6, during which they were 
elongated in the ileum when compared to 
controls. At days 8 and 10, the length tj 
small intestinal crypts and villi returned 
within the range tj controls. Filled bar: 
duodenum; open bars: jejunum; hatched bars: 
ileum. Error bars represent standard error tj 
the mean. Statistically significant dijference 
(p< o.o,)jrom controls(**) or to the 
previous group tj the time course (*) was 
analyzed using the Mann- Whitney u-Test. 

duodenum (Figure 3-4A). Towards the ileum, 
epithelial damage in the crypts was less 

pronounced (Figures 3·4B and c), whereas in 
the colon morphological changes were absent 
(Figure 3 .40). Epithelial cell damage was also 

observed on the villi at later stages in all small 
intestinal regions. At days 3 and 4, the villi 
showed reduced numbers of epithelial cells 
and the remaining cells were flattened, e.g. 
day 4 of the jejunum (Figure 3 .4E and F). 
Similar to the observed crypt damage, also 
villus damage was less severe towards the 
ileum (not shown). By day 5 and day 6, the 
villus epithelial cells appeared normal in 
number and in morphology in each small 
intestinal region (not shown). 

MTX-induced apoptosis 

In each of the small intestinal regions of 
controls, only an occasional crypt cell was 
TUNEL-positive, and most crypts were TUNEL
negative (Figure 3 .SA). In MTX-treated rats, 
the amount of TUNEL-positive cells was 
markedly increased at day r and day 2 in the 
small intestinal crypts, but not on the villi 
(Figure 3.5B). MTX-induced TUNEL-positive 
cells occurred in the crypts in all small 
intestinal regions, suggesting enhanced 
apoptosis at days I and 2 along the entire small 
intestine. The induction of apoptosis in small 
intestinal crypts at day I and day 2 was further 
supported by the increased appearance of 
nuclear shrinkage and apoptotic bodies in 
serial HE-stained sections (not shown). In the 
colon, the number of TUNEL-positive cells was 
not altered in the crypts after MTX-treatment 
when compared to controls (not shown). Also 
on serial sections stained with HE, no signs of 
altered apoptosis were observed in the colon 
(not shown). 

Epithelial gene expression during 

MTX-induced damage and regeneration 

To localize differentiated enterocytes in the 
small intestine during epithelial damage, 
expression of alkaline phosphatase (AP) and 
sucrase-isomaltase (si) was detected i=uno
histochemically along the small intestine. In 
the jejunum of control small intestine, the 



brush border of villus enterocytes were AP
and sr-positive (not shown). During maximal 
villus atrophy and epithelial restitution (days 
3-4), villus enterocytes were reduced in 
number but still AP- and sr-positive (e.g. 
Figure 3 . 6 G). To verify the functionality of AP 
during damage, its activity was localized on 
serial sections. The localization of AP activity 
in control jejunum was comparable to the 
immunohistochemical localization of the 
protein (dark blue, Figure 3 .6A) and did not 
change during villus atrophy as shown on day 4 
(Figure 3. 6B). Similar results for AP and sr 
were also obtained for the duodenum and the 
ileum (not shown). Interestingly, In control 
jejunum, intracellular staining of sr precursor 
is restricted to villus enterocytes localized 
close to the crypt-villus junction (not shown). 
The late onset of enterocyte differentiation 
during villus regeneration is reflected by the 
detection of sr in the Golgi region of entero
cytes on villus tips on day 4 (Figure 3.6H, 
arrows). 

The presence and the functionality of goblet 
cells during MTx-induced damage and 
regeneration was analyzed in each small 
intestinal region using alcian-blue staining of 
mucins in combination with the immuno
detection of MUC2 and trefoil factor3 (TFF3)
In control small intestine, goblet cells 
increased in number towards the distal small 
intestine and were evenly distributed along the 
crypt-villus axis (light blue, Figure 3.6A). At 
days r and 2, the number of goblet cells was 
decreased in the small intestinal crypts, but 
not on the villi, as could be demonstrated 
using alcian blue-staining, and MUC2 or TFF3 
immunostaining. This goblet cell depletion 
was most pronounced in the duodenum and 
was less pronounced towards the ileum (not 
shown). At days 3 and 4, goblet cells had 
returned in the crypts, and became increasing
ly abundant on the tops of the villi in each 

region of the small intestine (e.g. Figure 3 . 6 B) . 
These villus goblet cells, identified by alcian 
blue-staining, were never positive for Brdu in 

double stainings (Figure 3.6c). Apparently, 
the goblet cells but not the enterocytes were 

3 7 

spared from extrusion, at least in the 24 h 
period following Brdu-injection. This notion 
was confirmed using PCNA-immunostaining as 
proliferation marker (Figure 3 . 6 D). The 
accumulating villus tip goblet cells were 
expressing both MUC2 (Figure 3.6E) and TFF3 
(Figure 3 . 6 F). To verify whether the increase 
in upper-villus goblet cells was statistically 
significant during villus atrophy, MUC2-
positive cells were counted in 3 zones along 
the crypt villus axis of control- and MTX
treated jejunum, as a representative for the 
entire small intestine. In the jejunum of 
control animals, the goblet cells were almost 
evenly distributed along the crypt villus axis 
(Table 3.1). From day 5 onwards, the 
distribution pattern of goblet cells was normal 
in the small intestine (not shown). 

Differentiated Paneth cells were identified in 
the base of the small intestinal crypts by their 
expression oflysozyme. Both in controls and 
in MTX-treated rats, a gradual increase in the 
number of Paneth cells per crypt was seen 
from the duodenum towards the ileum (not 
shown). At days r and 2 after MTx-treatment, 
the amount of lysozyme immunostaining was 
strongly increased in each of the small 
intestinal region when compared to controls, 
with a maximum at day 2 (Figure 3.6 rand J). 
During regeneration of the small intestinal 

crypts, from day 3 to 4, lysozyme immuno
staining returned to control level (not shown). 

In the colon, no changes were observed in the 
amount and distribution of either alcian blue-, 
MUC2- or TFF3-positive goblet cells following 
MTX-treatment (not shown). Differentiated 
colonic enterocytes were stained by their 
expression of CAI, a bicarbonate-producing 
enzyme present in the cytosol of colonic 
surface enterocytes. MTX-treatment did not 
affect colonic CAI expression, except for some 
animals in which during the late regeneration 

phase on day 6 and 8, less CAr-positive cells 
were found in the colonic surface epithelium. 
Possibly, this decrease was related to colonic 
hyperproliferation mentioned earlier (not 
shown). 
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Table 3.1 
Numbers <if goblet cells and Paneth cells in the jejunum <if MTX-treated rats. 

Control 
Goblet cells: 
Villus tip 1 I.OO ± 1.70 
Villus base 14.30 ±o.7o 
Ratio (b:t) 1.36 ±o.r4 
Paneth cells 3.07 ±o.23 

Average numbers <if goblet cells and Paneth 
cells (±standard deviation) were determined 
in well-orientated tissue sections by counting 
2-positive and lysozyme-positive cells, 
respectively. For goblet cells, 3 zones along 
the crypt-villus axis were discriminated (see 
materials and methods). Statistical analysis 
was peiformed using the Mann Wbithney 
test. <o.or; was considered statistically 
d!.[ferent. *: compared to control, 
**:compared to Day 1-2. 

Day r-2 Day 3-4 

5.6o ± r.8o * 9-50 ± 2.50 ** 

7 ·70 ± 1.98 6.oo±2.8o* 

1.64 ± 0-43 * o.68 ± o.29 *(*) 

3.52 ±o.38 2.77 ±o.2o 

Sparing of goblet cells and Paneth cells 

To investigate whether the observed 
accumulation of goblet cells at villus tips was 
statistically significant, MUC2-positive cells 
were counted along the crypt-villus axis, as 
described in Materials and Methods. The 
numbers and distribution of MUC2-positive 
cells along the crypt-villus axis in the jejunum 
of controls, and at days r-2 and days 3-4 after 
MTX-treatment, are summarized in Table I. 
In the 2 days following MTX-treatment, the 
number of MUC2-positive cells was about 5o% 
reduced in both the upper half and the lower 
half of the villus (Table 3. I). In the lower half 
of the villi, the number of MUC2-positive cells 
were still decreased on days 3-4, while in 
contrast, they had increased in villus tips, to 
numbers that differed not statistically from 
controls. This increase in MUC2-positive cells 
on villu tips on days 3-4 was statistically 
significant compared to days I-2, and 
supported the observation of goblet cell 
sparing at villus tips during MTx-induced villus 
atrophy (Figure 3.6). 

The number oflysozyme-positive cells in the 
deeper crypts were counted on days I-4 after 
MTX-treatment and compared with controls, 
to verify whether the amount of Paneth cells 
was affected by MTX (Table 3. I). However, 
the number oflysozyme positive Paneth cells 
on days r-2 and days 3-4 were not statistically 
different from control values. 

Quantitation of epithelial mRNA expression 

Morphological damage was compared with 
alterations in levels of mRNA expression in the 
jejunum of MTX-treated rats using quantitative 



Northem blots. MRNA expression of CPSI and 
sr, markers for crypt and villus enterocytes, 
respectively, both decreased after MTX
treatment (Figure 3 . 7). CPS! decreased to Is% 
of control levels in 2 days and sr to 4-5% of 
control levels in 4- days. The mRNA expression 
of both enterocyte markers increased in days 
thereafter and reached control levels on days 
S-6. On days 8 and I o, the expression of CPS! 
and SI mRNA had further increased tO I So% of 
control levels. 

Goblet cell-specific mRNA expression was 
quantified using TFF3 and MUC2 as markers. In 
contrast to the enterocyte markers, TFF3 and 
MUC2 mRNA levels were maintained during 
damage on days I and 2 (Figure 3. 7). Lowest 
levels of TFF3 mRNA were seen during a period 
of extensive cell loss on days 3-4 (So% of con
trol) and lowest levels of MUC2 mRNA during 
regeneration on days S-6 (55% of control). 
Both TFF3 and MUC2 mRNA levels gradually 
increased to control levels on days 8- I o. 

Lysozyme mRNA expression was quantified to 
investigate Paneth cell function. In agreement 
with the observed increase in lysozyme immu
nostaining, lysozyme mRNA was increased to 
I 65% of control levels during damage on days 
I and 2 (Figure 3. 7). In the days thereafter, 
lysozyme mRNA expression was not statistical
ly different from controls, except for a second 
phase of induction occurring on days 8- I o. 

Discussion 

The use of rats in this study allowed us to 
identifY regional variation in intestinal 
epithelial sensitivity towards MTX and to gain 
insight in mechanisms of intestinal epithelial 
damage and regeneration after exposure to 
cytotoxic concentrations of MTX. These 
regional differences were reflected by a 
decrease in the degree of MTx-induced crypt 

damage along the proximal-to-distal axis of 
the intestine. 

Analysis of epithelial proliferation after 2 
consecutive days of MTX-administration, using 
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Erda-incorporation as a marker, demonstrated 
an inhibition of DNA synthesis in the epithelium 
of the entire small intestine, until at least 
5 h after the fmal dose. Proliferation of the 
colonic epithelium on the other hand, was 
not inhibited when compared to controls. In 
the small intestine, proliferation re-occurred 
around 24- h after the fmal dose of MTX. This 
induction of proliferation was strongest in the 
ileum and decreased towards the duodenum. 
In vivo and in vitro proliferation studies in 
both human and rat have demonstrated a 
gradient of crypt cell production rates along 
the duodenal-colonic axis. In rat small 
intestine, the crypt cell production rate 
(cells/crypt/h) decreases from 2 8 in the 
duodenum to I 2 in the ileum, whereas in the 
colon a decrease from 7. 7 to 3 has been 
reported from proximal to distal (Al-Nafussi 
and Wright et al. I982, Hallet al. I992). The 
gradual decrease in crypt cell production rates 
from the duodenum towards the colon could 
explain the different sensitivity towards MTX. 

Together with an inhibition of cell prolifera
tion, MTX also induced apoptosis on day I 
and day 2 in the proliferative region of small 
intestinal crypts, as judged by morphological 
criteria and TUNEL-staining. In contrast, MTX
induced cell death was not observed in the 
colon. It is possible that the difference in 
apoptosis between small and large intestine is 
the result of regional differences in cell cycle 
control mechanisms, following cellular 
damage, for instance through the lower 
expression of p 53 and the higher expression of 
bel- 2 in the colon when compared to the small 
intestine (Merritt et al. I994)- On the other 
hand, the colonic resistance to MTX-induced 
cell death could be directly related to the 
relative slow cell tumover in the colon, 
leading to only minor damage and less 
induction of cell death. 

Morphological damage in the crypts of the 
small intestine paralleled increased apoptosis 
on days r and 2. The observed flattening of the 
remaining crypt cells most likely represents 
epithelial restitution, to prevent breaches in 
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Figure 3-7 
Intestinal epithelial mRNA expression in normal
and MTX-treated rats. mRNA expression '!f was 
quantified on Northern blots and corrected Jar the 
amount '!f glyceraldehyde-3-phosphate dehydro
genase mRNA. Expression '!f carbamoylphosphate 
synthase (cross-hatched bars) and SI (hatched bars) 
mRNA through enterocytes decreased during damage 
and gradually increased during and cifter regener
ation to levels higher than control on days 8 and 10. 

Expression '!f goblet cell-specific MUC2 (grey bars) 
and TFF3 (open bars) mRNA remained stable during 
cwt damage (days 1-2) but were temporarily 
decreased during extensive cell loss on the villi 
(days 3-4). Expression '!fboth markers returned to 
normal in the next days. Lysozyme mRNA expression 
(filled bars) as marker Jar Paneth cell differentiation 
was increased during crypt damage and during late 
regeneration. *P<o.o,- vs. control by Mann
Whitney u- Test. 

the epithelial barrier. During crypt damage, 
CPSI mRNA expression was 6-fold decreased in 
the jejunum, indicating the loss of crypt ente
rocyte function. Regeneration of the atrophic 
crypts started on day 3 in the small intestine, 

via hyperproliferation and hyperplasia. 

During MTx-induced villus atrophy (days 3 and 
4), epithelial restitution was observed on the 
villi. Furthermore, SI mRNA expression was 3-
fold decreased in the jejunum and paralleled 
the loss of villus enterocytes. Previously it has 
been shown that during MTx-induced villus 
atrophy, activities of the brush border glyco
hydrolytic enzymes sucrase-isomaltase and 
lactase are strongly down-regulated in the 
small intestine (T aminiau et al. I 9 8 o). The 
absence of glycohydrolases indicates entero
cyte malfunctioning with regard to the 
degradation and absorption of nutrients during 
villus atrophy. In contrast to the glycohydrola
ses, no decrease in the enterocytic expression 
of alkaline phosphatase protein and enzyme 
activity was found during villus atrophy. 
Poelstra et al have indicated a role for AP in 
host defense against endotoxins (Poelstra et al. 
1997). Possibly, expression of this protein is 
selectively maintained after MTX-treatment, 
to assist in the maintenance of the epithelial 
integrity. Especially during epithelial damage, 
as induced by MTX, epithelial defense is of vital 
importance for survival of the animal. 

During regeneration, the lengths of the villi 
returned to normal in duodenum and jejunum. 
However, in the ileum villus elongation 
continued and on day 5-6 abnormally long villi 
(370 =)were seen when compared to 
controls ( 2 6 o =). It is not clear why 
hyperplasia in the distal small intestine is more 
extensive than in the proximal small intestine. 
Also in other studies, describing the regener
ation of intestinal villi following small bowel 
resection, increased villus lengths have been 
reported (McDermott and Roudnew 1977). 

It is possible that the feedback mechanisms, 
involved in balanced cell proliferation, are less 
controlled in the ileum when compared to the 
proximal regions of the small intestine, as 



during regeneration not only the villi, but also 
the crypts, were over 4o% longer compared to 
controls. 

As in other studies (Xian et al. I 9 9 9), MTX 
induced a mild goblet cell depletion in the 
small intestine during a 4-day period of 
epithelial damage. Immunohistochemistry 
demonstrated that the MTx-induced goblet cell 
depletion mainly affected the villus base, while 
a remarkable sparing of goblet cells was 
observed at villus tips during the days of 
maximal villus atrophy (Days 3-4). 
Furthermore, these accumulating cells were 
not labeled with Brdu and were PCNA
negative. Apparently, these cells were spared 
from extrusion via an adaptive mechanism. 
Selective sparing of goblet cells could very 
well serve a protective function in epithelial 
defense via their secretion of mucins and 
trefoil factors (Mashimo et al. I996, Tytgat et 
al. I995, Van Klinken et al. I995). Indeed, 
during early damage (days I-2), small 
intestinal mRNA levels of MUC2 and TFF3 
remained unchanged, although the number of 
goblet cells was so% reduced along the villi. 
Only during severe villus atrophy, when the 
amount of epithelial cells was minimal, the 
expression of MUC2 and TFF3 mRNA was 
decreased. Apparently, goblet cell function is 
very important during MTX-induced damage 
and therefore maintained. Another cell type 
with a pertinent role in epithelial defense is the 
Paneth cell. During crypt damage, they 
express I 6o% of normal lysozyme mRNA 
levels and show increased intensity of 
lysozyme immunostaining. The phenomenon 
ofPaneth cell hyperplasia through MTX
treatment was described morphologically in 
electron microscopical studies. a eynes and 
Altmann I978) Most likely, the slowly 
renewing Paneth cells not only have an 
advantage to the more shortly lived cell types 
in survival, but importantly the increased 

amounts oflysozyme expression indicate an 
increase in secretory capacity that very likely 
contributes to protection of the damaged 
mucosa. 

In the colon, no significant changes could be 
observed in epithelial morphology and 
differentiation during the time course studied. 
The hyperproliferation and crypt elongation 
observed in some animals between days 4 
and 6 were possibly secondary effects in the 
response to MTX. For example, enhanced small 
intestinal repair mechanisms could lead to an 
increase in the amount of inductive signals, 
such as carbohydrates, fatty acids, bile salts, 
growth factors and trefoil factors in the 
intestinal lumen that could potentially 
stimulate proliferation in the downstream 
compartments. 

In summary, MTX was shown to inhibit 
intestinal epithelial proliferation in the small 
intestine but not in the colon. Subsequent 
crypt damage was most severe in the 
duodenum, but regeneration through 
hyperproliferation was strongest in the distal 
small intestine. Interestingly, although severe 
damage could be induced in the small intestine 
using MTX, both Paneth cells, goblet cells, 
and enterocytes were all able to contribute to 
epithelial defense mechanisms. First, a direct 
increase of antimicrobial lysozyme expression 
was seen in Paneth cells, which remained high 
until crypt integrity was fully restored. 
Second, the goblet cells remained functional 
during early damage, were selectively spared 
from undergoing cell death, and accumulated 
at villus tips during villus atrophy allowing 
secretion of the protective mucin and trefoil 
factor molecules. And third, despite the MTX
induced reduction in enterocyte numbers and 
SI and CPSI gene expression during villus 
atrophy, the putative detoxifier of endotoxins 
AP remained actively expressed in the small 
intestinal brush border. To gain further insight 
in regulatory mechanisms of epithelial defense 
and enterocyte function during MTX-induced 
damage and regeneration, additional studies 
are needed that allow a quantitative analysis of 

cell type specific gene expression. This insight 
is necessary to develop further clinical relevant 
strategies to protect cancer patients from 
intestinal damage during chemotherapeutic 
therapy. 
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The rapidly dividing small intestinal 
epithelium is very sensitive to the cytostatic 

drug methotrexate. We investigated the 
regulation of epithelial gene expression in rat 
jejunum during methotrexate-induced damage 
and regeneration. Ten differentiation markers 
were localized on tissue sections and quanti
fied at mRNA and protein levels relative to 
control levels. We analyzed correlations in 
temporal expression pattems between 
markers. MessengerRNA expression of 
enterocyte and goblet cell markers decreased 
significantly during damage for a specific 
period. Of these, sucrase-isomaltase (-62%) 
and CPS (-82%) were correlated. Correlations 
were also found between lactase (-76%) and 
SGLTI (-77%), between 1-FABP (-52%) and 
L-FABP (-45%). Decreases in GLUTS (-53%), 
MUC2 (-43%), and TFF3 (-54%) mRNAS 
occurred independently to any of the other 
markers. In contrast, lysozyme IDRNA present 
in Paneth cells increased ( +76% ). At the 
protein level, qualitative and quantitative 
changes were in agreement with mRNA 
expression, except for MUC2 (+r 15%) and 
TFF3 (+Sr%), which increased significantly 
during damage, following independent 
pattems. During regeneration, expression of 
each marker returned to control levels. 
The enhanced expression of cytoprotective 
molecules (Muc2, TFF3, lysozyme) during 
damage represents maintenance of goblet cell 
and Paneth cell functions, most likely to 
protect the epithelium. Decreased expression 
of enterocyte-specific markers represents 
decreased enterocyte function, of which fatty 
acid transporters were least affected. 
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Introduction 
The use of the cytostatic drug methotrexate 
(MTX) in anti-cancer treatments severely 
impairs intestinal epithelial function, which 
constitutes a major dose-limiting factor in 
treatment schedules (Fata et al. I999; 
Kohout et al. I999). Like gamma-irradiation, 
this drug induces diarrhea and anorexia, which 
is associated with malabsorption, malnutrition 
and dehydration (Pinkerton et al. I 9 8 2). It is 
of great importance to unravel the response 
of the small intestinal epithelium to cytostatic 
agents at the biochemical level, to gain insight 
in the functional properties of the epithelial 
cells during damage and subsequent 
regeneration. 

As folic acid analogue, the action of MTX 
primarily inhibits DNA synthesis through 
binding to the enzyme dihydrofolate reductase 
(Werkheiser I 9 6 I). This leads to an inhibition 
of proliferation in the crypts of the small 
intestine (Goldman and Matherly I 9 8 5). 
It has been demonstrated in biopsies of human 
cancer patients that epithelial damage in the 
small intestine through chemotherapy could 
be identified via increases in apoptosis in the 
crypts, epithelial changes in cell height and 
crypt height and the manifestation of villus 
atrophy (Keefe et al. 2 o o o). 

In our rat model of chemotherapeutic damage 
and regeneration in the small intestinal 
epithelium, 4 phases could be discriminated 
following the 2 -dose administration (i. v.) of 
2 o mg/kg plus I o mg/kg bodyweight MTX 
(Verburg et al. 2ooo). In this model, day I and 
2 represented damage in the crypt epithelium, 
which was characterized by increased apoptosis 
as well as decreased crypt depth and cell 
height. Day 3 and 4 represented a phase of 
prominent damage to the villus epithelium, 
marked by reduced cell and villus heights as 
well as accumulating goblet cells at the tips of 
the small intestinal villi. Day 5 and 6 repres
ented a phase of regeneration via increased 
proliferation during which the morphological 
appearance of the epithelial cells returned to 
normaL Day 8 and I o represented a phase of 
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regenerated small intestinal epithelium, 
which was indistinguisable from untreated rats 
(Verburg et al. 2ooo). 

Studies have been performed with the use of 
particular growth factors, such as TGF (Booth 
et al. 2ooo ), KGF (Booth and Potten 2ooi ), 

EGF(Hiranoetal. I995;Petschowetal. I993) 
and IGF (Howarth et al. I998) that aimed to 
protect the small intestinal epithelium against 
radiation injury or damage through cytostatic 
drugs. For example, the prophylactic 
administration of transforming growth factor 
beta (TGFb) was able to decrease proliferation 
in the stem cell region prior to radiation 
injury, which resulted in enhanced crypt 
survival and enhanced recovery in mice 
(Booth et al. 2 o o o). Also, the therapeutic 
administration, but not the prophylactic 
administration, of epidermal growth factor 
(EGF), insulin-like growth factor (IGF-I), and 
TGFb has been shown to stimulate epithelial 
proliferation in the regeneration phase 
following radiation- or MTx-induced injury in 
mice (Hirano et al. I 9 9 5; Howarth et al. I 9 9 8; 
Petschowetal. I993; Pottenetal. I995). 
Thus, although these growth factors are im
portant for an enhanced recovery of the small 
intestinal epithelium, they fail to prevent or 
reduce the development of the initial damage. 

The functions of intestinal epithelial cells are 
reflected by the expression of cell type-specific 
genes. Very little is known about the absorp
tive and protective functions of epithelial cells 
during damage and regeneration induced by 
chemotherapy. Sucrase-isomaltase and lactase, 
responsible for intestinal disaccharidase 
activities, were decreased during MTx-induced 
damage in rat small intestine (Kralovanszky 
and Prajda I985; Taminiau et al. I98o). In 
contrast, the amino acid transporter Pepti 
appeared resistant to damage in the ileum of 
5' -fluorouracil (5-FU) treated rats (Tanaka et 

al. I998). Furthermore, MTX-treatment 
appeared to affect the various populations of 
epithelial cell types differently. Relative to 
enterocytes, epithelial goblet and Paneth cells 
were shown to be spared from cell death in 
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Table 4.1 
Antibodies to detect intestinal epithelial proteins 

Antigen Dilution 

W-Blots 
rat CPS I: I 000 
rat sr*) 
rat sr*) I: I 00 
rat GLUTS r:Soo 
rat l-FABP I: I 000 
rat L-FABP I: I 000 
rabbit SGLTI 
rat MUC2*) I: I 000 
human MUC2*) 
rat TFF3 r:2oo 
human lysozyme 

IHC 

rat small intestine following MTx-treatment 
(Verburg et al. 2 o o o). Very little is known 
about the contribution of these specialized 
cell types to epithelial protection during such 
a response. 

In the present study, the functional capacities 
of the epithelial cells were investigated during 
MTx-induced damage and repair, through 
analysis of the expression of a range of differ
entiation markers. The following markers 
were used for enterocytes: carbamoyl
phosphate synthase (CPS), sucrase-isomaltase 
(sr), lactase, glucose transporter-S (GLUTS), 
sodium glucose co-transporter I (sGLTI ), 
intestinal- and liver fatty acid binding protein 
(I-FABP, and L-FABP, respectively). For goblet 
cells the markers mucin (MUC2) and trefoil 
factor 3 (TFF3) were investigated and lysozyme 
was used to study Paneth cell function. 
The jejunum was chosen as a representative 
for the small intestine, since morphology and 
proliferation were similarly affected along the 
small intestinal axis in this model (Verburg et 
al. 2ooo ). Epithelial gene expression was 
quantified at the mRNA and protein level, and 
compared with the immunohistochemical 
localization of the protein, at sequential days 
after MTX-treatment. 

Type 

I :Sooo r-polyclonal (GaasbeekJanzen et al. 1984) 
r :6ooo r-polyclonal (Y eh et al. r 9 9 r) 

m-monoclonal (Quaroni and Isselbacher 198S) 
I: I 000 r-polyclonal (Rand etal. 1993) 
I :4000 r-polyclonal (Rubin et al. 1989) 
I :4000 r-polyclonal (Rubin etal. 1989) 
I: I 000 m-monoclonal (Hwang etal. 199 r) 

r-polyclonal (Tytgat etal. I99Sb) 
I: roo m-monoclonal (Podolsky et al. 1986) 
r :6ooo r-polyclonal (Suemori et al. 199 r) 
r:so r-polyclonal (This study) 

Each antibody was shown to be specific in rat. *)Except for SI and MUC2, the same antibodies were used for both Western blot and 
immunohistochemistry. r: rabbit, m: mouse. 



Materials and Methods 

Animals 
Six-weeks old male Wag/Rij rats (Broekman, 
Utrecht, The Netherlands) were kept under 
specific pathogen free conditions with free 
access to water and defined semi-synthetic 
chow (Hope Farms, Woerden, The Nether
lands). Glucose, starch and cellulose 
constitute the carbohydrates in the food: 424 
g/kg, 140 g/kg, and 4S g/kg, respectively. 
Upon analysis no other carbohydrates were 
found. The folic acid content was 0.98 mg/kg. 
The dosage schedule of MTX-treatment was 
defined during pilot studies. At day -I, 
2 o mg/kg body weight methotrexate ( MTX, 
Ledertrexate SP forte, Cyanamid Benelux, 
Etten-Leur, The Netherlands) was injected 
intravenously under light anesthesia. Twenty
four h later (day o ), a second injection of I o 

mg/kg body weight MTX was given. Control 
animals received equivalent volumes of 0.9% 
(wt/vol.) sodium chloride solution both 
times. At days 1, 2, 3, 4, S, 6, 8, and Io after 
the second dose of MTX, 3 rats were sacrificed 
by decapitation after anesthesia. Three control 
animals were sacrificed at day 8. The experi
ments were performed with permission of the 
Animal Ethics Committee of our institution. 
Jejunal segments (anatomical middle of the 
small intestine) were rinsed in PBS, fixed in 4% 
(wt/vol.) paraformaldehyde (Merck, Darm
stadt, Germany) in PBS, and processed for 
immunohistochemistry according to standard 
procedures (Verburg et al. 2ooo ). In addition, 
adjacent intestinal segments ( o. S em long) 
were frozen in liquid nitrogen and stored at 
-8o0 c for quantitative mRNA and protein 
analysis. 

I m munoh istochem istry 
Expression and localization of protein was 
detected using immunohistochemistry 
according to standard procedures (Verburg et 

al. 2ooo). Antigen unmasking was carried out 
by heating the sections for I o min in o. o I M 

sodium citrate (pH 6.o) at Ioo°C. Endogenous 
peroxidase activity was blocked by treatment 
with r.s% H2o 2 in PBS for 30 min. Non-
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specific protein binding was blocked using a 
buffer containing I o mM T ris (pH 8. o), S mM 
ethylenediamine tetraacetic acid (Merck), 
o. ISM Nacl (Fluka Chemie, Zwijndrecht, 
The Netherlands), o.2s% (wt/vol.) gelatin 
(Merck) and o.os% (wt/vol.) Tween-2o 
(Merck). All sections were incubated 
overnight at 4 o c using one of the primary 
antibodies diluted in PBS. (Table 4· I). The 
antibodies raised against human SGLT- I 
(Yoshida et al. I99S), human MUC2 (Tytgat et 
al. I99Sa; Tytgat et al. I99Sb) and human 
lysozyme (Dako, Glostrup, Denmark) were 
shown to be specific in rat. Antibody binding 
was visualized using biotin-labeled secondary 
antibodies and Vectastain®, an avidin-biotin 
peroxidase complex detection kit, according 
to the manufacturer (Vector Laboratories, 

Burlingame, CA). All sections were recorded 
and analyzed using a CCD camera (Sony, The 
Netherlands) and an Eclipse E8oo Microscope 
(Nikon, Japan). Appropriate control staining 
was performed, leaving out each of the 
primary antibodies, which resulted in 
complete absence of staining in for each 
separate antibody at the dilutions as used in 
our experiments (Table 4. I). 

Messenger RNA quantitation 
Total RNA was isolated from frozen tissue using 
Trizol® reagent ( Gibco-BRL, Gaithersburg MD). 
Ten !lg of total RNA was run on I% or 1.2% 
(wt/ vol.) agarose gels containing o. 5 M glyoxal 
(Boehringer Mannheim, Mannheim, Germany) 
and blotted overnight onto Hybond-N+ mem
branes (Amersham, Buckinghamshire, UK). 
Serial dilutions of each RNA sample were ana
lysed to ensure that the mRNA quantification, 
of each marker mRNA using its cognate eDNA 
probe, was performed within the linear range 
of this technique. All blots were baked for 2 h 
at 8 o 0 c and hybridized using rat-specific, 
a (3 2P]- MTP-labeled, CDNA probes. The 
following rat specific eDNA probes were used, 

CPS (Nyunoya et al. I98S), SI (Krasinski et al. 
I 994), lactase (BUller et al. I 990 ), SGLTI 

(Burant et al. I994), GLUTS (Rand et al. 
I99 3), I-FABP (Alpers et aJ. I 984), L-FABP 
(Gordon et al. I983), MUC2 (Verburg et al. 
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2ooo ), TFF3 (Suemori et al. I99 I), and lyso
zyme (Y ogalingam et al. I 9 9 6). Each probe 
hybridized to a mRNA band of the appropriate 
molecular weight as originally described for 
the respective probes. Moreover all bands 

were clear and discrete, and no signs of RNA 
degradation were observed. Following 
exposure for I or 2 days to Phosphorlmager 
plates, the hybridization signals were quanti
fied using a Phosphor Imager and ImageQuant 
software (Molecular Dynamics/ Amersham, 
Roosendaal, The Netherlands). Expression 
was corrected for the amount of glyceralde
hyde- 3 -phosphate dehydrogenase ( GAPDH) 
mRNA, which served as intemal standard. 

Protein quantitation 

Changes in epithelial protein expression were 
determined in tissue homogenates using 
quantitative W estem blotting. Tissue was . 
homogenized in HEPES buffer ( 2 o mM HEPES 
(Merck) pH 7-5, 2o mM Nacl (Boehringer), 
o.5% (wt/vol.) Tritonx-Ioo® (BDH, Poole, 
UK) containing I o )lg/ml Pepstatin A (Sigma, 
StLouis, Mo), Io )lg/ml Leupeptin (Sigma), 
I mM phenylmethylsulphonyl fluoride (Sigma) 
and o. 3 8 U/ml Aprotinin (Sigma) as protease 
inhibitors, using a Polytron (Kinematica AG, 
Basel, Swiss). Ten J..Lg of total protein was 
separated on 7 or I5% (wt/vol.) sns-PAGE and 
blotted for I h on to Hybond+ membranes. 
Serial dilution series of the protein samples 
were analysed to ensure that the quantification 
of each protein by its cognate antibody was 
performed in the linear range of this tech
nique. Routine staining of the SDS-PAGE gels 
for protein after blotting showed complete 
transfer of the proteins to the membrane. 
After incubation for I h in blocking buffer 
(TrispH 7.8 (Merck), 2 mM cacl2 (Merck), 
s% (wt/vol.) low fat milk powder (Nutricia, 
Wageningen, The Netherlands), o.o5% 
(wt/vol.) Triton x- Ioo (BoH), and o.o5% 
(vol./vol.) Antifoam® (Sigma), the blots were 
incubated overnight at 4 o c with one of the 
primary antibodies (Table 4· I). After rinsing 
in blocking buffer, the blots were incubated 
for 2 h in blocking buffer, containing o. I 
)lCi/ml 125I-labeled protein A (Amersham). 



After rinsing 3 times in T ris buffer (pH 7. 8) 

the blots were dried and exposed to 
Phosphorlmagerplates for 3 days. Each 
individual protein marker yielded clear and 
reproducible protein bands at the expected 
molecular weight as described in the original 
publications (Table 4· r). Signals were 
quantified as described above. 

Statistical analysis 

Changes in mRNA and protein expression 
levels during damage and regeneration were 
statistically analyzed using the Mann-Whitney 
u-test. The statistical correlation coefficient 
(rho) between mRNA and protein expression 
and between morphological parameters and 
mRNA/protein expression was analyzed using 
Spearman's test, based on data from the ind
ividual rats. Similarly, correlation coefficients 
between the various mRNAs/proteins were 
used to study coordinate gene expression. In 
all tests, p<o.os was considered statistically 
significant. 

Resu Its 

The model 

Using this animal-model, we have shown 
previously that we could induce characteristic 
cytotoxic damage to the intestinal epithelium 
of rats by a two-day treatment with metho
trexate (Verburg et al. 2 ooo). As noted in this 
previous study, the pattcm of damage and 
regeneration varied slightly between individ
ual animals. As it appeared, data were most 
clearly presented by pooling the data obtained 
from animals of 2 consecutive time points to 
correct for the observed temporal variations. 
Data are presented from four characteristic 
windows in the course of damage and 
regeneration, as described earlier (Verburg et 
al. 2ooo). 

I Days I- 2 after the last MTX injection were 
characterized as a period of inhibited prolif

eration, severe cell damage in the small 
intestinal crypt epithelium, and decreased 

crypt depth. Villus height was slightly 
decreased, but the villus epithelial cells 
appeared normal. 

47 

2 Days 3-4 were characterized by hyperproli
feration, crypt regeneration, and villus 
atrophy. The villus epithelial cells were 
depleted and appeared flattened. 
3 During days S-6, villus regeneration 
occurred, whereas proliferation gradually 
retumed to normal. 
4 Regeneration was complete on days 8- I o. 
Basically the response to MTX was similar in 
each region of the small intestine (Verburg et 
al. 2ooo ), and results not shown), therefore 
only representative data of the jejunum are 
shown here. There were no macroscopical 
or microscopical lesions in the epithelium at 
any time during the course of damage and 
regeneration (not shown). It should be noted 
therefore that the epithelial barrier was not 
breached, and there was no apparent denuding 
of the mucosa during the experiment. This 
was particular relevant for the changes in the 
expression pattems of the enterocyte markers, 
which were basically expressed within the 
same villus epithelial cells. Thus, the relative 
changes in quantitative gene expression 
pattems of the individual markers were 
measures of specific gene regulation under 
these circumstances. In addition to this, it is 
of note that the correlation analyses between 
quantitative data regarding gene expression 
were calculated using the data for each marker 
of the individual animals. 

Enterocytes 

Immunohistochemistry was performed to 
study the fate of enterocytes during the 
experiment and to localize enterocyte specific 
protein expression. Since a very sensitive, 
yet non-linear, detection method was used to 
visualize binding of antibodies, staining 
intensities were not quantitatively interpreted 
throughout the manuscript. In control rats, 
CPS protein was expressed in a mosaic pattem 
and was localized in series of adjacent entero
cytes, both in crypt and in villus epithelium 

(Fig. 4.1 a). On days r-2 most of the crypts 
were not stained for CPS, but the protein was 

still present in the villus region (Fig. 4- I b). 
On days 3-4, CPS-protein expression was less 
abundant on the villi compared to controls and 
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Figure 4-3 
Representative Northern-blots (A) and 
Western-blots (B) demonstrating the 
expression if selected small intestinal 
markers. Days cifter MTX-treatment are 
indicated above the graphs. c, indicates 
control. All results are shown for one rat at 
each time point. To the right the size if the 
mRNA (in kilobases, panel A) and if the 
proteins (in kilodalton, panel B) are 
indicated. 

rats of days I- 2. Part of the enterocytes on the 
villus tips showed CPS-immunoreactivity 
during this period of severe villus damage, but 
mostly the crypt and villus enterocytes were 
CPS-negative (Fig. 4-I c). On days S-6, the 

mosaic pattem of CPS had returned on part of 
the villi, and the expression pattem was fully 
restored on days 8- r o (Fig. 4-I d). 

s1 was found in the brush border and in the 
Golgi region of villus enterocytes in control 
rats (Fig. 4-I e). The estimated number of SI
positive villus cells decreased according to the 
length of the villi, and during the phase of 
damage on days 1-4 the intracellular Golgi 
staining was absent (Figs 4· I f and g). Very few 
sr-positive cells were seen on days 3-4, during 
maximal villus damage on the tips of the rudi
mentary villi (Fig. 4-I g). As the villi increased 
in length during regeneration, the localization 
of S1-positive cells retumed to normal (Fig. 4-I 
h). 
Like SI, GLUTS, and SGLTI proteins were 
localized in the brush border of villus entero
cytes in control tissue (Figs 4-I i and m). The 
estimated numbers of GLUTS- as well as SGLTI
positive villus enterocytes decreased gradually 
towards the tips of the shortening villi during 
days I -4, until both markers were undetect
able on day 4 (Figs 4· I k and o). From day 6 
onwards, expression pattems of SGLT I and 
GLUTS were similar to those found in controls 

(Figs 4-I land p ). 

1-FABP and L-FABP expression was localized in 
the cytoplasm of all villus enterocytes in 
controls (Figs 4.1 q and u). MTx-induced 
changes in expression were similar for both 
FABP proteins. These changes were much less 
pronounced than for the brush border markers 
sr, GLUTS and SGLTI. Despite the increasing 
villus cell damage up to 4 days after MTX
treatment, 1-FABP and L-FABP immunostaining 
remained present in enterocytes of the remain
ing villus enterocytes (Figs 4.1 r, s, v, and w). 
Like in controls, 1-FABP and L-FABP were 
expressed in all villus enterocytes on days S- I o 

(Figs 4-I t and x). 



Lactase mRNA levels could be detected as 
enterocyte marker, but lactase protein could 
not be localized using the available antibodies, 
due to its very low expression levels in these 
adult rats (Rings et al. I 994) and data not 
shown). 

Goblet and Paneth cells 

The fate of goblet and Paneth cells was studied 
by immunohistochemistry for secretory 
products produced specifically by these cells. 
In contrast to the enterocyte markers, the 
markers or these cell types appeared to largely 
persist throughout the course of damage and 
regeneration. MUC2 was stained in the goblet 
cells at all time points during the experiment, 
and MUC2-positive goblet cells were also 
expressing TFF3 (Fig. 4.2). The estimated 
number of MUC2- and TFF3-positive cells was 
decreased compared with controls during days 
I - 2 along the crypt villus axis during the 
increasing villus atrophy (Figs 4.2 band f). This 
was followed around day 4 by a depletion of 
MUC2- and TFF3-positive cells in the lower 
villus region and an accumulation of MUC2-
and TFF3-positive cells in the villus tip region 
(Figs 4.2 c and g). During regeneration, MUC2 
and TFF3 expression became comparable with 
controls (Figs 4.2 d and h). 
Paneth cells in the crypts were lysozyme
positive at all days analyzed. A transient 
induction oflysozyme immunostaining was 
seen during crypt damage on days 1-2 (Figs 4.2 
i and j), which gradually returned to normal 
staining pattems on days 3-4 and beyond (Figs 
4.2kandl). 

Expression of enterocyte-specific mRNAs 

The expression of cell type-specific mRNA was 
quantified on Northem-blot for each individ
ual rat, as illustrated in Figure 4·3 a. Pooling of 
quantitative data from 2 consecutive time 
points was performed to minimize intra
animal variations and to accentuate the 

differences between markers during the course 
of damage and regeneration (Fig. 4-4)-

The changes in mRNA expression of each 
enterocyte marker had a characteristic pattem 
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in time (Fig. 4.4a). Yet, the level of each 
enterocyte mRNA returned to levels that were 
not significantly different from control levels 
at day 8-Io after MTX-treatment. We 
performed correlation analysis on changes in 
the mRNA levels of these markers on the data 
from each individual animal. Four types of 
patterns could be distinguished, based on 
temporal differences in sensitivity to MTX
treatment. Within each type, the expression 
patterns of the markers were highly 
correlated, whereas there were no statistically 
significant correlations with the expression 
patterns of the markers from any other type. 
We could distinguish: type I, CPS and SI; type 
2, SGLTI and lactase; type 3, I-FABP and L
FABP; and type 4, GLUTS (Fig. 4-4)- Of these, 
CPS and sr mRNAs were most affected at an 
early stage. During minimal crypt depth on 
days I-2, levels of CPS and sr mRNA expression 
were 8 2% and 6 2% decreased respectively, 
compared with controls (Fig. 4.4a). During 
maximal villus damage on days 3-4, CPS and sr 
were still significantly decreased, but the 
levels recovered relatively rapid compared to 
the other markers. 

SGLTI and lactase mRNA levels were the most 
affected at a later stage, at maximal villus 
damage on days 3-4 and recovered more 
slowly compared to CPS and SI (Fig. 4.4a). The 
expression of SGLTI and lactase mRNA was 
already significantly decreased on days I- 2 
compared with control (-5o%). This decrease 
progressed on to days 3-4, when SGLTI and 
lactase mRNAs were hardly detectable ( -77% 
and -76%, respectively). In contrast to CPS and 
SI mRNAS, SGLTI and lactase mRNAS were still 
significantly decreased on days 5-6. 

I-FABP AND L-FABP mRNA levels were markedly 
less affected than the previous four markers 
and were first significantly affected at maximal 
villus damage, whereas the mRNA levels 

recovered relatively late and more slowly 
when compared to CPS, sr, SGLTI, and lactase 
(Fig. 4.4a). Expression levels ofr-FABP and 
L-FABP mRNAS decreased significantly on days 

3-4 with 52% and45%, respectively 
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Fiaure 4·4 
Relative chanaes in epithelial mRNA and 
protein expression in the jejunum cifter MTX

treatment. Panels indicate the mRNA levels cif 
enterocyte (A) and '!f aoblet and Paneth cell 
markers (B) as detected by Northern blottina, 
and cif the protein levels cif enterocyte (c) 
and cif aoblet and Paneth cell markers (n) as 
detected throuah Western blottina. Control 
levels, difined as 100%, were set at 0 on the 
horizontal axis. The relative in-/ decrease, 
expressed as percentaae cif control levels, was 
analyzed on days 1-2 (black bars), days 3-4 
(crosshatched bars), days s-6 (open bars) and 
days 8-1 o (aray bars). Closely correlated 
expression patterns could be distinauished in 
enterocyte-specific mRNAS as indicated by 
brackets (indicated is the correlation co
'!!Jicient rho, accordina to Spearman's test): 
between CPS and SI (rho=O.s36, p=0.008), 
between SGLTI and lactase (rho=0.616, 
p=0.001), and between I-FABP and L-FABP 

(rho=o.686, p<o.ooos). LAC; lactase, 
L YS; lysozyme. Error bars indicate SEM, 

and asterisks indicate statistically sianificant 
dt[ferences relative to control levels at 
p<o.o5. 

(Fig. 4·4A). Like for SGLTI and lactase, 
regeneration within the tissue was not 
immediately associated with a normalization of 
I-FABP and L-FABP mRNA expression, since 
both markers were still significantly decreased 
on days S-6. 

In contrast to all other enterocyte markers, 
the mRNA levels of GLUTS were only affected 
significantly during one specific phase of 
disease: i.e. at maximal villus damage (days 3-
4, -53%), and recovered fast during regener
ation (Fig. 4-4A). 

We analyzed the relations between the level of 
expression of each marker and the crypt depth 
and villus atrophy, measured as described 
previously (Verburg et al., 2ooo ). CPS and SI 
mRNA expression levels were correlated to 

changes in crypt depth (rho=o·399 and 
rho=o.432 respectively, p<o.os) as well as 



villus height (rho=0-377 and rho=o.48 3 
respectively, p<o.os). The temporal patterns 
of expression levels of lactase, GLUTS, SGLTI, 
1-FABP and L-FABP mRNA did not correlate to 
the variations in crypt depth or villus height. 

Expression of goblet and Paneth cell

specific mRNAs 

The response of each of the markers for the 
goblet and Paneth cells was very specific and 
different from any of the changes seen for the 
enterocyte markers (Figs 4-3 a and 4.4a). 
MUC2 mRNA expression was significantly, yet 
inversely, correlated to crypt depth (rho= 
- o.6Io, p= o.ooi). During early damage on 
days I-2, MUC2 mRNA levels remained stable. 
Thereafter, MUC2 mRNA levels were 
significantly decreased and remained below 

control levels up to days 8- I o (Fig. 4-4 b). 
MUC2 and TFF3 protein co-localized to the 
same cells (Fig. 4· 2). Interestingly though, 
TFF3 mRNA levels were not significantly 
correlated to MUC2 IllRNA levels. TFF3 mRNA 
levels were decreased only on days 3-4 relative 
to controls (Fig. 4.4b). 

Lysozyme mRNA levels were significantly 
increased (+76%) at early stages of damage 
on days I- 2 (Fig. 4-4 b), in agreement with the 
immuno-histochemicallocalization of the 
protein (Fig. 4· 2 j), and were rapidly 
normalized on days 3-6. There was no 
significant correlation with any of the 
morphological parameters. Surprisingly, a 
second induction oflysozyme mRNA levels 
occurred on days 
8- I o (Fig. 4-4 b), despite the seemingly 
normal lysozyme protein expression at the 
immunohistological level (Fig. 4- 2l). 

Expression levels of epithelial proteins 

Temporal expression pattems of epithelial 
proteins were quantified on W estem blots, 
as illustrated in Figure 4. 3 b, and compared 
with expression pattems of the encoding 
mRNAs. Despite our efforts we were not able 

to quantify the protein levels of all markers. 
Thus, we were not able to quantify SGLTI, 

lactase and lysozyme protein, due to lack of 
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antibodies that were able to reproducibly 
detect these antigens on W estem blot. 

The protein expression level of each entero
cyte marker showed a specific pattem in time. 
Correlation analysis, determined from the 
data of the individual rats, revealed significant 
correlations between protein expression 
levels and the cognate mRNA levels of CPS 

(rho=o.S2o, p=o.oi), S1 (rho=o.9oo, 
p=o.o37), 1-FABP (rho=o.482, p=o.oiS), and 
L-FABP (rho=o·S9I, p=o.ooi), but not of 
GLUTS. 

Two isoforms of the CPS protein were 
detected using these polyclonal antibodies, as 
described earlier (Fig. 4-3 b, GaasbeekJanzen 
et al. I 9 84). CPS protein levels were 
significantly decreased on days 3-6, whereas 
CPS protein was significantly increased 
compared with controls on days 8- I o, in 
accordance with the changes in mRNA levels 
(Figs 4.4a and c). S1 protein levels were So% 
decreased during days I- 2, parallel to the de
creased mRNA levels, and remained decreased 
on days 3-4. s1 protein was increased to 
control levels on days S- I o (Fig. 4-4 c). 

1-FABP and L-FABP protein levels tended to 
decrease compared with controls from day 3 
onwards, but only L-FABP protein decreased 

significantly on days S-6 (Fig. 4.4c). On days 
8-I o, expression of both FABP protein levels 
was not statistically different from controls. As 
shown in Fig. 4.4c, GLUTS protein levels 
tended to increase during the early phase of 
damage on days I- 2, but levels were 
dramatically decreased on days 3-4 compared 
with controls. During regeneration GLUTS 
protein expression was rapidly increased as it 
was in the range of control levels on days S- I o, 
in line with GLUTS mRNA expression (Figs 4-4 
a and c). 

In goblet cells, protein levels were not 
significantly correlated to the levels of the 
encoding mRNAs. MUC2 as well as TFF3 protein 
levels were significantly increased during all 
phases of damage, despite the reduced mRNA 

levels (Figs 4.4b and d). In contrast to MUC2, 
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TFF3 protein remained significantly elevated 
on days 8- I o. Despite the overall similarity in 
response to MTX, there was no significant 

correlation between MUC2 and TFF3 protein 
levels, as based on the analysis of the data form 

the individual rats. 

Discussion 

The loss of small intestinal epithelial cells and 
the occurrence of villus atrophy through MTX 
has been well described and was appreciated 
since the seventies (Altmann I974; Jeynes and 
Altmann I 9 7 8). The unexpected diversity in 
our study regarding temporal expression 
pattems of ten epithelial gene products in 
response to MTX indicates the involvement of 
specific regulation, distinct and independent 
from extensive cell loss. 
There are strong indications from our resill:ts 
and from previously published data 
(Kralovanszky and Prajda I98S; Taminiau et 
al. I98o; Tanakaetal. I998), that glucose 
absorption is severely impaired during MTX
induced damage, due to the absence of 
important proteins, thereby contributing to 
malabsorption symptoms. SI and SGLTI 
contribute to the digestion of starch and the 
absorption of glucose, the primary carbo
hydrate sources in the diet of the rats in our 
study. Since both SI and SGLT I were significant

ly decreased during damage, these glucose
based energy sources will not be efficiently 
utilized. The physiological importance of the 
absence of carbohydrate digestion and 
absorption is underscored by the loss of body 
weight that occurs up to day 4 after MTX
treatment 0f erburg et al, 2 ooo). 
Decreased expression of SGLT I mRNA during 
damage is in agreement with previous fmdings 
using 5-Fu as cytostatic drug (Tanaka et al. 
I998). Yet our data additionally demonstrated 
that SGLTI mRNA was still significantly 
decreased during regeneration on days 5-6, 
when the length of the intestinal villi and the 
morphology of the epithelial cells appeared 
normaL At this time the epithelium was still in 
a higher proliferative state than controls 
(Verburg et al. 2 o o o). Most likely, decreased 



SG LT I expression was a result of incomplete 
differentiation of enterocytes. As a conse
quence, absorption of free glucose and sodium 
by SGLTI was very likely impaired during 
damage as well as during regeneration. Defects 
in sodium absorption likely contributes to the 
development of diarrhea, which occurs during 
days 2-6 after MTX-treatment (Verburg et al. 
2ooo). 

Glycohydrolase expression, measured by sr 
and lactase mRN A and SI protein, was 
significantly correlated to villus height. The 
decreased expression of these brush border 
proteins during villus damage confirms 
previous fmdings (Kralovanszky and Prajda 
1985; Taminiau et al. 198o). The significant 
correlation between sr protein and mRNA 
indicates that sr expression was primarily 
transcriptionally regulated, in agreement with 
previous work on sr gene regulation (Krasinski 
etal.1994;Traberetal. 1992). 

GLUTS is responsible for the uptake of 
fructose. Fructose, which was absent from the 
diet in the present study, has been shown to 
induce GLUTS mRNA and protein expression 
(Corpe et al. 1998). GLUTS mRNA and protein 
expression levels were only significantly 
decreased during the phase of severe villus 
damage. If fructose would be added as carbo
hydrate source to the diet, it could have have 
stimulatory effects on GLUTS expression 
during intestinal damage and regeneration, 
which could contribute to energy uptake to 
prevent malnourishment in the MTx-treated 
rat. 

The strong correlation between crypt depth 
and CPS mRNA expression was in line with the 
fact that CPS mRNA is expressed exclusively 
by crypt enterocytes, while the protein is also 
found in villus enterocytes (Van Beers et al. 
1998). The time-lag between the decrease in 

CPS mRNA and protein levels can also be 
explained by their different localization 
pattem along the crypt-villus axis. A role for 
this mitochondrial protein in the intestinal 
urea cycle has been demonstrated by Davis and 
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Wu (Davis and Wu 1998). These authors 
showed in post-weaning pig-enterocytes, that 
CPS favors the net synthesis of citrulline from 
ammonia, HC03- and ornithine. So far, a 
contribution of intestinal CPS to the systemic 
nitrogen balance by the consumption of 
anrmonia may be underestimated compared 
to hepatic CPS. Our findings however could 
explain the reported hyper-anrmonaemia of 
patients treated with cytostatic drugs (Fine et 

al. 1989; Liaw etal. 1993). 

Several functions have been reported for the 
cytosolic fatty acid binding proteins in 
epithelial cells, reviewed by Storch and 
Thumser (Storch and Thumser 2 o o o). Their 
role in the uptake and transport of fatty acids 
is important in the regulation of cellular 
membrane fatty acid levels and intracellular 
fatty acid concentrations that modulate fatty 
acid responsive genes. Despite the relative 
slow recovery during regeneration, the 
expression of I-FABP and L-FABP mRNAS and 
proteins was the least affected among the panel 
of our enterocyte markers during the phase 
of crypt damage and villus damage. This was 
underscored using immunohistochemistry. 
Thus, the FABPS were relatively resistant to 
damage compared with carbohydrate meta
bolizing enzynres and transporters, and are 
probably important for maintaining membrane 
integrity and fatty acid absorption in villus 
enterocytes. This indicates that fatty acids are 
potentially important as energy-source for use 
during cytostatic drug treatment. The strong 
correlation between I-FABP and L-FABP gene 
expression suggests that both genes were 
coordinately regulated under this physiological 
state. Furthermore, because of the strong 
correlations between mRNA and protein 
levels, expression of both FABP proteins 
appeared transcriptionally regulated after 
MTX-treatment. 

In general, the presence and functionality of 
goblet cells and Paneth cells was preserved 
during the MTx-induced pathology. The 
expression pattems of MUC2, TFF 3 and 
lysozyme indicated a generally enhanced 
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secretion of cytoprotective molecules during 
MTX-induced damage by goblet cells and 
Paneth cells. Secretion of mucin and trefoil 
factor molecules is known to contribute to 
protection of the epithelium via a mucus 

layer (MUC2), and by promoting epithelial 
restitution (TFF3) (Dignass et al. 1994). 
During all phases of damage (days I -4) the 
observed changes in goblet cell-specific 
mRNA expression did not reflect the changes 
in protein expression, neither for MUC2 nor 
for TFF3. At early time points (days 1-2), 
the stable MUC2 and TFF3 mRNA expression 
was associated with highly increased protein 
expression. During villus atrophy (days 3-4), 
the decreased MUC2 and TFF3 mRNA expres
sion was associated with increased protein 
expression. The reduced mRNA levels and 
increased protein levels can be explained by 
the loss of epithelial goblet cells, as we 
previously described (Verburg et al. 2ooo ), 
and the involvement of post-transcriptional 
regulatory mechanisms allowing enhanced 
secretion of mucin and trefoil factor 
molecules. Yet, it is in contrast with the 
observation ofXian and colleagues, who 
reported no significant changes in TFF3 mRNA 
expression and significant decreased TFF3 
protein expression in the proximal jejunum of 
MTX-treated rats during damage (Xian et al, 
1999). Technically, the study ofXian etal. 
was performed differently by giving 3 sub
cutanous injections of MTX, using different 
antibodies against TFF3, and using ribonuclease 
protection assays instead ofNorthem blots for 
analysis of mRNA expression. Also, they had 
selected for another small intestinal region and 
another rat strain (Sprague-Dawley). They 
did not detect TFF3 protein during maximal 
damage, either immunohistochemically or on 
W estem blot, in contrast to our fmdings. 
Therefore, it is most likely that the intensity of 
damage was more severe in the study of Xian 
et al., leading to a much more decreased 
goblet cell function than in our study. 
Despite the overall similarities in MUC2 and 
TFF3 protein and IDRNA levels, no significant 
correlations were found in their levels of gene 
expression during MTx-induced damage and 



regeneration. This suggests that both genes 
were not coordinately regulated in goblet cells 
in response to chemotherapeutic damage, 
confirming recent work of others (Matsuoka 
et al. I 999 ). 

The defense provided by Paneth cells is likely 
to act locally in the crypt micro-environment, 
e.g. in the area of the stem cells, via the 
secretion of a variety of crypt defensins and 
peptides that enhance mucosal innate 
immunity (Wilson et al. I999)- The MTX

induced increase in lysozyme IDRNA 

expression and lysozyme immuno-staining, 
seen on days I- 2, confirmed our previous 
fmdings (Verburg et al. 2 o o o), and likely 
represents an adaptive response in Paneth cells 
to contribute to increased protection, during 
the vulnerable stages of the crypt epithelium. 

In our study, an unexpected diversity in 
responses to MTX was observed between the 
ten epithelial gene products. In particular, 
the remaining villus enterocytes during villus 
atrophy show a markedly specific response 
regarding their gene expression. These mori
bund cells seem to go through a programmed 
set of events that may be destined to maintain 
optimal epithelial performance during this 
stressed situation. Clinically, it may be possible 
to take advantage of these pre-programmed 
decisions by the absorptive epithelial cells to 
maintain optimal nutritional status of patients 
treated with cytostatic drugs. The central 
importance of the epithelial barrier function 
and the ability to regenerate after serious 
insults is reflected by the response of goblet 
cells and Paneth cells, in producing mucus, 
trefoil peptides and bactericidal peptides. 
The intestine thus reacts very specifically and 
diversely to severe damage or noxes and it 
seems very important to understand the 
different mechanisms involved in order to 
tailor enteral nutrition for patients treated 

with cytostatic drugs. 
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5 Protection of the Peyer' s patch-associated crypt and 
villus epithelium against methotrexate-induced damage 
is based on its distinct regulation of proliferation 
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The crypt and villus epithelium associated with 
Peyer's patches (PPs) was largely spared from 
methotrexate (MTx)-induced damage com
pared 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 MTX-treatment. Epithelial 
proliferation and apoptosis were assessed by 
detection of incorporated Brdu and cleaved 
caspase- 3, respectively. Epithelial functions 
were determined 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 r, 

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, expres
sion 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 MTX
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 function
ing in the PP epithelium was unaffected by MTX 
treatment. Goblet and Paneth cell functioning 
was maintained in NP and PP epithelium. 

Published as 
Melissa Verburg, Ingrid B. Renes, Danielle J .P.M. 
van Nispen, Sacha Ferdinandusse, Marieke Jorritsma, 
Hans A. Biiller, Alexandra W .C. Einerhand and Jan 
Dekker. 'Protection of the Peyer's patch-associated 
crypt and villus epithelium against methotrexate
induced damage is based on its distinct regulation of 
proliferation' in].PatholofJY 2oo2; I98 (I) 6o-68. 



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 
(Pinkerton et al. I 9 8 2). Among the cytostatic 
agents, the effects of methotrexate (MTX) on 
the small intestinal epithelium of human and 
rat are well described (Pinkerton et al. I 9 8 2; 
Altmann I974; Taminiau et al. I98o; Trier 
I962). MTX is known to induce loss of crypts, 
crypt and villus atrophy, and flattening of 
crypt- and villus cells (Pinkerton et al. I98 2; 
Altmann I974; Taminiau et al. I98o; Trier 
I962; Verburg et al. 2ooo ). 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 malfunction
ing with regard to the degradation and 
absorption of nutrients (Verburg et al. 2ooo). 
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 immuno
competent 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 (Renes et al. 2ooo ). 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 morpho
logy of the PP epithelium was relatively but 
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not completely unaffected after MTX treat
ment, 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 (sx), sodium glucose 
transporter I (sGLTI), glucose/ fructose 
transporters 2 and -5 (GLUT2 and- 5), and 
liver- and intestinal fatty acid binding protein 
(1- and L-FABP). Goblet cell function was 
analysed by the expression of the mucin MUC2, 
which is the structural component of the 
protective mucus layer (Van Klinken et al. 
I995), and trefoilfactor 3 (TFF3), a bioactive 
peptide that is implied in epithelial protection 
and repair (Dignass et al. I 9 94; Mashimo et al. 
I996). Paneth cells were analysed by the 
expression of the anti-bacterial enzyme lyso
zyme. By studying these parameters in con
junction we aimed to get insight in PP epithe
lial protection, to be able to develop therapies 
to prevent intestinal damage occurring as a 
side effect in cytostatic drug treatment. 

Materials and Methods 

Animals 

Eight weeks-old, specified pathogen free, male 
Wistar rats (Broekman, Utrecht, TheN ether
lands) were housed individually at constant 
temperature and humidity on a I 2-h light-dark 
cycle. The rats had free access to a standard 
pelleted diet (Hope Farms, W oerden, 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 3 o mg/kg MTX (Ledertreaxate SP 
Forte, 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, So 
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mg Brdu/kg body weight (Sigma, St. Louis, 
usA) was injected intraperitoneally I h before 

decapitation. On 6. 5 h, days I, 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 I , 
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 ).lm 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. 

Immunohistochemistry 
Five ).lm 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 I. 5 
h, washed in borate buffer (o.I M Na2B4 o 7, 
pH 8.5), incubated in 0. I% (w/v) pepsin in 
o.oi M Hcl for IO min at 37°c, and rinsed in 
PBS. Endogenous peroxidase activity was 
inactivated by 1.5% (v/v) hydrogen peroxide 
in PBS for 3 o min, followed by a 3 o min 
incubation with TENG-T (Io mM Tris-Hcl, 5 
mM EDTA, I 5o mM Nacl, 0.25% (w/v) gelatin, 
o.os% (w/v) Tween-2o) to reduce non
specific binding. This was followed by 
overnight incubation with a I :5oo dilution of 
mouse anti-Brdu (Boehringer Mannheim, 
Mannheim, Germany). Then, the sections 
were incubated for I h with biotinylated horse 
anti-mouse I gG (diluted I : 2 o o o, Vector 
Laboratories, England) followed by I h 
incubation with ABC/ PO complex (Vectastain 
Elite Kit, Vector Laboratories) diluted I:4oo. 
Binding was visualised after incubation in 

o.5mg/ml3,3'-diaminobenzidine (DAB), 
o.o2% (v/v) H2o 2 in 30 mM imidazole, I mM 
EDTA (pH 7. o). Finally, sections were counter
stained with haematoxylin, dehydrated and 
mounted. Apoptotic cells and the expression 



of the cell type-specific markers were demons
trated according to the above described 
protocol with omission of the Hcl incubation, 
washing with borate buffer, and pepsin 
treatment. Anti-cleaved caspase-3 (I: I oo, 
Cell Signaling Technologies, Beverly, MA, 
USA) was used to identify apoptotic cells, anti
rat SI (I :6ooo, (Yeh et al. I 989 )), anti-rabbit 
SGLTI (I:rooo, (Hirayamaetal. 1996)), anti
rat GLUT2 (I :6ooo, Biodesign, Campro 
Scientific, V eenendaal, The Netherlands), 
anti-rat GLUTS (I :25oo, (Payne et al. I997)), 
anti-rat I-FABP (I :4ooo, (Cohn et al. I992)), 
and anti-rat L-FABP (I :6ooo, (Sweetser et al. 
I988)) were used to determine enterocyte
specific protein expression. As marker for 
goblet-cell specific protein expression a MUe2 
specific antibody (wE9: I :3oo, (Tytgat et al. 
I995a)) and anti-TFF3 (I :6ooo) were used. 
Anti-lysozyme (I: 25, Dako, Glostrup, 
Denmark) was used to detect Paneth cell
specific protein expression. To stain SGLT I, 
GLUT2 and GLUTS, and apoptotic cells, 
sections were boiled in o. o I M citrate buffer at 
pH 6. o for I o 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 of 
Brdu-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: o, o-I 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 ofBrdu- and 

caspase- 3 -positive cells in PP- and NP crypts in 
each intestinal region, sections were judged 
twice by two independent observers, who 

were unaware of the experimental conditions. 
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In Situ Hybridisation 

Non-radioactive in situ hybridisations were 
performed according to the method described 
previously with slight modifications (Linder
bergh-Kortleve et al. I997)· Briefly, sections 
were deparaffinized, hydrated and incubated 
in the following solutions: o. 2 M Hcl, distilled 
water, o.I% (wlv) pepsin in o.oi M Hcl, 
o.2% (wlv) glycine in PBS, 4%paraformalde
hyde in PBS, and fmally in 2 x sse (o.o3 M Na3-
citrate in o. 3 M Nacl). Until hybridisation, 
sections were stored in a solution of so% 
(vlv) formamide in 2 x sse at 37°e. For hybri
disation, cell type-specific probes were diluted 
in hybridisation solution (5o% (vI v) deionized 
formamide, Io% (wlv) dextran sulfate, 2 x 
sse, I x Denhardt's solution, I )lglml tRNA, 
250 )lglmlherring sperm DNA) to a concen
tration of I oo ngl ml, incubated at 6 8 ° e for I 5 
min and layered onto the sections. Sections 
were hybridised overnight at 5 5° e in a humid 
chamber. Post-hybridisation washes were 
performed at 45°e using the following steps: 
5oo/o (vlv) formamide in 2 X SSe, 5oo/o (vlv) 
formamide in I x sse and o. I x sse. A I 5 min 
incubation with RNase T I ( 2 Ul ml in I roM 
EDTA in 2 x sse) at 37°e was followed by 
washes of o. I x sse at 45° e and 2 x sse at room 
temperature. The digoxigenin-labeled hybrids 
were detected by incubation with anti-digoxi
genin (Fab, I : 2 o o o) conjugated to alkaline 
phosphatase for 2.5 hat room temperature. 
Thereafter, sections were washed in o. o 2 5% 
(vI v) Tween in T ris-buffered saline pH 7. 5. 
For staining, sections were layered with 
detection buffer ( o. I M Tris-Hcl, o. I M Nacl, 
o.o5 M Mgcl2 pH 9-5) containing 0.33 mglml 
4-nitroblue tetrazolium chloride, o. I6 mglml 
s-bromo-4-chloro-3-indolyl-phosphate, 
8% (vlv) polyvinylalcohol (Mw 3 Iooo- soooo, 
Aldrich Chemical Milwaukee, WI, usA) and 
I roM 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 I o roM Tris-Hcl 
containing I roM EDTA, distilled water and 
mounted with Aquamount improved (Gurr, 

Brunschwig, Amsterdam, The Netherlands). 
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Figure 5.2 
Epithelial proliferation in the duodenum, jejunum 
and ileum '!J control and MTX-treated rats. 
Proliferation was studied by immunohistochemical 
detection '!f incorporated Brd u at 6. 5 h and days 1, 
2, 3, and 4 '!fter MTX. Average numbers '!J 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 Brdu-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<O.O 5). In each intestinal region '!f controls, 
proliferation in the PP crypts was significantly higher 
than in the NP crypts (b, p<0.015). In the PP crypts 
'!f the duodenum proliferation was significantly 
decreased on day 1 compared to controls and day 4 
(c, p<O.O 5). In contrast, in the NP crypts '!J the 
duodenum proliferation was decreased on days 1-3 
compared to controls and day 4 ( d, p<O.O 5) and on 
days 2 and 3 compared to 6.5 h (e, p<0.05). In the 
jejunum, proliferation in PP crypts was significantly 
increased on day 3 compared to controls and day 1 
(f, p<O.O 5) and on day 4 compared to controls, 6. 5 
h, and days 1 and 2 (g, p<0.05). In the NP crypts 
'!J 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<O.Ot;). On day 4, a 
sianificant increase in proliferation in NP crypts 
was seen compared to days 1-3 (j, p<0.01). In the 
PP crypts '!J the ileum proliferation was significantly 
increased on day 4 compared to controls, 6. 5 h, and 
days 1 and 2 (k, p<O.O 5). In the NP crypts '!J the 
ileum proliferation was significantly decreased on 
day 2 compared to controls, 6. 5 h, days 1, 3 and 4 
(1, p<0.05), and significantly increased on day 4 
compared to all other groups (m, p<0.05). 

Probe preparation for in situ hybridisation 

Digoxigenin- I I-UTP-labeled 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 8 2 7 
bp fragment of rat SI eDNA clone ligated in 
pBluescript KS (Traber I990 ), a I kb Nco I 
fragment based on the 2-4 kb fragment of rat 
SGLTI CDNA clone ligated in pBluescript II SK 
(You et al. I995), and a 350 bp fragment of rat 
L-FABP CDNA clone ligated in pBluescript 
(Simonet al. I 99 3). As Goblet cell-specific 
probes a 2oo bp ECoRI/Noti fragment based on 
the I. I kb fragment of rat MUC2 as described 

previously (Verburg et al. 2ooo ), and a 43 8 bp 
EcoRI fragment of rat TFF3 ligated in 
pBluescript KS were used (Suemori et al. 
I 9 9 I). A 9 9 o bp fragment of rat lysozyme 
c DNA ligated in pBluescript Ks+ / L8 was used 
as marker for Paneth cell specific mRNA 
expression (Yogalingam et al. I996). 
Transcripts longer than 450 bp were hydro
lised in So mM NaHco 3 and I 2o mM Na2c 3, 
pH I o. 2 to obtain probes of various lengths 

S:45o bp (Cox et al. I984). 

Statistical Analysis 

To detect significant differences in epithelial 
proliferation between the PP - and NP 
epithelium 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<o.o5. Data were represented as the mean 
± standard error of the mean ( SEM). 

Results 

Histological Evaluation 

MTx-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 
(Taminiau et al. I98o, Verburg et al. 2ooo ). 
In the present study, we observed similar 
changes in the NP epithelium of the duode
num, jejunum and ileum after MTX treatment 
(Fig. 5- I c, jejunum). 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 
MTx-induced damage was much less 
pronounced (Fig. 5. Id, jejunum). 

Epithelial Proliferation 

Epithelial proliferation was studied by immu
nohistochemical detection and quantitation of 
metabolically incorporated Brdu. In controls, 
the number of Brd u-positive cells in PP crypts 
was significantly higher than in NP crypts in 
each intestinal segment (Fig. 5. 2). In addition, 
the number of Brdu-positive cells 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 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 I -4 following MTX treatment. In the 
duodenum, significantly decreased levels of 
Brdu-positive cells were seen only on day I in 

the PP crypts, whereas decreased levels were 
observed on days r-3 in the NP crypts. In 
addition, in the PP crypts of the duodenum the 
number ofBrdu-positive cells were 
comparable with control levels on days 2 and 3, 

6 I 

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 I and 2. However, on 
days 3 and 4 the levels ofBrdu-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 ofBrdu
positive cells in the ileal PP crypts was 
unaltered on days I 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 form of caspase-3. 
Caspase-3 is one of the key executioners of 
apoptosis (Nicholson et al. I 9 9 5). Activation 
of caspase- 3 requires proteolytic cleavage of its 
inactive zymogen into activated pI 7 and p I2 

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. 
At each time point investigated, the scores of 
cleaved caspase- 3 -positive cells were similar 
for the duodenum, jejunum, and ileum. 
Therefore, only the scores for the duodenum 
are given in Table 5. I . MTX treatment resulted 
in an increase in the score of cleaved caspase-
3-positive cells at 6.5 hand at day I in both NP 

- and PP crypts (Table 5. I and Fig. 5. 3 b). On 
day 2, the score of cleaved caspase-3-positive 
cells decreased in NP- and PP crypts compared 
to 6. 5 h and I day after MTX treatment, but 
was still elevated compared to controls (Fig. 
5.3c). 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 
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Table 5.1 
Scoring '!f caspase-3-positive cells in PP- and 
NP crypts in the duodenum '!f control and 
MTX-treated rats 

Time 
Cleaved caspase- 3 positive 

after MTX 
cell score in the duodenum 

Treatment NP crypts PP crypts 

G.sh 2 
I day 2 
2 days 

3 days 0 

4 days 0 

control 0 

The numbers rif cleaved caspase-3 positive 
cells were counted in the Peyer' s patch (PP) 
epithelium and the non-patch epithelium 
(NP) '!f the duodenum, jejunum, and ileum 
and expressed as follows: 0, 0-1 positive 
cell per 6 crypts; 1, 1-5 positive cells per 
6 crypts; 2, > 5 positive cells per 6 crypts. 
No differences were observed in the scores 
between duodenum, jejunum, and ileum. 
Therifore, only the scores '!f the duodenum 
are given. 

2 
2 

0 

0 

0 

point investigated. Further, there was no 
inter-animal variance in the score of caspase- 3-
positive cells at each time point investigated. 

Enterocyte-specific gene expression 

Enterocyte-speciflc mRNA expression was 
studied by in situ hybridisation using rat sr -, 
rat SGLTI -,and rat L-FABP specific probes. sr -, 
SGLTI -,and L-FABP mRNA was normally 
expressed in duodenal, jejunal, and ileal villus 
enterocytes (Fig. 5.4a and c, SGLTI and L
FABP, respectively). At 6.5h, and days I and 2 
after MTX treatment no alterations in the 
enterocyte-speciflc mRNA expression pattems 
were seen in any of the intestinal segments 
(not shown). However, on days 3 and 4 we 
observed dramatic alterations in enterocyte
specific mRNA expression pattems between 
the NP- and PP epithelium. Specifically, sr-, 
SGLTI-, 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 sr
and SGLTI mRNA expression was even 
completely absent in the NP villus epithelium, 
but remained present at high levels in the PP 
villus epitheliuni (Fig. 5. 4b, SG LT I). Similar to 
SI- and SGLTI mRNA, L-FABP mRNA remained 
present in the PP villus epithelium on day 4 
after MTX treatment (fig. 5.4c, L-FABP). 
Additionally, many enterocytes of the NP villi 
were negative for L-FABP mRNA on day 4· 
Enterocyte-speciflc protein expression was 
studied immunohistochemically using anti
bodies against sr, SGLTI, GLUT2 and-5, and i
and L-FABP. SI -, SGLTI -and GLUTS protein 
expression was normally confined to the brush 
border of villus enterocytes in NP - and PP 
epithelium of each intestinal segment (Fig. 
5.4e, sr). GLUT2 protein was expressed at the 
basolateral membrane of enterocytes in NP -
and PP villi in control duodenum, jejunum and 
ileum (Fig. 5 .4g). ln contrast to the 
membrane-bound expression pattems of the 
markers described above, i- and L-FABP 
proteins were normally found in the cytosol of 
duodenal, jejunal and ileal villus enterocytes 

(Fig. 5·4 r, L-FABP). Similar to the mRNA 
expression patterns, no alterations in 



enterocyte-specific protein expression 
patterns were observed on 6.5 hand days I 

and 2 after MTX treatment in the NP epithelium 
or in the PP epithelium (not shown). 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 -, 
SGLTI -, GLUT2 and GLUTS protein (Fig. 5.4f 
and h, SI and GLUT2, respectively). 
Additionally, many NP villus enterocytes were 
negative for 1-FABP protein (Fig. 5.4l) as well 
as L-FABP protein (Fig. 5.4j and k). 

Goblet cell-specific gene expression 
Goblet cell-specific gene expression pattems 
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. 5.5a and e, MUC2- and TFF3 
protein, respectively). Following MTX treat
ment, goblet cells in each intestinal segment 
appeared to maintain MUC2- and TFF3 mRNA 
expression in the NP epithelium (fig. 5.5d, 
MUC2 mRNA) as well as PP epithelium (Fig. 
5.5c, MUC2 mRNA). MUC2- and TFF3 protein 
expression were also maintained in the PP- and 

NP epithelium at day 4 (fig. 5.5b and f). 
Although goblet cells continued to express 
MUC2- and TFF3 protein, the distribution 
pattem 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. 

s.sb, d and f). 

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 of NP- and PP epithelium 
of the duodenum, jejunum and ileum (Fig. 

s.6a, mRNA). Additionally, also within 
i=unocompetent cells of the PP lysozyme 
mRNA and protein expression was observed. 
No changes in lysozyme mRNA or protein 
expression pattems 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. s.6b, mRNA). Moreover, within 
the PP the number of i=unocompetent cells 
expressing lysozyme mRNA and protein was 
strongly increased. 

Discussion 

In the present study we aimed to determine 
which mechanism(s) underlie the protection of 
the PP epithelium against MTx-induced 
damage. Therefore, we investigated if there 
were differences in epithelia,} proliferation and 
apoptosis between the NP- and PP epithelium 
after MTX 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 MTX
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 conceming the MTX
induced morphological damage to the normal 
small intestinal epithelium (Taminiau et al. 
198o; Verburg et al. 2ooo; Xian et al. 1999). 
However, in none of these studies the effects 
of cytostatic drugs on the epithelial morpho
logy of the PP epithelium have been described. 
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 



64 5 P E Y E R ' S PAT C H E PITH E L I U M I S P R 0 T E C T E D A G A I N S T M T X 

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 normal small intestine was 
least affected in the ileum (Verburg et al. 
2ooo ). 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, Mo<?re 
and Maunda reported that in mice, the mitotic 
activity in the PP crypts is higher than in the NP 

crypts (Moore and Maunda I 9 8 3; Maunda and 
Moore I987). Furthermore, 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 (Maunda and Moore I 9 8 7). 

Therefore, asymmetries in the vascular supply 
in the gut as reported previously (Bhalla et al. 
I 9 8 I), 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 
(Moore and Maunda I 9 8 3). Oxygen need not 
be the only blood-home factor unequally 
distributed between PP- and NP crypts, since 
Bhalla et al. observed a direct connection 
between capillaries draining the PP follicles 
and the crypt plexus of PP crypts (Bhalla et al. 
I 9 8 r). 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 of MTx-induced damage revealed 
increased apoptotic cell numbers in each 
intestinal segment at 6. 5 h and on days I 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 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 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 accounted to differences in 
proliferation between the NP- and PP 
epithelium and not, or to a lesser extend 
accounted to 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, SGLTI, GLUT2 and -5, and i- and L-FABP 
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 
MTx-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. Furthermore, 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 al. reported similar 
results for enterocyte-specific sr- and SGLTI 
expression in the normal small intestinal 
epithelium of rats treated with 5-fluorouracil 
(Tanaka etal. 1998). 
In contrast to the enterocyte-specific gene 
expression, goblet cell-specific gene 
expression (i.e. MUC2 and TFF3) appeared to 
be maintained after MTX treatment in the NP
as well as PP epithelium. Maintenance of MUC2 
and TFF 3 gene expression suggests an 
important role for goblet cells in the defence 
and repair of the small intestinal mucosa after 
MTX. 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 (Verburg et 
al. 2ooo). 
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 oflysozyme also occurred in 
immunocompetent cells of the PP. 
Quantitation oflysozyme mRNA levels, as 
described in a recent study by our laboratory, 
showed a strong up-regulation oflysozyme 
mRNA during the frrst two days after MTX 
treatment (Verburg et al. 2 o o o). In addition, 
Paneth cell hyperplasia in rat small intestine 
after sublethal doses of MTX was described 
previously Qeynes and Altmann 1978). 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 MTX treatment. No 
differences in MTX -induced apoptosis between 
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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 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 cells and immuno
competent 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. 



Colour illustrations of chapters 3-6 

Figure 3.4 
HE-stained sections showing MTX-induced changes in epithelial morphology along the small intestine and colon. Crypt damage 

was seen in the small intestine and characterized by loss qf crypt cells and flattening qf remaining epithelium (arrows). Crypt damage 
was most severe on day 2 in the duodenum (A). Less severe damage was seen in the jejunum (B) and the ileum (c). No epithelial 

abnormalities were seen in the colon on day 2 (D). During villus atrophy on days 2-4 in all small intestinal regions, high numbers qf 

epithelial cells were lost and the remaining cells appeared flattened, as shown in the jejunum on day 4 (F), when compared to controls 
(E). v: villus, s: serosal side. Bars represent so j.l.m (A-D) or 10 j.l.m (E-F). 

Figure J.s 
MTX-induced apoptosis in the small intestine qfMTX-treated rats. Increased numbers qfTUNEL-positive cells (arrows) were seen in 
the crypts qfthe jejunum at day 1 (B) and day 2 (c) when compared to controls (A). S: serosal side, V: villus, *:crypts. Sections were 

counterstained with hematoxylin. Bars represent so j.l.m. 
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Figure 3.6 
Effects '![MTX-treatment on the (immuno-) histochemical 
detection '![intestinal epithelial differentiation markers in 

rat jejunum and colon. A-B: AP activity and alcian blue 

double staining in the jejunum'![ control (A) and MTX

treated (B) rats. AP activity remained detectable in the 

brush border '!fjejunal enterocytes during villus atrophy on 

day 4 '![ter MTX-treatment as in controls, despite severe cell 

loss; c. D: alcian blue and rd double staining'![ a jejunal 

section on day 4 '![ter MTX-treatment (c) and a serial 
section stained for PCNA (D). During MTX-induced villus 

atrophy. goblet cells (in blue) accumulated at villus tips 
along the small intestine surrounded by Brdu- or PCNA

positive cells (in brown); E, F: Goblet cell-specific 
expression '![MUC2 (E) and TFF3 (F) at villus tips during

induced villus atrophy on day 4 '![ter MTX. G-H: SI 

expression in rat jejunum on day 4 after MTX-treatment. 
During MTX-induced villus atrophy. Sl was decreased (G) 
when compared to controls (not shown). The intracellular 

staining cifsr-precursor detected high up the villus (arrows) 
indicates the late moment'![ enterocyte differentiation (H). 
I-J: lysozyme immunostaining in Paneth cells'![ control 

jejunum (1) and at day 2 cifter MTX (J). Lysozyme 

expression was increased during crypt damage on days 1 and 

2 after MTX-treatment, when compared to controls. Bars 
represent 50 jlm (C-D, H-J), 100 jlm (A-B, E-G). 



K 

Figure 4.1 
Immunohistochemical detection cif proteins expressed in jejunum enterocytes during d!fferent phases cifMTX-induced damage andre
generation. The following enterocyte-specijlc proteins were detected; CPS (A-D), SI (E-H) .. GLUTS (r-L). SGLTr (M-P), I-FABP (Q-T), 
and L-FABP (u-x). Panels A, E, I, M, Q, and u, show control sections. Panels B, F, J, N, R, and v, show sections at 2 day qfter MTX

treatment. Panels c, G, K, o, s, and w show sections at 4 days qfter MTX-treatment. Panels D, H, L, P, T, and x show tissue 8 days 
qfter MTX-treatment. The arrows in panels E and H indicate staining cif the Golgi complex by the anti-s! antibodies. All micrographs 

have the same magnification, the representative bar in panel A represents 200 J..lm. 
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Figure 4.2 
Immunohistochemical detection cif proteins expressed in jejunum goblet or Paneth cells during different phases cif MTX-induced 

damage and regeneration. MUC2 (A-D) and TFF3 (E-H) were detected in goblet cells, whereas lysozyme (I-L) was detected in Paneth 

cells. Panels A, E, and I show control sections. Panels B, F, and J show sections at 2 day cj"ter MTX-treatment. Panels c, G, and K 

show sections at 4 days <ifter MTX-treatment. Panels D, H, and L show tissue 8 days after MTx-treatment. Arrows in panels c and G 

indicate goblet cells accumulated at the tips cif the rudimentary villi, 4 days after MTX-treatment. Sections displayed in panels E-L 

were briifly stained with hematoxylin. Micrographs A-H have the same magnification (Panel A, bar= 200 f,l.m). Panels I-L also 
have the same magnification (Panel I, bar= 100 f,l.m). 

A B c ,D Fig. 5.1 

Morphology cifthe normal jejunal epithelium (i.e. 
'non-patch' (NP) epithelium) and the jejunal epithe

lium near and lining Peyer 's patches (PP) (i.e. PP 

epithelium) bifore and <ifter MTX-treatment. Alcian 
Blue-Nuclear Fast Red staining. A and B: jejunum 

cif control rat: c and D: jejunum 4 days after MTX 

treatment. Villus atrophy and flattening cif 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-villus 

units next to and lining Peyer 's patches (PPs), i.e. the 

PP epithelium appeared to be spared from damaged (D). 



Figure 5·3 
MTX-induced apoptosis in the normal intest
inal epithelium (i.e. 'non-patch' (NP) epithe
lium) and the epithelium near and lining 
Peyer's patches (PP) (i.e. PP epithelium). 
A: jejunum '!f control rat; B: jejunum 6. 5 hrs 
'!Jter MTX; jejunum 2 days '!Jter MTX. 

Caspase-3-positive cells are present 6. 5 hrs 
and 2 days '!Jter MTX in the NP- and PP 

epithelium. Some crypts are indicated with 
asterisks. 

Figure 5·4 
Effects '!f MTX on enterocyte-specific gene 
expression in the normal intestinal epithe
lium (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 '!f controls; B, D, F, H, J, K, L: 

jejunum on day 4 cifter MTX. SGLTI mRNA 

(A), L-FABP ffiRNA (c), SI protein (E), 
GLUT2 protein (G), and L-FABP protein (r) 
were expressed in the NP- and PP epithelium 
in controls. Four days <ifter MTX, SGLTI 

mRNA (B), L-FABP ffiRNA (D), SI protein 
(F), GLUT2 protein (H) and L-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 '!f the NP epithelium at day 4· 

7 I 
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Figure 6.1 

Figure 5· 5 
Ejjects cifMTX 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 control jejunum: B, c, D, and F, rat 

jejunum 4 days cifter MTX treatment. MUC2 protein 

(A) and TFF3 protein (E) were normally expressed by 

goblet cells in both the PP- and NP epithelium. Four 

days cifter MTX treatment, goblet ceJl-spec!fic 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 epithelium goblet cells seemed to accumulate 

at the villus tips (arrows). 

Intestinal epithelial proliferation in MTX-treated rats. Brdu-incorporation (A-E) and PCNA-expression (F-J) were localized 

immunohistochemically in the jejunum cifsaline-injected rats (A, F) and 48 h cifter the first MTX injection in single-dose or double
dose treatments. In saline-injected rats, Brdu-positive cells were abundantly present in the crypt region and had migrated partially 

up the villus in the 24 h following the administration cif srdu (A). In serial sections, epithelial PCNA-expression was confined to 

the crypts (F). After 30 mg MTx/kg in rats subjected to isolation, Brdu-staining was virtually absent (B) and PCNA-expression was 
strongly decreased (G). in contrast to group housed rats that received a single dose cif 30 mg MTX/ kg (c, H). A single dose cif 60 mg 

MTx/kg (D, 1) and a fractionated dose cif20 plus 10 mg MTx/kg (E, J) each decreased both Brdu-incorporation and PCNA 

expression in group housed rats Bar represents 100 J.lm (A-J). 
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Figure 6.2 

Figure 5.6 
Effects cif 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 cifter MTX 

treatment lysozyme mRNA seemed to be up
regulated in the NP- and PP epithelium and 
in immunocompetent cells within the PP. 

Intestinal epithelial morphology and apoptosis in MTX-treated rats. Hematoxylin and eosin staining (A-E) and cleaved 
caspase-3 expression (F-J) in the jejunum cif saline injected rats (A, F) and 48 h cifter thejlrst MTX-injection in single-dose or 
double-dose treatments. Crypt damage, characterized by flattened epithelial cells and loss cif crypts, was apparent cifter a 

single-dose cif30 mg MTx/kg in isolated rats (s), but not in group housed rats (c). A single dose cif6o mg MTX/kg (n) as well 
as a fractionated dose cif 20 mg MTx/kg plus 10 mg MTx/kg (E) each resulted in crypt damage in group housed rats. Cleaved 
caspase-3 was hardly detected immunohistochemically in the crypts cif saline-injected controls (F). In isolated rats, 30 mg 
MTx/kg resulted in an increase in cleaved caspase-]-staining in the crypt epithelium (G), in contrast to group housed rats (H). 
Cleaved caspase- ]-staining increased in the crypts cifter a single dose cif 60 mg/kg MTX (I) as well as cifter a fractionated dose 

cif20 mg MTx/kg plus 10 mg MTx/kg (J) in group housed rats. Bar represents 100 jlm (A-E), Bar represents 50 mjl (F-J). 

7 3 
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Figure 6.4 
Localization <if mucosal mast cells in MTX-treated rats. 

Mucosal mast cells were localized immunohistochemically 

(A-E) and histochemically (F-J) in serial sections <if rat 

jejunum in saline-injected controls (A, B, F, J) and at 

48 h <ifter the MTX-treatment (c-E, H-J). RMCPII-positive 

mucosal mast cells were localized in the lamina propria 

<if crypts and villi <if saline-injected group housed rats (A). 

Slightly more mucosal mast cells were identified in the 

villus region using toluidine blue (F). Isolation stress had 

no if[ect on the staining patterns <if RMCPII and toluidine 

blue in saline-injected rats (B, G). There were no changes 

in the staining patterns <if mucosal mast cells <ifter 30 mg 

MTX/kg in isolated rats (c, H) or group-housed rats (D, 1). 
No changes in mucosal mast cell staining were observed 

<ifter afractionated dose <if 20 plus 10 mg MTX/ kg in group 

housed rats (E, J ). Bar represents lOOJl.m (A-J). 



Table 6.1 
Summary if all semi-quantitative results if 6 separate experiments. In experiment 1 isolation-stress was induced in rats by solitary caain9, whereas in all other 
experiments the rats were housed in aroups if three animals. In total 14 d!lferent events, i.e. characteristic parameters for damaae imposed on the intestinal epithelium by 
MTX were measured as delineated in Materials and Methods. Each parameter '![MTX-induced damaae was studied in non-Peyer's Patch-associated epithelium (NP) as well 
as in Peyer's Patch-associated epithelium (PP). The latter was difined as three crypt-villus units '![the intestinal epithelium that were immediately adjacent to the Peyer's 
Patch. Days on which the events occurred are indicated from the start if the MTX-treatment. N.D., not determined; Y, event occurred; N, event did not occur; N .A., not 
applicable. A, protein was undetectable; n, rats were killed at day 4 <ifter MTX-treatment; c, events occured at day 2 <ifter MTX-treatment. 

Increased 
Number Reduction cleaved Increased Flattening Reduction Depletion 

MTX of proliferation caspase- lysozyme crypt crypt Muc2 in Loss of 
Experiment Stress (mg;kg) animals in crypts 3 experssion cells length crypts Golgi-SI -- --

1-2 1-2 1-2 1-2 1-2 1-2 1-4 
---

Day on which event was observed NP PP NP pp NP pp NP pp NP pp NP pp NP pp 

1 Yes 30 30 y n y y y n y n y n y n y n 
2 Yes - 6 n n n n n n n n n n n n n n 
3 No 30+15 12 y n y y n,A n y n y n y n y n 
4 No 30 70 y n n n n n n n n n n n n n 
5 No 45 6 y n y y y n n n n n n n n n 
6 No 60 6 y n y y y n y n n n n n n n 
7 No 20+10 45 y n y y y n y n y n y n y n 

Loss of 
SGLT1 Accumulation 

Number from of Goblet Rattening 
MTX of brush cells on VIllus villus Proliferation Crypt 

Experiment Stress (mg;kg) animals border villus tips shortening cells on villus lengthening Recovery --
3-4 3-4 3-4 3-4 5-6 5-6 8-10 --

Day on which event was observed NP pp NP pp NP pp NP pp NP pp NP PP NP pp 

1 Yes 30 30 y n y n y n y n y n y n y NA 
2 Yes - 6 n n n n n n n n n n n n NA NA 
3 No 30+15 12 y n y n y n y n ND,B ND,B ND,B 
4 No 30 70 n n n n n n n n y,C n n n y NA 
5 No 45 6 n n n n n n n n y,C n n n y NA 
6 No 60 6 n n n n n n n n y,C n n n y NA '-.1 

v, 
7 No 20+10 45 y n y n y n y n y n y n y NA 
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Background & Aims: Severe gastrointestinal 
damage often complicates the use of 
chemotherapeutic agents such as methotrexate 

for anti-cancer treatment. Psychological stress 
is known to be detrimental to normal 
intestinal physiology. We set out to determine 
if psychological stress adds to the intestinal 
damage provoked by chemotherapy. 
Methods: Rats were treated with various doses 
of methotrexate and housed either solitary, 
which induces mental stress, or maintained in 
groups of three animals. Treatment was 
evaluated by (immuno )histological parameters 
Results: Epithelial crypt damage, increased 
lysozyme expression, decreased sucrase
isomaltase and sodium/ glucose transporter I 

expression and pathological changes in mucin 
and trefoil factor protein expression, could be 
prevented by avoiding isolation. Enhanced 
cytotoxicity of methotrexate through isolation 
was about 2-fold and involved an augmented 
inhibition of proliferation, increased epithelial 
apoptosis, increased villus damage and delayed 
recovery. We could not identify a role for 
mucosal mast cells in the increased epithelial 
damage under isolated conditions. 
Conclusions: The clear beneficial effects of 
avoiding mental stress on the protection of the 
intestinal epithelium during cytostatic drug
treatment may be an important element for 
the treatment of cancer patients. 
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Introduction 
The intestinal epithelium forms an active and 
selective barrier between the intestinal lumen 
and the body's interior. Any condition that 
disrupts this protective barrier would allow 
introduction of potentially life-threatening 
antigens, microorganisms, and toxins into the 
systemic circulation. Compromised intestinal 
functioning may arise in cancer patients 
treated by chemotherapy, as indicated by 
symptoms like diarrhea, malabsorption and 
sepsis (Daniele et al. 2oo I; Fata et al. I 999; 
Kohout et al. I999; Lewis et al. I982). Studies 
in rodents showed that the use of cytostatic 
drugs or irradiation therapy give rise to an 
inhibition of proliferation in the intestinal 
epithelium and an increase in intestinal 
permeability (Devik and Hagen I 9 7 3; 
Nak:amaru et al. I998; Verburg et al. 2ooo). 
Furthermore, chemotherapy results in 
intestinal epithelial damage within 2 days via 
increased apoptosis in the crypts and 
continuing cell loss from the villus tips 
(Verburg et al. 2ooo). In response to this type 
of damage, epithelial cells contribute to the 
preseryation of the epithelial barrier via 
restitution (Lotz et al. 2ooo ), i.e. flattening 
and migration of cells filling the gaps left 
behind by dying cells, and through increased 
secretion of protective mucins, trefoil factors 
and bactericidal peptides (Verburg et al. 
2 o o o). The severity of small intestinal damage 
by irradiation and cytostatic drugs and the 
ability of the epithelium to regenerate were 
shown to be dose-dependent (Ramadan et al. 
I 9 8 8; T aminiau et al. I 9 8 o). Our hypothesis, 
explored in this study, is that environmental 
factors such as mental stress aggravate the 
negative effects of cytostatic drugs on 
intestinal epithelial functions. 

In general, any form of stress either physical or 
mental has pleiotrophic effects on gut 
morphology and function in humans (Peura 

I 9 8 7). Restraint stress has shown to increase 
intestinal permeability in epithelial cells, and 
induce erosive injuries in rat small intestine 

(Kiliaan et al. I998; Meddings and Swain 2ooo; 
Saunders et al. I 994; Greand et al. I 9 8 8; Ren 
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et al. 2ooo). There is also evidence from 
studies in rats that chronic stress impairs the 
intestinal epithelial barrier function and leads 
to growth retardation (Santos et al. 2 ooo). In 
other studies, mental stress evoked by high 
human activity in the animal facility has led to 
pathological changes in the epithelial
endothelial barrier in the rat intestinal mucosa 
(Wilson and Baldwin 1999). An important 
transducer in stress-related functional dis
orders of the bowel is formed by the mucosal 
mast cells. These cells are localized in close 
proximity to nerve-endings in the lamina 
propria of the intestine, just beneath the 
epithelial layer (Stead et al. I989). Following 
stimulation, mucosal mast cells secrete a range 
of biogenic amines and proteases such as 
histamine and mast cell protease (RMCPn) that 
were shown to increase both epithelial and 
endothelial permeability in _rat (Wilson and 
Baldwin I999; Scudamore et al. I998; Wilson 
and Baldwin I998; Yu and Perdue 2ooi). 

We have previously described the relatively 
fast induction of Paneth cell-specific lysozyme 
expression that occurred simultaneously with 
the anti-proliferative and pro-apoptotic effects 
of cytostatic drug treatment in the crypt 
region of the rat small intestine (Verburg et al. 
2 oo o). This defensive reaction to 
chemotherapy-induced damage was followed 
by an accumulation of goblet cells at the tips of 
the remnant villi, actively expressing mucin 
and trefoil factor molecules (Verburg et al. 
2ooo ). At the same time, a dramatic and 
damage-related decrease in gene expression 
was seen in enterocytes for sodium glucose 
transporter- I, sucrase-isomaltase, and other 
important intestinal proteins (Verburg et al. 
2 o o 2). However, the fmding that solitary 
housed rats were more prone to the cytotoxic 
actions of methotrexate than their group
housed littermates prompted us to investigate 
this phenomenon systematically, assuming that 

the isolation stress was a key trigger that 
aggravated the damaging actions of cytostatic 
drugs on the intestine. With the use of 
(immuno )histochemical methods, we 
compared single and double MTX-treatments of 
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various doses in the presence or in the absence 
of isolation stress, and analyzed the intensity 
and duration of their effects on epithelial 
proliferation, cell death, morphology, and 
expression of specific proteins in the small 

intestine. The possible contribution of 
intestinal mucosal mast cells to epithelial 
damage was investigated. 

Materials and methods 

Animals 

A total of 2oo male Wistar and WAG/Rij rats 
(Broekman, Utrecht, The Netherlands), aged 
6-8 weeks, were kept in a specific pathogen 
free environment with free access to water and 
chow (Hope farms, Woerden, The Nether
lands). The animals were randomly assigned to 
one of the treatment groups in which a single
dose or a double-dose of methotrexate was 
given, in combination with either group- or 
solitary housing. The methotrexate (MTX, 
Ledertrexate SP forte, Cyanamid Benelux, 
etten-Leur, The Netherlands), dissolved in 

0.9% (wt/vol.) Nacl, was injected 
intravenously under light anesthesia at 9 AM 
(Day o). For the double-dose, MTX was 
injected at two consecutive mornings at 9 AM 
(Day -I and Day o). Control rats received 
equivalent volumes of 0.9% (wt/vol.) Nacl. 
Stress was introduced after an acclimatization 
period of one week by isolation of the group
housed rats into individual cages, immediately 
following the first mtx- or Nacl injection. The 
rats remained isolated until they were killed by 
decapitation at sequential days, until the tenth 
day after the MTx-treatment. Treatment of 
group-housed rats was identical in all aspects. 
During and after the acclimatization period 
these rats were housed in the same room in 
small groups, of three colony mates each, and 
were all three killed at the same time point 
during the experiment. The following dosages 
of MTX were used (in mg MTX per kg body 
weight): three single-doses were used: I x 30 

mg/kg, I x 45 mg/kg, and Ix6o mg/kg, and 
two double-doses were used: I x 2o mg/kg 

followed by I x I o mg/kg, and I x 3 o mg/kg 
followed by I x I 5 mg/kg. To allow analysis 



of epithelial cell proliferation, the rats were 
injected i.p. with 5o mg Brdu /kg body weight 
(Sigma, St. Louis MO, usA) dissolved in PBS, 
24 h prior to decapitation. Segments (5. o mm) 
of the jejunum from the anatomical middle of 
the small intestine as well as jejunal segments 
containing a Peyer's Patch distal from the 
middle of the small intestine were excized, 
fixed in 4% ( wt/ vol.) paraformaldehyde 
(Merck, Darmstadt, Germany) dissolved in 
PBS, and processed for immunohistochemistry 
according to standard procedures (Verburg et 
al. 2ooo). The results obtained in Wistar and 
WAG/Rij (a Wistar inbred strain) rats were 
identicaL Therefore, we did not further 
discriminate between the results for these two 
strains in this article. 

I m mu nohistochem istry 

Epithelial proliferation and protein expression 
were analyzed on paraformaldehyde-fixed 
tissue sections using standard 
immunohistochemical methods, as described 
(Verburg et al. 2ooo). To assess morphological 
changes jejunal tissue sections of each rat were 
routinely stained with hematoxylin and eosin 
(HE). Proliferation was analyzed on days I, 2, 
3, and 4 after the onset of MTX-treatment by 
the detection of incorporated Brdu and 
expression of proliferating cell nuclear antigen 
(PCNA) on serial sections using the mouse 
monoclonals anti-BrdU (I:Ioo, Boehhringer 
Mannheim, Mannheim, Germany) and anti
humanPCNA (I:ISoo, Boehhringer 
Mannheim) antibodies, respectively. 
Apoptosis was analyzed by detection of 
cleaved caspase-3 (Grossmann et al. I998), 
using rabbit polyclonal anti-cleaved caspase-3 
antibodies (I :Soo, Cell Signaling Technology, 
New England Biolabs, Beverly MA, usA). To 
detect cleaved caspase- 3, antigen unmasking 
was performed by heating the sections for I o 
min at Ioo0 c in I mM EDTA, pH 8. As marker 
of crypt damage, Paneth cell-specific lysozyme 

expression was localized on day 2 and 3 after 
the onset of MTX-treatment, using rabbit 

polyclonal anti -human lysozyme (I :5o, DAKO, 
Glostrup, Denmark). 
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The role of mucosal mast cells in the 
development or progression of epithelial 
damage was investigated on day 2 and 3 after 
onset of MTx-treatment via localization of rat 
mast cell protease-II (Scudamore et al. I 9 9 8) 
(RMCPII) using rabbit polyclonal anti-RMCPII 
antibodies (I : I o o o, Moredun Scientific 
Limited, Edinburgh, UK). Epithelial damage, 
characterized by changes in epithelial protein 
expression, was analyzed on day 4 and 5 after 
the onset of MTX-treatment, when damage to 
the small intestinal villi was most prominent 
(Verburg et al. 2ooo ). The enterocyte-specific 
expression of sucrase-isomaltase (sr) and 
sodium glucose transporter- I (sGLTI) was 
detected using rabbit polyclonal anti-rat sr 
(Y eh et al. I989) (I :6ooo) and mouse 
monoclonal anti-rabbit SGLTI (Hirayama et al. 
I99I) (I:Iooo) antibodies, respectively. For 
goblet cell-specific expression of mucin 
(Muc2) and trefoilfactor 3 (TFF3) we used 
mouse monoclonal anti-human MUC2 

(Podolsky et al. I 986) (I: I oo) and rabbit 
polyclonal anti-rat TFF3 (Suemori et al. I99 I) 
(I:6ooo) antibodies, respectively. As negative 
controls, parallel sections were incubated with 
normal rabbit serum instead of the primary 
antibody. Negative controls were consistently 
negative. 

Scoring of epithelial damage 

As markers of crypt epithelial damage we 
chose 6 parameters of which we showed 
earlier that these were characteristic of MTX
induced damage in the small intestinal crypt 
epithelium (Verburg et al. 2 o o o; Verburg et 
al. 2oo2; Renes et al. 2oo2). Each parameter 
was analyzed semi-quantitatively on 
(immuno )histochemically stained tissue 
sections. We used intestinal tissues of days I 
and 2 of the MTX-treated animals and of saline
injected controls. For each marker, tissue 
sections were stained and I o crypt/ villus units 
were analyzed per animal. The occurrence of 

damage in the jejunum of each animal within 
each experimental group was very uniform 
and never focal. Attention was paid to the 
normal intestial epithelium and the crypt
villus epithelium in close proximity to Peyer's 
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Patches (PP). In the latter, the three crypt
villus unit were studied, immediately adjacent 
to the Peyer' s Patch, which was defined as 
Peyer's Patch-associated epithelium in a 
previous paper (Renes et al. 2 oo 2). 

I Brdu-incorporation was considered to be 
decreased relative to controls, if 3 or less 
Brdu-positive cells were present per crypt 
(Renes et al. 2oo2 ). 
2 A reduction in crypt length of at least 25% 
relative to the length of the crypts in control 
animals (normal crypt length, I 2 5 =) was 
considered as shortened (Verburg et al. 2ooo ). 
Crypt length was judged using a micrometer 
on well-oriented crypts. 
3 Cell height was judged by eye and the 
epithelial cells were defined as flattened if the 
width of the cells was equal to or larger than 
the height of the cells (V eburg et al. 2ooo; 
Renes et al. 2oo2). 
4 Cleaved caspase- 3 staining, detected 
immunohistochemically, was virtually absent 
in intestinal crypts of saline-injected controls. 
It was considered increased if more than 5 
positive cells were present in each tissue 
section (Renes et al. 2 o o 2). 
5 MUC2 depletion was characterized by the 
complete loss of intracellular staining from 
crypt goblet cells, as determined by immu
nohistochemical staining for MUC2 (Verburg et 
al. 2oo2; Renes et al. 2oo2). 
6 Lysozyme immuno-detection was 
considered to be increased if the granular area 
of the Paneth cells was enlarged relative to 
controls, and the immunohistochemical 
staining for lysozyme clearly covered the 
entire crypt base (Verburg et al. 2ooo). 

Damage to epithelial villus cells was 
characterized by 5 parameters which were 
previously identified as characteristic for MTX
induced villus damage (Verburg et al. 2 o o o; 
Verburg et al. 2oo2; Renes et al. 2oo2). Each 
parameter was analyzed semi-quantitatively on 
intestinal tissue sections (I o crypt villus units 
per animal) of days 3 and 4 of the different 
MTX-treated groups and in saline-injected 
controls using the following methods. 



I Flattening of epithelial villus cells was 
determined by criteria as described above for 
crypt cells. 
2 Decreased villus length. The villi were 
defmed as shortened if the villi were at least 
2 5% shorter than villi of control animals 

(normal villus length, 450 mm). 
3 Loss of SI immune-staining in the Golgi 
region of the villus enterocytes. Typically SI is 
demonstrated in the Golgi region of villus 
enterocytes, which is lossed upon MTX
treatment (Verburg et al. 2oo2). 
4 Loss of SGLT I immune-staining in the brush 
border of villus enterocytes, whereas SGLTI is 
normally abbundantly expressed on the brush 
border of normal enterocytes (Verburg et al. 
2oo2). 
5 Accumulation of MUC2-positive and TFF3-
positive goblet cells at villus tips (Verburg et 
al. 2 ooo), as determined by immunohisto
chemistry for both proteins. Goblet cell 
accumulation was seen if the goblet cell area 
was larger than the enterocyte area on villus 
tips, as judged by comparing SI- with MUC2-
and TFF3 immune-staining on adjacent tissue 
sections. 

Regeneration of small intestinal tissue after 
MTX-treatment was studied through analysis 
of proliferation and crypt-elongation on days 
5 and 6 after MTX-treatment (Verburg et al. 
2ooo ). Crypt-elongation was indicated if 
crypts were at least 2 5% longer than crypts in 
controls. The proliferative zone was consid
ered to be enlarged, relative to controls, if 
PCNA-expression was present within villus 
enterocytes. 

Recovery of the small intestinal epithelium 
was analyzed on days 8 and I o in the different 
MTX-treated animals. Recovery was complete 
if all the above mentioned characteristics were 
not different from saline-injected controls. 
Among the animals within each experimental 

group the results were uniform using the 
described criteria. There was no inter-animal 
variation when considering these criteria and 
therefore a single score of 'yes' (i.e. charact
eristic change occurred in each animal of the 

8 I 

group) or 'no' (i.e. characteristic change did 
not occur in any of the animals of within the 
group) could be given for the entire group. 

Mast cell staining 

Mucosal mast cells were identified histochemi
cally on tissue sections using a toluidine blue 
staining method (Stead et al. I987), Briefly, 
following treatment with o. I M Hcl, 
deparaffinized sections were incubated for I o 
days at 37°c in 2% (wt/vol.) toluidine blue 
(Michrome, London, UK) dissolved in o. I M 
Hcl. After rinsing in o. I M Hcl sections were 
dehydrated and mounted in Entallan, (Merck). 
Toluidine blue-positive mast cells were 
compared with the immunohistochemical 
localization of RMCPH on serial sections. 

Results 

Isolation of rats increased MTx-induced 
inhibition of epithelial proliferation 
The anti-proliferative effect of mtx in the 
small intestine was analyzed immunohisto
chemically through detection of incorporated 
Brdu and expression ofPCNA (Table 6. I). 
In combination with isolation, a single dose of 
3 o mg MTx/kg was able to inhibit epithelial 
proliferation, indicated by the absence of 
incorporated Brdu (Fig. 6. I b) and strongly 
decreased expression of pcna (Fig. 6. I g) in 
the crypt epithelium at days I and 2 after MTX, 
compared with saline-injected controls (Figs 
6. I a and f). In contrast, in group housed rats 
a single dose of 3 o mg MTx/kg did not lead to 
changes in Brdu-incorporation (Fig. 6. I c) or 
PCNA expression (Fig. 6. I h). When the dosage 
of MTX was raised to 6o mg MTx/kg in group 
housed rats, the effects on proliferation were 
comparable to treatment with a single dose 
of 3 o mg MTx/kg in isolated rats. Likewise, 
hardly any epithelial cell was Brdu-positive 
(Fig. 6. I d), and the number ohcNA-positive 
cells was strongly reduced (Fig. 6. I i). A single 

dose of 45 mg MTx/kg in group housed rats 
resulted in proliferative changes that were 
intermediate to doses of 3 o mg/kg and 6 o 
mg/kg and were only observed at day I after 
MTX administration (Table 6. I). 
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Interestingly, when the exposure time of the 
intestinal mucosa to MTX was increased in 

group housed rats, using a fractionated admin
istration of 2 o mg MTx/kg followed by I o mg 
MTx/kg given at two consecutive days, the 
inhibition ofBrdu-incorporation (Fig. 6. I e) 
and the decrease in PCNA expression (Fig. 6. I j) 
was comparable to single-dose treatments with 
3 o mg/kg in isolated rats (Figs 6. I b and g), 
and single-dose treatments with 6o mg/kg in 
group housed rats (Figs 6. I d and i). A further 
augmented administration of MTX in group 
housed rats given in pilot studies, using 3 o mg 
MTx/kg plus IS mg MTx/kg on two consec
utive days, appeared highly toxic (Table 6. I). 
Due to severe malaise, the remaining rats of 
this group had to be killed at day 4 after the 
MTX administration. 

The duration of inhibited proliferation (in h 
after the start of the treatment) was dependent 
on the number of MTX injections and the 
presence of isolation stress (Table 6. I). 
In group housed rats, epithelial proliferation 
resumed at day 3 after single-dose treatments 
with 3 o mg MTx/kg (7 2 h) and at day 3 after 
double-dose treatments with 2 o plus I o mg 
MTx/kg (96 h). In isolated rats, epithelial 
proliferation resumed at day 4 after single
dose treatments with 30 mg MTx/kg (96 h). 
Thus, isolation stress delayed the re-occur
rence of epithelial proliferation with a period 
of 24 h, compared to group housed rats. The 
resumption of epithelial proliferation was 
always characterized by hyperproliferaton, 
with an enlarged Brdu-positive zone within the 
epithelium and more extensive PCNA-staining 
compared to saline-injected rats (Table 6. I). 
Interestingly, hyperproliferation was apparent 
even after a single-dose of 30 mg MTx/kg in 
group housed rats, which did not show initial 
adverse effects of MTX-treatment, although in 
this case hyperproliferation was observed at an 
earlier time point, namely at day 2 (Table 6. I). 

Isolation of rats increased 
MTX-induced crypt damage 

Crypt morphology was analyzed semi
quantitatively on HE-stained tissue sections 



(Fig. 6. 2). The phase of inhibited proliferation 
in rats subjected to isolation stress and injected 
with a single dose of 3 o mg MTx/kg was 
associated with flat appearing crypt epithelial 
cells and crypt loss (Fig. 6. 2 b), compared with 
saline-injected controls (Fig. 6. 2 a). In 
contrast, in group housed rats there were no 
signs of damage in terms of cell flattening or 
crypt atrophy using a single dose of 3 o mg/kg 
MTX (Figs 6. 2 c). Increasing the single dose to 
6o mg MTx/kg (Figs 6. 2 d) or applying a 
double-dose of 2 o plus I o mg MTx/kg in 
group housed rats (Figs 6. 2 e) both induced 
crypt epithelial flattening. Double-dose 
treatments in group housed rats, which 

appeared highly toxic (3 o mg/kg plus IS 
mg/kg MTx), resulted in an extensively 
damaged epithelium, as reflected by the 
presence of crypt abscesses and erosions (not 
shown). 

The toxicity of MTX, leading to apoptosis in the 
proliferative zone of the crypt epithelium 7, 
was analyzed semi-quantitatively through 
detection of cleaved caspase- 3 immunostaining 
(Fig 6. 7 f-j, Table 6. I). Crypt staining of 
cleaved caspase- 3 appeared dependent on both 
the dosage of MTX and the treatment schedule 
(Table 6. I). Although an occasional cleaved 
caspase- 3 -positive cell was seen at villus tips, 
no staining occurred in the crypt epithelium of 
saline-injected controls (Fig. 6.2£), 
irrespective of isolation stress. This reflects 
the relative low frequency of apoptosis in the 
crypt epithelium of saline-injected rats. After a 
single-dose of 3 o mg MTx/kg, cleaved caspase-
3 was localized in the crypt epithelium in 
isolated rats (Fig. 6. 2 g), but not in group 
housed rats (Fig. 6. 2h). The numbers of cells 
positive for cleaved caspase- 3, dose
dependently increased in the crypt epithelium 
of group housed rats, as they appeared more 
prominent after a single dose of 4S mg MTx/kg 
(not shown) and 6o mg MTx/kg (Fig. 6. 2 i), 

compared to a 3 o mg MTx/kg-dose (Fig. 6. 2 
h). After a fractionated dose of 2o mg MTx/kg 
plus I o mg MTx/kg in group housed rats (Fig. 
6. 2 j), the detection-level of cleaved caspase- 3 
was comparable to isolated rats after a single 

dose of 30 mg MTx/kg (Fig. 6.2g). 
Fractionated doses of MTX which appeared 
highly toxic (3o plus IS mg MTx/kg) further 
increased the amount of caspase-3-immuno
staining in the crypt epithelium in group
housed rats (Table 6. I and data not shown). 

Changes in epithelial protein expression are 
dose and stress dependent 

A relative early response of the intestinal epi
thelium towards MTx-induced crypt damage is 
a marked up-regulation oflysozyme expres
sion in Paneth cells (Verburg et al. 2 o o o). 
This induction of lysozyme was analyzed semi
quantitatively at days I and 2 in the MTX
treated groups (Table 6. I). In combination 
with isolation stress, intense lysozyme 
immunostaining was seen after injection of a 

single dose of 30 mg MTx/kg (Fig. 6.3 b), 
compared with saline-inject.ed controls (Fig. 
6.3 a). In contrast, no changes in immuno
staining for lysozyme were observed in group 
housed rats treated with a single dose of 3 o mg 
MTx/kg (Fig. 6. 3 c). When 6o mg MTx/kg was 
given in a single dose (Fig. 6.3 d), or when 2o 
mg MTx/kg plus I o mg MTx/kg was given on 
two consecutive days (not shown) an up
regulation oflysozyme expression was equally 
apparent in group housed rats. When MTX
induced damage appeared highly toxic, such as 
after a fractionated dose of 3 o plus IS mg 
MTx/kg in grouped rats, Paneth cell-specific 
lysozyme expression was no longer detected 
(not shown). 

Consequences of the anti-proliferative effects 
of MTX for the expression of epithelial proteins 
along the villi were analyzed at day 3 and 4 
after the MTX (Table 6. I). In saline-injected 
controls, the presence ofisolation stress alone 
did not lead to differences in enterocyte- or 
goblet cell-specific protein expression (Table 
6. I). Epithelial damage to the villus appeared 
after a single dose of 3 o mg MTx/kg in isolated 
rats, but not after an identical treatment with 

MTX in group housed rats. For example, sr 
immuno-staining in the Golgi region of villus 
enterocytes, and SGLTI immuno-staining in the 
brush border of villus enterocytes were both 
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absent in isolated rats (Fig. 6. 3 f, j), but not in 
group housed rats (Fig. 6.3 g, k). Concomitant 
with these changes in villus enterocytes, 
MUC2- and TFF3-positive goblet cells 
accumulated at villus tips on days 3 and 4 in 
rats kept in isolation (Fig. 6. 3 n, r), but not in 
group-housed rats (Fig. 6.3 o, s). Despite the 
inhibited proliferation on days I and 2, obser
ved in group housed rats treated with a single 
dose of 45 or 6o mg MTx/kg (Table 6. I), very 
little changes were seen on days 3 and 4 in 
expression of either SI (Fig. 6.3h) or SGLTI 
(Fig. 6.3l) along the villi. The absence of 
damage under these regimes was also evident 
from the near normal distribution of MUC2-
positive goblet cells (Fig. 6. 3 p) and TFF 3-
positive goblet cells (Fig. 6.3 t) along the 
crypt-villus axis in these rats, compared with 
saline injected controls. Using a fractionated 
dose of 2 o mg/kg plus I o mg/kg MTX in group 
housed rats resulted in changes in lysozyme, 
SI, SGLTI, MUC2 and TFF3 protein expression 
that were comparable to a single dose of 30 mg 
MTx/kg in isolated rats (Table 6. I and data not 

Figure 6.3 
Intestinal epithelial protein expression in MTX-treated rats. 
Lysozyme (A-D), SI (E-H), SGLTI (I-L), MUC2 (M-P) and 
TFF3 ( Q-T) expression were localized immuno-histochemi
cally in the jejunum if saline-injected rats (A, E, I, M, Q) 
and at 48 h (B-D) or 96 h (F-H, J-L, N-P, R-T) '!fter the 
MTX-treatment. Relative to saline-injected rats (A), 
lysozyme expression was markedly induced '!fter a single
dose if 30 mg MTx/kg in isolated rats (B), but not in group 
housed rats (c). In group housed rats, increased lysozyme 
expression was seen after a sinale dose if 60 mg MTX/ kg 
(D). In saline-injected rats, SI (E) and SGLTI (r) were 
localized in the brush border if villus enterocytes. sr was 
additionally detected in the Golgi region (E, arrow). Serial 
sections showed expression ifMUC2 (M) and TFF3 (Q) by all 
goblet cells. In combination with isolation stress, a single 
dose if 30 mg MTx/ka resulted in loss if sr-expression in 

the Golgi apparatus (F) and loss ifsGLTijrom the villus 
brush border (J). MUC2 (N) and TFF3 expression (R) 
remained detectable in the goblet cells, but were localized 

predominantly at villus tips and in the crypts. In group 
housed rats, a single dose if neither 30 ma MTX/kg (G, K, 
o, s), nor 6o mg MTx/kg (H, L, P, T) did lead to changes in 

the expression patterns ifsr, SGLTr, MUC2 or TFF3, 

compared with saline-injected rats. Bar represents 100 JLm 
(A-J). c, indicates crypts; v, indicates villus. 
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shown). A dosage of MTX which was highly 

toxic (3 o mg/kg plus I 5 mg MTX/kg in 
grouped rats) resulted in a virtually complete 
loss of immuno-reactive proteins from the 
remaining Paneth cells, enterocytes and goblet 
cells (not shown). 

Mucosal mast cells 

To identify a possible role for mucosal mast 
cells in the aggravation of damage in rats 
submitted to isolation, we localized these cells 
at 24-7 2 h after MTx-treatment, during the 
time window when epithelial damage 
appeared to either persist or reverse its 
course. The acid granules of activated or 
recruited mucosal mast cells in the lamina 
propria of the small intestine were visualized 
using toluidine blue (Stead et al. I 9 8 7). In 
addition, a mucosal mast cell specific antibody 
detecting RMCPII was used on serial sections. 
Both staining methods recognized similar cells 
in saline injected controls, irrespective of 
stress. These mucosal mast cells were present 
in small groups in the upper crypt region, and 
as isolated cells along the villus (Fig. 6.4 a, b, 
f, and g). We did not find differences in the 
small intestinal localization pattem of mucosal 
mast cells in MTX-treated versus non-treated 
rats, irrespective of dose and treatment 
schedule (Fig. 6 ·4 c-e and h-j). Representative 
data are shown in figure 4 for rats at 48 h after 
the onset of MTX-treatment, however the 
numbers and staining characteristics of these 
cells were highly similar when recorded 24 h 
or 7 2 h after start of treatment (not shown). 

Discussion 

In this study we used morphological and phys
iological parameters of the small intestinal epi
thelium in rats to demonstrate a contribution 
of psychological factors to the development of 
intestinal damage evoked by MTX. We showed 
that a dose of MTX, which is well tolerated by 

the small intestinal epithelium under specific 
circumstances (3 o mg MTx/kg, group
housing), can lead to severe cell damage when 
applied in combination isolation. The 
characteristics of cell damage in the small 
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Figure 6.5 
Schematic representation of the contribution 

'!J isolation stress to the development '!J che
motherapeutic damage in rat small intestinal 
epithelium. Single-dose or double-dose MTX 

injections (indicated as mg/kg) give dose
dependently rise to crypt and subsequent 
villus damage. Four phases '!J increasing 
damage were difined as described in 
Materials and Methods and Results: 
indicated here as phase I-IV. Dashed arrow 
indicates the probable death '!J the animals 
under study; i.e. animals were killed as result 
'!J their bad condition. Two-days MTX treat
ments were significantly more toxic compared 
to one-day treatments. Isolation stress 
increased MTX-toxicity at least twojold, as 
deduced from tolerance d!lferences in one-day 
MTX treatments (30 versus 60 mg/kg) and 

.from tolerance d!lferences in exposure times 
using total doses '!J 30 mg MTX/ kg (one-day 
versus two-day treatments). 

intestinal epithelium, using this dose, were in 
agreement with our previous results (Verburg 
etal. 2ooo; Verburg etal. 2oo2; Renes etal. 
2oo2) and involved decreased proliferation 
and increased apoptosis, as well as changes in 
the localization of protein expression within 
enterocytes, goblet cells and Paneth cells. 

The contribution of isolation stress to the 
development of damage in the small intestine 
can be deduced from differences that were 
observed in the extend and duration of 
inhibited proliferation, crypt damage, and 
villus damage between the different MTX
treatment groups. The sequential effects of 
damage due to the different MTX treatment 
protocols have been schematically summarized 
in Figure 6. 5. We showed that a single dose of 
3 o mg MTx/kg in isolated rats and a single 
dose of 6o mg MTx/kg in group housed rats 
had similar effects on epithelial proliferation 
and crypt damage. Likewise, when the same 
dosage of MTX (3o mg/kg) was given, the 
exposure time of MTX to the epithelium could 
be doubled in group-housed rats compared to 
isolated rats, before inducing similar changes 
in epithelial proliferation, apoptosis, morpho
logy and protein expression. Therefore, we 
conclude that the mental stress as induced by 
isolation, increased the chemotherapeutic 
damage about two-fold in rat small intestinal 
epithelium. 



The mechanism through which isolation stress 
aggravates intestinal epithelial damage remains 
unknown. There are indications that the 
development of intestinal epithelial damage is 
a result oflocal factors, since the epithelium 
surrounding Peyer's Patches (PP) appeared 
protected against MTX-induced damage, in 
contrast to non-Peyer's Patch (NP) epithelium 
(Renes et al. 2oo2). Assuming a similar blood 
supply to both these areas of the epithelium, it 
is unlikely that the regional variation in MTX
sensitivity was the result of systemic factors. 
Therefore, it seems reasonable to assume that 
also stress-dependent differences in sensitivity 
towards MTX are the result oflocal factors. 

The mechanisms involved during isolation 
stress are probably not comparable with 
physical types of stress, which were 
demonstrated to have a direct effect on cell 
proliferation in the intestine (Tutton and 
Helme I973). For instance, it has been shown 
through 3H-thymidine incorporation that a 
I 2 h period of immobilization stress 
significantly inhibited cell proliferation in rat 
small intestine ( Greant et al. I 9 8 8). Already in 
the seventies, the consequences of psycho
logically stressful situations on gastrointestinal 
morphology and physiology were investigated. 
The observation by Allen that the formation of 
a new colony, consisting of wild male and 
female rats, resulted in the death of 2o% of the 
males within days was striking (Allen I 9 7 2). 
No physical violence had occurred among 
these animals and death was solely attributed 
to the massive intestinal ulcerations that had 
appeared in response to psychological stress. 
This phenomenon supports our findings, in 
which an opposite situation, i.e. isolation from 
the colony, also increased the vulnerability of 
the intestinal epithelium, compared with 
animals not suffering the loss of their social 
environment. 

We found in the group-housed rats that 
increasing the dosage from 3 o mg MTx/kg to 
6 o mg MTx/kg did not result in changes in 
epithelial protein expression, apart from a 

specific rise in lysozyme at the latter dose. 
However, increasing the exposure time using 
two treatments instead of one without 
increasing the total amount of drug (i.e. 3 o 

mg/kg versus 2 o plus I o mg/kg), did affect 
epithelial protein expression (Fig. 6. 5). This is 
in line with previous results in mice in which a 
prolonged treatment increased the toxicity of 
MTX towards the small intestine (Devik and 
Hagen I973)· Apparently, the period of 
inhibited proliferation, independently of 
stress, is one of the major determinants for the 
development of damage and most probably 
malfunctioning in the intestinal epithelium. 
From the observed increase in apoptosis, it 
seems likely that a prolonged inhibition of 
epithelial proliferation is associated with 
increasing loss of stem cells and clonogenic 

daughter cells, as suggested by others in 
irradiated mice (Potten et al. I997). 
Furthermore, we have observed a specific up
regulation of the mRNA encoding lysozyme 
during damage in group-housed rats subjected 
to a two-days ( 2 o plus I o mg MTx/kg) MTX 
treatment (Verburg et al. 2 o o 2). Thus, it 
seems highly unlikely that the decreased 
epithelial protein expression, which develops 
after prolonged inhibition of epithelial 
proliferation, results from general inhibitory 
effects of MTX on de novo RNA synthesis. 

The observed differences between isolated 
versus group-housed rats in the development 
of epithelial damage after single-dose MTX
treatments, could mean that the half-life of the 
drug may be longer under stressed conditions. 
However, a perhaps more plausible explana
tion for this difference could be based on 
damaging effects of both factors on endothelial 
cells. In rats, mental stress has been shown to 
increase the permeability of the micro
vasculature undemeath the epithelium 
(Wilson and Baldwin I999).In this study, the 
reported changes in vascular permeability 

resulted from an activation of mucosal mast 
cells. Furthermore, it has recently been shown 
that irradiation-damage to intestinal stem cells 
can indirectly evolve from damage of the 
underlying endothelial cells (Paris et al. 2 o o I). 
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Thus, in addition to an inhibition of prolifer

ation, chemotherapy in combination with 
mental stress may aggravate epithelial damage 
via endothelial malfunctioning. 

Despite our efforts, we could not identify a 
neuronal effect of stress via increased numbers 
of (activated) mucosal mast cells, at least in 
our 24 h window at which tissue was analyzed. 
We used the secretory protease RMCPII to 
detect all the mucosal mast cells within the 
mucosa (Kimura et al. I998), and a marker for 
the acidic mast cell granules, toluidine blue 
(Stead et al. I 9 8 7). Activated mucosal mast 
cells that release their contents can be 
identified at a light microscopical level by their 
staining with toluidin blue and the presence of 
large empty vacuoles (Wilson and Baldwin 
I999)- Also the secreted granules can be 
visualized using this method (Alexacos et al. 
I 9 9 9). Irrespective of the treatment by MTX, 

the numbers and appearance of RMCPII- or 
toluidine-stained mast cells were similar in the 
small intestinal mucosa. This indicates firstly 
that there was no influx of mucosal mast cells, 
and secondly that these cells were not 
degranulated. It is still possible though that 
mast cell degranulation may have occurred 
during the first 24 h of the experiment, and 
that these degranulated mucosal mast cells had 
recovered at 24 h after start of treatment. Yet, 

mast cell degranulation does not seem to play 
a role at the critical time-window during the 
experiments, i.e. 48-7 2 h after the first 
injection, at which the tissue is apparently 
damaged beyond repair or is still able to 
recuperate from the insult. 

In conclusion, the impact of psychological 
factors on intestinal epithelial sensitivity for 
MTX in the rat may also have implications for 
the treatment of patients. We have used 
dosages of MTX that are representative and 
meaningful to the clinical application of this 
drug. The enormous variability in side effects 
of chemotherapy as seen in cancer patients 
may partially arise from variations in mental 
status during treatment. It seems therefore 
important to make an effort to apply the 



Table J.l 

obtained results in rats to the situation in 

humans. It is obvious that chemotherapy in 

daily clinical practice affects the intestinal 

epithelium. If mental stress may influence the 
reactions of the intestine to chemotherapeutic 

drugs, we should use this information to our 

advantage in the treatment of cancer patients. Detailed summary if the rdfects if Methotrexate on the 
small intestinal epithelium. 

Events following MTX 

administration have been 
indicated in three categories: 1 . 

general rdJects on proliferation in 
the epithelium, 2. crypt-located 
events, and 3. villus-located 
events. Dl, indicates the :lfects 
measured at 24 h rifter MTX 

administration, D2 rifter 48 h 
qfter MTX administration, etc. 
Behind each event, the key 
observation or key marker(s) 
is indicated. The original 
data supporting the events as 
mentioned in this Table can 
be found in Chapters 2 and 3. 
Abbreviations: TUNEL, is ter
minal traniferase deoxyuridine 
nick-end labeling; PCNA, 

is proliferating cell nuclear 
antigen; Brdu, is bromo
deoxyuridine. 

Event 

Effects on Proliferation: 

Inhibition of proliferation (absence of PCNA and BrdU) 

Hyper-proliferation (PCNA and BrdU) 

Crypt-located events: 

Crypt apoptosis (fUNEL, deaved caspase 3) 

Crypt cell loss (number of cells) 

Crypt shortening (crypt length) 

Crypt loss (number of crypts) 

Crypt cell restitution ( cell height < cell width) 

Panetll cell maintenance (number of cdls) 

Paneth cell activation (lysozyme increased) 

Cr;Tt goblet cell depktion ( Alcian Blue) 

Crypt rege.n.-xation (crypt length > 100% controls) 

Villus-located events: 

Villus enterocytes cell loss (number of cells) 

Villus shortening (<80% control length) 

Enterocyte restitution (cell height < cell width) 

Enterocyte carbohydrate absorption collapse JA 

Enterocyte fatty acid absorption spared '" 

Goblet cdl sparing (at villus tips) 

Incn~ased goblet cell functions (Muc2 and TFF3) 

Villus regeneration (length > l 00% controL.) 

D D D D D D D DiD 
I 

0 234-56810 

1111 
Ill 

II 

II 1111 -1111 
'·', Me.asured by the dea·<?.-tSed expression of SGLTI, SI, GLUTS, lactase 
i', Measured by the relative sparing of enterocyte-located :iFABP, LFABP 



7 Summarizing discussion 

In this thesis, we described the specific charac

teristics of the different epithelial cell types 
and in the various regions of the small intestine 
in response to chemotherapy with the use of 
the rat as a modeL In understanding the 

changes that occur in epithelial functioning 
during the course of epithelial damage and 
regeneration, we were able to discriminate 
two consecutive phases of damage and two 
consecutive phases of regeneration. Due to 
the general direction of migration of epithelial 
cells along the crypt/ villus axis, the events that 
characterize these phases differ in their localiz
ation along this axis. That is, damage to crypts 
occurs first, followed by damage to the villi. 
Then regeneration occurs in the same order. 

The effects of damage and regeneration of the 
intestinal epithelial functions and the moment 
at which these were observed are shown in 
Table 7. r. As long as the epithelial prolifer
ation was inhibited, i.e. during the earliest 
phase of damage, damage was prominent in 
the crypts and was characterized by apoptosis 
of proliferating crypt cells. This loss of epi
thelial crypt cells resulted in crypt shortening, 
restitution of the remaining crypt cells, and 
loss of entire crypts. This 2-days period of 
crypt damage subsequently gave rise to 
epithelial damage at the small intestinal villi, 
most likely due to continued cell death at the 
villus tips in the absence of replacement of 
these cells by crypt cells. These villi became 
blunted, the number of villus enterocytes was 
severely reduced, whereas goblet cells accum
ulated at the villus tips. This phase of villus 
damage coincided with the phase of early 
regeneration in the crypts, where proliferation 
resumed. During subsequent late regeneration, 
the villus epithelium regenerated completely. 
The regeneration in both crypts and villi were 
both characterized by a mild hypertrophy of 
these structures. Crypts as well as villi appeared 
significantly longer during about 2 days after 
the regeneration of these respective structures 
had resumed, and then returned to their 
control lengths. This hypertrophy was most 

likely due to the hyperproliferation occurring 
during early crypt regeneration. 



A major determinant for the development of 
intestinal epithelial damage was the length of 
time during which the proliferation was 
inhibited. In adult rat the tumover of the cells 
of the small intestinal epithelium is 3 days. In 
our rat model, inhibition of epithelial prolife
ration for a period of 2 days induced the above 
described crypt and villus abnormalities, which 
both disappeared during regeneration (Table 
7. I). Shorter periods of inhibited proliferation 
induced only mild crypt abnormalities which 
resolved quickly, and without measurable 
effects on villus structure and functions. Much 
to our surprise the inhibition of intestinal 
epithelial proliferation appeared to be under 
the control oflocal factors in the intestinal 
mucosa, in addition to MTX concentrations and 
treatment regime (see 'Local regulation of 
intestinal epithelial differentiation'). Also, a 
mild form of stress, induced by social isolation 
of the animals, appeared to drastically affect 
the MTx-induced inhibition of intestinal 
epithelial proliferation (see 'Intestinal damage 
and stress'). 

Epithelial cytoprotection has priority over 
digestive functions 

Of the epithelial cell types, the enterocyte as 
most abundant cell type appeared to be the 
most sensitive to chemotherapeutic damage. 
This cell type is particularly designed for the 
digestion and absorption of nutrients, which 
we were able to measure through a selection 
of the proteins involved in these important 
functions (Chapter 3 and 4). We have shown 
that the massive loss of epithelial cells during 
early damage (day I-2 after MTx-administra
tion), as well as the changes in enterocyte
specific gene expression during later damage 
(day 3-4 after MTx-administration), gave rise 
to a progressively reduced capacity of the 
small intestinal epithelium to digest and absorb 
nutrients (Chapter 3-4). On the other hand, in 
response to these clinically relevant doses of 

MTX, the cytoprotective properties of Paneth 
cells and goblet cells remained intact during all 
phases of damage and regeneration (Chapters 
3 -4). Importantly, markers for the protective 
functions of these cell types (i.e. lysozyme, 

9 I 

MUC2 and TFF3) were expressed in significantly 
higher amounts during severe damage to the 
epithelium. This adaptation in small intestinal 
epithelial functioning is very clearly illustrated 
by our results demonstrated in Chapter 3, 
where we have shown that goblet cells domin
ate the small intestinal villi of MTx-treated rats 
during late phases of damage (Table 7. I). One 
of our main conclusions from these studies is 
that the cytoprotection, as exerted by the in
testinal epithelium, has a higher priority over 
the nutrient uptake during severe damage. 
Apparently, protective functions are of more 
importance for the survival of the individual 
rat than nutrient uptake, during this life
threatening event. With respect to possible 
therapy to alleviate these side effects of chemo
therapy, a further stimulation of the cytopro
tective properties of the intestinal epithelial 
cells by administration of exogenous factors 

during chemotherapy may help to prevent 
gastrointestinal toxicity from becoming a life
threatening problem (see 'Possible interven
tions'). 

Local regulation of intestinal epithelial 
proliferation and differentiation 

The length of the period during which the 
proliferation was inhibited in the intestinal 
epithelium appeared to be a major determin
ant in the further development of intestinal 
epithelial damage. Strikingly there was one 
notable exception to this rule, and this was 
related to the position of the crypt/ villus 
epithelium in the intestine. We demonstrated 
that the MTx-induced inhibition of intestinal 
epithelial proliferation was less pronounced in 
the epithelial crypts in close proximity to the 
small intestinal Peyer's patches, when com
pared to the epithelium at more distance from 
the patch (Chapter 5). Although this zone of 
protection against MTx-induced damage 
reached for only 3 crypt/ villus units around 
the Peyer's patch, this protective effect was 

very distinctive. Apparently, the anti-prolife
rative effects of MTX can be modified locally in 
the intestinal epithelium by factors thus far un
known. The local nature of this MTX-resistance, 
since it was extinct at a distance of 3 crypts 
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from these lymphoid patches, suggests the 
involvement of an endogenous diffusible 
factor, originating from this lymphoid tissue. 
There is considerable therapeutic potential in 
identifying the particular factor( s) that mediate 

this intestinal epithelial protection Peyer' s 
patch-associated epithelium. It should be 
possible to define in our or other models one 
or more Peyer' s patch-derived cytokines or 
growth factors that could be used for possible 
improvement of the existing anti-cancer 
treatments in patients. The availability of 
specific knockout mice that lack specific 
cytokines or growth factors, like the IL- Io-/

mice, offers the possibility of studying this 
phenomenon in more detail. In these animal it 
could be determined if the protection near to 
the Peyer' s patches either occurs or not, and 
thereby one could identify if the knocked out 
cytokine is involved in this particular form of 
cytoprotection from MTX. 

Presently there are several clues that point 
towards the involvement of candidate cyto
kines or growth factors in the cytoprotection 
near Peyer' s patches. Peyer' s patches are 
known to contain low levels of IL- I 2 in 
rodents. Therefore, the T cells are strongly 
biased toward Th2 responses and produce 
correspondingly immunosuppressive 
cytokines, such as IL-4, IL- I o and TGF-beta 
(MacDonald and Monteleone 2ooi). In 
particular, there are indications that TGF-beta 
plays a role in epithelial defense against 
chemotherapeutic damage. In irradiation 
studies, using the mouse as a model, intra
peritonial injection of commercially available 
TGF-beta-3 was shown to protect the intestinal 
epithelium and to enhance survival of the 
irradiated mice by reducing intestinal stem cell 
proliferation (Booth et al. 2ooo). If one or 
more of the immunosuppressive cytokines 
plays a role in intestinal epithelial cyto
protection in Peyer' s patch -associated rat 
intestinal epithelium, this MTx-resistance near 
Peyer's patches might not be observed in 
humans. In contrast to rodents, human Peyer' s 
patches contain high levels of IL- I 2 that 
normally drive a pro-inflammatory Th I 



responses (MacDonald and Monteleone 2 oo I). 
Nevertheless, it may be worthwhile to 
investigate if the Peyer' s patch-associated 
epithelium is protected from cytostatic actions 
of MTX. Be this as it may, the factors that 
further experiments in rodents might identify 
could very well have therapeutic use in human 
cancer patients. 

Intestinal damage and stress 
The variations we observed between groups 
of differently treated animal, with respect to 
their housing, in their reaction towards MTX 
has pointed to a role of the Central Nervous 
System ( CNS) in regulating the proliferation 
and differentiation of intestinal epithelial cells 
in response to chemotherapy. This contribution 
of the eNs, activated by psychological factors 
(isolation stress), appeared to increase the 
sensitivity of the intestinal epithelium towards 
damage when exposed to MTX, via an 
augmented inhibition of the epithelial 
proliferation (Chapter 6). The implications of 
the enhanced intestinal toxicity of MTX in 
response to environmental stress for cancer 
patients are that a well-informed treatment 
with maximal care might considerably help to 
reduce intestinal damage during chemo
therapy. 

Information on the mechanism through which 
stress alone may induce intestinal damage 
comes mainly from studies that focus on long
term effects of chronic psychological stress, 
such as the stress induced by water deprivation 
for repetitive periods of time. This kind of 
stress leads to mucus depletion, increased 
bacterial adherence, and increased 
permeability of the small intestinal epithelium. 
In mast cell-deficient (W s/W s) rats it was 
shown that mucosal mast cells play a crucial 
role in the deterioration of these epithelial 
barrier functions in response to stress. It has 
become clear in recent years that the role of 

mucosal mast cells in the gastrointestinal 
mucosa is not only to react to antigens, but 
also to actively regulate the barrier and 
transport properties of the intestinal 
epithelium. 
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Mucosal mast cells thus play a role in 'chronic' 
stress-related mucosal injury. The stress that 
was induced in rats by exposure to a high 
human activity in the animal facility room for 
3-4 weeks gave rise to significantly higher 
numbers of degranulated mucosal mast cells 
and activated goblet cells in the intestinal 
mucosa (Wilson and Baldwin 1999). 

Degranulation of mast cells will lead to a 
reduced barrier function of the epithelium via 
an increased permeability (Scudamore et al. 
1998). Studies in models ofhypersensitivity 
and stress have provided evidence that changes 
in mucosal function are due to either direct 
action of mediators released by mast cells on 
epithelial receptors and/ or indirect action via 
nerves/neurotransmitters (Yu and Perdue 
2 oo I). Interestingly, mucosal mast cells seem 
to have cytoprotective properties in response 
to chemotherapy. With the use of histo
chemical methods it was demonstrated that the 
intestinal epithelium of mast cell deficient 
(W s/W s) rats was significantly more sensitive 
to irradiation injury, compared to their wild 
type littermates (Zheng et al. 2oooa). Epithe
lial protection provided by mucosal mast cells 
could explain why we were unable to identify 
mucosal mast cell protease activation in our 
model following acute stress, that is the 
isolation stress (Chapter 6). It seems likely 
that mucosal mast cells have deteriorating 
effects on intestinal function while exposed to 
chronic stress, whereas mucosal mast cells 
might actually be protective during exposure 
to acute stress, like in our experiments. The 
increased sensitivity of the intestinal epithe
lium to MTX under stressed conditions is a 
likely consequence of neuronal signals, coming 
from the brain, thus directly affecting the 
intestinal epithelial barrier/ proliferation. 

Possible Interventions 

In the recent years, various growth factors, 
immune mediators, and regulatory peptides 
have been identified, each of which to some 

extent seems to contribute to preservation of 
the intestinal epithelial barrier (e.g. EGF, IGF, 
TGF-beta, KGF, IL-l I, TFF3 and GLP-2). Some 
of these have shown useful in the preserving 
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intestinal epithelial integrity during chemo
therapeutic damage. The cytoprotective 
properties of TGF-beta and its receptor were 
demonstrated in a variety of animal models 
(Booth et al. 2ooo; Zheng et al. 2ooob; Van 't 

Land et al. 2oo2). In these studies, different 
subtypes of TGF-beta protected the small in
testinal epithelium of mice against irradiation 
injury by reducing apoptosis and accelerating 
healing. 

The epithelium-specific growth and differen
tiation factor keratinocyte growth factor (KGF) 
is a member of the fibroblast growth factor 
family, which was shown to specifically 
enhance goblet cell differentiation in vivo 
(Bjerknes and Cheng 2ooi). KGF was recently 
shown to be effective in chemotherapy-treated 
mice (Farrell et al. 2 o o 2). In these mice, oral 
administration of KGF resulted in improved 
crypt survival and preserved villus height. 
Also, it resulted in an induction in the 
expression of genes that play a role in mucosal 
protection such as TFF 3. The protective effects 
of KGF for intestinal epithelial barrier function 
might imply a similar protection in human 
patients receiving chemotherapy, indicating 
that KGF is potentially a therapeutic agent in 
reducing chemotherapeutic damage. 

Interleukin- I I (IL- I I) is a pleiotropic cytokine 
secreted at low levels by mesenchymal cells 
in the bone marrow microenvironment. The 
mechanism of the anti-inflammatory activity 
of rhiL- I I has been extensively studied 
(Schwertschlag et al. I999). In vitro, rhiL-II 
reduces co4+ T cell production ofThi cyto
kines, such as IFN gamma, while enhancing 
Th2 and Th3 cytokine production. Thus, the 
action of IL- I I is immunosuppressive rather 
than pro-inflammatory. In vitro studies with 
rat intestinal epithelial cell lines showed that 
recombinanthumaniL-II (rhiL-II)can 
directly affect intestinal epithelial cells by 
delaying the entry of cells into the S-phase of 
the cell cycle, which leads to growth retard
ation (Peterson et al. I996). In an in vivo 
follow up study, mice treated with rhiL- I I 

showed reduced apoptosis and increased mi-



toses in the small intestine ( Orazi et al. I 9 9 6). 
In other studies, rhrL- I I has the potential to 
prevent intestinal epithelial apoptosis and to 
enhance survival from 5-FU or radiation
induced damage in mice (Orazi et al. I 996; 
Potten I996). Thus, in vivo rhrL-II may block 
the proliferation of normal undamaged epithe
lial cells and thereby protect these cells from 
cytotoxic damage, while enhancing prolifera
tion following injury. Possibly, IL- I I could be 
important for improvement of the anti-cancer 
therapies for human patients. 

Another very interesting peptide with respect 
to possible therapeutic use in chemotherapy 
isglucacon-likepeptide 2 (GLP-2). GLP-2 is 
an intestinal hormonal peptide expressed by 
entero-endocrine cells of the intestinal 
epithelium in response to nutrient ingestion 
(Drucker 2oo2a). GLP-2 promotes nutrient 
absorption via the expansion of the mucosal 
epithelium by stimulation of crypt cell 
proliferation and inhibition of apoptosis in the 
small intestine. The mechanism through which 
GLP-2 inhibits apoptosis involves reduced 
caspas~ activation, as was shown in transfected 
fibroblasts (Yusta et al. 2oooa). GLP-2 also 
reduces intestinal epithelial permeability. 

GLP-2 is enzymatically inactivated by dipepti
dyl peptidase IV, hence the native peptide has 
a TI/ 2 of minutes in vivo. Experiments with 
the DPPIV-resistant analogue H{ GLY2 }-GLP-2 
in rodents have demonstrated its therapeutic 
potential (Drucker 2oo2b). For instance, 
subcutaneous injections of recombinant 
H{ GLY2 }-GLP-2 prevented apoptosis and 
increased crypt proliferation in the small 
bowel of mice treated with non-steroidal anti

inflammatory drugs (Boushey et al. I999). 
Subcutaneous injections of H { GLY2} -GLP- 2 
have also been shown to enhance recovery in 
5-fluorouracil-treated rats (Tavakkolizadeh et 
al. 2ooo ). In tumor-bearing mice it was 
further shown that the intestinal epithelial 
protection of GLP- 2 did not impair 5- fluoro
uracil-mediated tumor regression (Boushey et 
al. 2oo I). Thus, GLP-2 specifically protects the 
intestinal epithelium against chemotherapeutic 
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damage and is therefore a very interesting 
peptide. Although clinical experience with 
GLP-2 is limited, the results obtained in 
patients with short bowel syndrome who 
received two injections of human GLP- 2 for 

35 days are promising a eppesen et al. 2 0 0 I). 
Whether GLP-2 may be useful for the pre
vention of chemotherapy induced mucositis 
in humans will require further study. 

The actions of GLP-2 are mediated by a 
distinct G LP- 2 receptor ( G LP- 2 R), which is 
expressed in a tissue-specific manner in the 
gastro-intestinal tract (Munroe et al. I999). 
In situ hybridization experiments have 
localized murine GLP- 2R to enteric neurons 
in the gastro-intestinal tract (Bjerknes and 
Cheng 2 o o I). These authors demonstrated 
that the nervous system is a key component in 
mice of a feedback loop regulating epithelial 
growth and repair by GLP- 2. It is possible that 
this GLP-2R played a role in the enhanced in
testinal toxicity of mtx in the intestinal epithe
lium under stressed conditions, as observed 
in our study. For instance, the expression and 
activity of receptors, specific for GLP-2, may 
have been altered in response to psychological 
stress. This could lead to reduced sensitivity 
towards GLP-2 in the intestinal epithelium, 
which in turn was shown to specifically disturb 
enterocyte differentiation in vivo (Bjerknes 
and Cheng 2 oo I). The involvement of GLP- 2 
or its receptor in MTx-induced damage would 
thus be independent of mast cells. 

Concluding remarks 
The intestinal toxicity of anti-cancer drug such 
as MTX remains a serious problem in the treat
ment of cancer patients. All together, we have 
identified roles for local, cell type dependent, 
and psychological factors in the toxicity of MTX 
for the small intestinal epithelium. The concer
ted regulation of intestinal epithelial functions 
via interactions of mucosal neurons, immuno

modulatory factors and epithelial factors offers 
new perspectives in the prevention of damage 
through chemotherapeutic drugs. The results 
of our studies may help to improve clinical 
therapies in the treatment of cancer patients. 
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Schade aan het darmepitheel is een bijwerking 
van chemotherapie ter bestrijding van kanker 
in patienten. In dit proefschrift is de reactie 
van het darmepitheel op chemotherapie 
beschreven met gebruikmaking van de rat als 
in vivo model. Chemotherapie wordt toege
past bij patienten met kanker en is erop gericht 
om met name de deling van de sneldelende 
kankercellen te remmen. Een belangrijk na
deel van deze behandelingen is dat er gezonde 
weefsels bij beschadigd raken die ook een 
snelle celdeling kennen. In het bijzonder de 
darm heeft van nature een zeer snelle celdeling 
en wordt bij chemotherapie snel beschadigd, 
dat leidt tot emstige aantasting van het 
darmepitheel. Hierbij gaan enerzijds functies 
verloren die essentieel zijn bij de afbraak en 
opname van voedingsstoffen, maar anderzijds 
wordt ook de natuurlijke barrierefunctie van 
de darm aangetast, dat kan leiden tot het 
binnendringen van gevaarlijk stoffen en micro
organismen in het lichaam. Wij zijn nagegaan 
hoe de relatie is tussen de chemotherapie en de 
ontstane schade en de daarmee gepaard gaande 
veranderingen in de functies van de darm. 

Naast onze belangstelling voor deze onge
wenste bijwerking van chemotherapie op het 
darmepitheel, en het bestuderen van de 
effecten daarvan op het functioneren van het 
darmepitheel, leveren deze studies ook inzicht 
op in de fundamentele mechanisme die een rol 
spelen bij de instandhouding en het herstel van 
het epitheel. Door het darmepitheel bloot te 
stellen aan een situatie waarbij het epitheel 
bijna verloren gaat is goed waar te nemen 
welke prioriteiten het epitheel stelt bij het 
behouden van essentiele functionaliteiten. De 
beide groepen van darmfuncties, bescherming 
enerzijds versus afbraak/ opname anderzijds, 
komen in een dergelijk situatie onder druk te 
staan. V oor beide groepen van functie hebben 
wij meerdere uitleesparameters in onze 
studies bestudeerd, zodat goed is vast te 
stellen of en hoe deze functie optimaal worden 
uitgevoerd in een dergelijke situatie. 

We hebben geexperimenteerd met verschil
lende concentraties en behandelingsprotocol
len van de cytostatische drug methotrexaat 
(MTx), een in patienten veelgebruikt cyto
staticum. De totale dosis MTX varieerde van 3 a 



tot 6o mg/kg lichaamsgewicht van de ratten, 
overeenkomend met doses die ook aan 
patienten wordt gegeven. Deze werd als 
enkele of als gesplitste dosis intraveneus toe
gediend. Twee van de gebruikte toedienings
protocollen resulteerde in emstige en 
reproduceerbare schade aan het darmepitheel , 
zoals beschreven in de hoofd.stukken 3-6. In 
deze gevallen bleek het darmepitheel na zeer 
emstige schade weer te regenereren tot een 
volledig functioned darmepitheel, zoals dat 
ook in het algemeen in met cytostatica 
behandelde kankerpatienten optreedt. 
Gedurende deze volledige cyclus van emstige 
schade tot en met volledige regeneratie, die 
6 tot 8 dagen in beslag neemt, ontstaat zo een 
goed patroon van veranderende beelden, 
waarbij alle aspecten van functies en herstel
mechanismen kunnen worden bestudeerd. 

In hoofdstuk 3 richten we de aandacht op de 
verschillende regio' s van de dunne darm, te 
weten het duodenum, jejunum en ileum. Deze 
delen van de dunne darm hebben verschillende 
functies, en het was niet beschreven of deze 
regio' s in gelijke mate gevoelig zijn voor 
schade door chemotherapie. Daamaast hebben 
wij ook de effecten van MTX op de dikke darm 
bestudeerd, namelijk het proximale colon. 
Het colon heeft andere functies dan de dunne 
darm en het is belangrijk om vast te stellen of 
deze functies in gelijke mate worden aangetast 
als de dunne darm functies. We to on den 
metbehulp van (immuno )histochemische 
technieken aan, dat de celdeling in het dunne 
darm epitheel na een enkele dosis MTX vrijwel 
geheel geremd wordt en dat deze na 2 dagen 
als eerste in het ileum terugkeert en daama pas 
in het jejunum en duodenum. We hebben 
metingen verricht aan de cryptlengte en 
villushoogten in deze 3 regio 's van de dunne 
darm. We laten zien op basis van deze 
gegevens en andere kenmerken vastgelegd in 
coupes van de dunne darm, dat er 4 fases van 
schade en regeneratie onderscheiden kunnen 
worden in het dunne darm epitheel. 
Achtereenvolgens treden op: 
I schade aan de crypten, 
2 schade aan de villi, 
3 regeneratie van de crypten en 
4 regeneratie van de villi. 
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Deze fases hebben een lokalisatie en een tijds
afhankelijk verloop die zich verplaatst volgens 
de migratie richting van de epitheelcellen, te 
weten van de crypt naar de top van de villus. 
Daarbij was er overlap in de fase van late 
schade ( aan de villus) met die van vroege 
regeneratie (in de crypt). V erder ton en we 
kwalitatief (door het immunohistochemisch 
kleuren van een aantal epitheel functies) en 
kwantitatief (door het meten van een aantal 
morfologische kenmerken) aan, dat het gehele 
dunne darm epitheel binnen een periode van 
6-8 dagen hersteld is van de remming in 
proliferatie door MTX. 

De schade die optrad in het cryptepitheel 
tijdens remming van de celdeling, zoals 
beschreven in hoofdstdz 3, werd gekenmerkt 
door een sterk verhoogde apoptose, waarmee 
beschadigde cellen verwijderd werden. We 
laten zien, onder anderen door gebruikmaking 
van immunohistochemische kleuringen met 
antilichamen tegen het enzym carbamoyl 
fosfaat synthase op coupes, dat vooral veel 
enterocyten hierbij verloren gaan. Als reactie 
op het verlies van epitheelcellen in de crypten 
trad restitutie op, dat wil zeggen dat de 
overgebleven cellen door migratie, maar 
zonder celdeling, de ruimte van de afgestorven 
cellen innemen. Dit bleek uit het afplatten van 
resterende crypt epitheelcellen die hiermee 
helpen voorkomen dat binnendringen van 
ongewenste stoffen en organismen door het 
epitheel kan optreden. Ook laten we in dit 
hoofdstuk 3 zien dat de Paneth cellen, die 
gelokaliseerd zijn in de basis van de crypten 
onder de stamcellen, aanwezig blijven na MTX

behandeling. Dit celtype bleek resistent te zijn 
tegen de schade die MTX aanbrengt en dragen 
zeer waarschijnlijk bij aan bescherming van de 
kwetsbare crypten, omdat deze cellen vooral 
antibacteriele peptiden en enzymen secreteren 
in het cryptlumen. 

Het colon bleek resistent te zijn tegen de 
gevolgen van MTX toediening (hooi:dstuk _5). 

W eliswaar werd de celdeling in vrijwel gelijke 
mate geremd als in de dunne darm, maar de 
gevolgen, in de vorm van verlies aan epitheel 
cellen en van de functies van deze cellen zoals 
in de dunne darm, werden niet waargenomen. 
Dit komt zeer waarschijnlijk omdat de dikke 
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darm een lager delingstempo kent ten opzichte 
van de dUillle darm. Dit lagere tempo geeft de 
dikke darm waarschijnlijk langer de gelegen
heid om zich te herstellen en weer een gere
gelde celdeling op gang te brengen, voordat 
dit consequenties gaat hebben voor de rest van 
het epitheel. 

Ook tonen we in hoofdstuk 3 aan dat naast de 
Paneth cellen ook de goblet cellen die zich in 
het crypt en vullis epitheel bevinden relatief 
resistent zijn tegen epitheliale schade door 
MTX, in vergelijking tot enterocyten. Dit 
celtype bleek zich op te hop en op de steeds 
korter wordende villi, en lijkt zo gespaard te 
worden bij de algemeen optredende celsterfte 
waar de enterocyten wel het slachtoffer van 
worden. Ook de functie van gobletcellen bleef 
gehandhaafd tijdens epitheliale schade, zoals 
kon worden afgelezen uit de expressie van de 
beschermende moleculen MUC2 en TFF3 door 
deze goblet cellen tijdens fasen van emstige 
schade. · 

In hoofdstuk 4- presenteren we een uitgebreide 
analyse van de veranderingen die optreden in 
de celtype-specifieke genexpressie gedurende 
de 4 fases van schade en regeneratie in het 
dUillle darm epitheel. We hebben hierbij de 
histologische veranderingen, zoals aangetoond 
op coupes van het jejunum, vergeleken met 
kwantitatieve metingen van eiwit en mRNA 
gehaltes van specifieke markergenen in totaal 
homogenaten van de verschillende darm
segmenten. Door gebruik te maken van I o 
verschillende markergenen hebben we laten 
zien dat er naast het verlies van epitheelcellen 
ook veranderingen optreden in de expressie 
van celtypen-specifieke genen die de functies 
van deze cellen kenmerken. Daarbij hebben 
we gebruik gemaakt van statistische methoden 
om meer inzicht te krijgen in de specificiteit 
van de gemeten veranderingen. Zo bleek uit 
de veranderingen in expressie van lactase, 
sucrase-isomaltase, SGLTI, en GLUTS, dat de 
resterende enterocyten tijdens vroege en late 
schade in toenemende mate het vermogen 
verloren om koolhydraten af te breken en op 
te nemen. Daarentegen bleven intracellulaire 
transportfuncties voor transport van vetten, 
gekenmerkt door door I- en L-FABP expressie 
in de resterende enterocyten, relatief op peil. 



V erder hebben we laten zien dat de expressie 
van MUC2 en TFF3 in gobletcellen op peil bleef, 
en zelfs toenam tijdens de fase van ernstige 
schade aan crypten en villi, zoals beschreven in 
hoofdstuk 3. Hierbij viel het op dat deze 
genen, hoewel MUC2 en TFF3 verhoogd tot 
expressie komen tijdens schade, in goblet 
cellen onafhankelijk van elkaar gereguleerd 
werden. Ook de expressie van lysozym, een 
antibacterieel enzym geproduceerd in Paneth 
cellen, nam toe tijdens deze fasen van emstige 
schade, waarmee de bevindingen uit hoofdstuk 
3 bevestigd werden. 

Concluderend kunnen we zeggen dat de 
celtypen en de moleculen die in het dunne 
darm epitheel aanwezig zijn, die primair 
gericht lijken te zijn op de verdediging van het 
epitheel, tijdens schade gehandhaafd blijven 
(hoofdstukkcn 3 en +l. Daamaast zijn met 
name de enterocyten en de eiwitten die deze 
cellen tot expressie brengen het sterkst aan
getast door de schade door MTX. W el blijkt dat 
de eiwitten gericht op de opname van vetten 
specifiek in veel hogere mate tot expressie 
komen dan de eiwitten betrokken bij suiker 
afbraak en opname. Een en ander geeft aan dat 
tijdens en na behandeling met cytostatica het 
mogelijk de voorkeur verdient om juist vetten 
als energiebron aan de voeding van MTX -
behandelde patienten toe te voegen, in plaats 
van koolhydraten, die mogelijk veel minder 
goed zullen worden geabsorbeerd. 

Vlak onder het darmepitheelliggen op een 
aantal plaatsen verspreid in de dunne darm, 
de zogenaamde Peyerse platen. Dit zijn lymf
follikels en maken deel uit van het darm
geassocieerde immuunsysteem en bevatte 
grote hoeveelheden cellen van het immuun
systeem. In het door ons gebruikte MTx-model 
in de rat bleek het epitheel in de nabijheid van 
Peyerse platen relatief ongevoelig voor schade 
ten gevolge van MTX, in tegenstelling tot het 
epitheel op grotere afstand van Peyerse platen. 
De resultaten hierover worden gepresenteerd 
in hoofdstuk: S. Met (immuno )histochemische 
technieken en in situ hybridisatie tonen we 
daarin aan dat de proliferatie in de crypten 
nabij Peyerse platen minder geremd werd 
door MTX dan in het overige darmepitheel. 
W el bleeker door bestudering van weefsel-
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coupes in de crypten naast de Peyerse platen 
een gelijke inductie van apoptose op te treden 
als in de crypten op grotere afstand. We laten 
zien dat er, ondanks deze effecten van MTX op 
celdeling en apoptose in de crypten in de nabij
heid van de Peyerse platen, geen veranderingen 
optraden in de morfologie van het epitheel en 
in de lokalisatie van enterocyte-, goblet- en 
Paneth celspecifieke mRNAs en eiwitten nabij 
Peyerse platen. 

Het epitheel grenzend aan de Peyerse platen 
wordt blijkbaar beschermd tegen de schade
lijke gevolgen van MTX, ondank het feit dat 
epitheel enkele honderden micrometers 
verder van de Peyerse plaat gelegen, wel een 
cyclus van emstige schade en regeneratie 
doormaakt, vergelijkbaar met de schade zoals 
beschreven in hoofdstukken 3 en 4· Zeer 
waarschijnlijk is er een factor aanwezig rond 
de Peyerse platen die beschermend werkt. 
Door de aard van de cellen in deze structuren 
lijkt het waarschijnlijk dat het hierbij gaat om 
een door lymfocyten geproduceerd cytokine. 
Het vinden van dit nog een dergelijk cytokine 
zou verstrekkende gevolgen kunnen hebben 
voor de therapeutische bescherming van darm
epitheel tijdens behandeling van patienten met 
cytostatica. 

In hoofdstuk 6 is beschreven hoe de invloed 
van psychologische factoren (stress) de schade 
verergert die MTX aan het darmweefsel kan 
aanrichten. MTX werd hierbij in verschillende 
hoeveelheden toegediend aan ratten in klinisch 
relevante doses. Deze doses werden ofvvel 
eenmalig gegeven of werden gefractioneerd 
gegeven gedurende twee achtereenvolgende 
dagen. V ervolgens werden deze ratten aan een 
zeer milde vorm van omgeving stress bloot
gesteld. Controle ratten werden na toediening 
van MTX terug geplaatst in hun oorspronkelijke 
kooi, samen met de twee ratten waar zij ook 
oorspronkelijke, voor toediening, de kooi mee 
deelden. Andere ratten werden na toediening 
van MTX in een nieuwe kooi gezet, waarbij ze 
solitair werden gehuisvest. (Immuno )histo
chemisch gekleurde dunne darmcoupes, 
afkomstig van de verschillende diergroepen, 
zijn met elkaar vergeleken, waarbij de 
parameters werden gebruikt zoals genoemd in 
voorgaande hoofdstukken 3- 5. Het bleek dat 
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stress de duur van de remming van epitheliale 
proliferatie verlengde. Ook de daaropvolgende 
schade aan de epitheelcellen bleek veel 
emstiger onder invloed van stress, waaronder 
het verlies van enterocyten, het afplatten van 
epitheelcellen, het verkorten van crypten en 
villi, en de afname in expressie van kool
hydraat-afbrekende enzymen en transporter 
eiwitten. Het bleek dat een dosis van 3 o 
mg/kg lichaamsgewicht zonder stress leidde 
tot een remming van de proliferatie en een 
inductie van apoptose in de crypten. Echter, 
alle andere vormen van schade bleven uit. 
Dit in tegenstelling tot dieren die de zelfde 
dosis ontvingen, maar vervolgens solitair 
werden gehuisvest. Deze laatsten ontwikkelde 
alle in hoofdstu..lzken 3-5 vermelde vormen 
van epitheelschade en functieverlies van het 
epitheel. Deze bevindingen vestigen de aan
dacht op omgeving stress als mogelijke factor 
in de behandeling van kankerpatienten met 
cytostatica. Mogelijk kan het beperken van 
stress de darm van deze patienten in zekere 
mate beschermen tegen de schade door 
cytostatica. Samenvattend kunnen een aantal 
dingen worden aangewezen die van invloed 
zijn op de schade die MTX aanricht aan het 
darmepitheel. .N.lereerst is het blijkbaar zo dat 
de remming van celdeling door MTX niet perse 
leidt tot schade aan het darmepitheel. 
Blijkbaar spelen andere locale factoren in de 
darm of de darmwand daarbij een rol, die kan 
leiden tot tijdig herstel of tot het 'doorschieten' 
in de beschreven cyclus van schade en re
generatie. Er zijn twee aanwijzingen in welke 
richting dit soort stoffen kunnen worden 
gezocht. De eerste mogelijkheid wijst op een 
factor uit het immuunsysteem, omdat de 
Peyerse platen grote resistentie vertonen 
tegen MTX -gei:nduceerde schade. Daamaast 
zijn ook factoren die worden ge'induceerd 
door de activatie van de darm neuronen 
mogelijke kandidaten voor een medierende rol 
in de dit proces. Mogelijk dat een of enkele 
van onze observaties leidt tot een klinische 
toepassing, waarbij ofwel de cytostatica beter 
verdragen kan worden door beperking van de 
darmschade, ofwel het herstel na ontstane 
schade kan worden bevorderd. 
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Vanwege de verhuizingsperikelen heb je in een lastige 
en warrige periode bij ons gewerkt. Met heel weinig 
begeleiding heb je vee! werk verzet en daar wil ik je 
erg voor bedanken. Dat je uiteindelijk toch een andere 
weg bent ingeslagen was niet te verhinderen. Heel vee! 
geluk en succes. 

Een van de vele hoogtepunten uit mijn AMC-periode 
was de labkrant. Dit periodiek met zijn vaste rubrieken 
was een initiatief van Rob en Ruud en zal ik niet snel 
vergeten. Dan denk ik aan de ontluisterende 'In de 
wandelgangen' van meester-schrijver en gitarist Rob, 
de belangrijke bijdrage van Truus methaar tuin
adviezen. V erder natuurlijk de eindeloze zoektochten 
voor Jeroen van de B/Storm/Boeszelaere/Jeboema 
(van Oeganda) naar een vriendin. middels de 'Boesze
laertjes', De 'Berichten uit de kliniek' van Christine, 
Depuzzels van Erik van B, e.v.a. Wathebben we 
gelachen bij het gezamenlijk lezen van de uitgaven in 
de koffiekamer. Nog boor ik Ruud bulderen vanachter 
z'n baardje . 

Ook denk ik met plezier terug aan de perikelen rond
om Jiskefet. Erwin en J eroen konden zonder oefenen 
de scenes voor ons naspelen. Zelfs hadden ze hiervoor 
de baguettes (stokbroden) meegenomen naar een ieil
weekendje, zodat de boeszelaere zijn vechttechnieken 
kon oefenen voor een strijd tegen het Franse schip. 
Tijdens incabatie-tijden hebben we nog nagenoten van 
Debiteuren Crediteuren in de patientenrecreatie met 
de video's van Truus. Dankjewel Truus, ook voor de 
heerlijke etentjes in je tuin met de eeuwig draaiende 
bal. En natuurlijk ook voor je aanmoedigingen om 
Trizol te gaan gebruiken. Het heeft me veel werk be
spaard. En Rutger, man van de hybmix die alle buizen 
open krijgt, dank je voor de vele tips van moleculair 
werken. Samen hebben we nog lang nagepraat over 
alles o.a. in "t Oude Gasthuis'. Al of niet met een 
voetbalwedstrijd op het cafe-scherm. Als het te laat 
werd voor de Metro gingen we bij Jeroen slapen (Er 
was nog geen Arja). Bedankt Rutger, je was een fijne 
collega. Het Gasthuis werd op vrijdag gebruikt voor de 
integratie met J·o. Op J·o had ik experimenten gedaan 
met Lodewijk en Jos, om de beta-oxidatie in de darm
epitheelcellen te meten. Dat was even hard werken 
geweest met die ambitieuze jongens, tussen het 
verzorgen van de proefdieren en het Northem blotten 
door. Allen bedankt voor de in- en ontspanning, 
ook Linda, Helen K, Wiep, Karin, Erwin, Simone, 
Jeroen V, Mia, Hermie, Nico, Alison, Marleen, 
Arthur, en J annie M. 
There was one cute englishman working in the lab, his 
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name is Andy- Always running at high speed through 
the corridors from the Isotope lab to his banch and 
back. After 6 pm when most people left, his music 
started to sound in the lab. The latest bands with nice 
tunes were drawing my attention. That was the begin
ning of 'Lekker' _ Together with the chief and Marian 

we had great fun with our band. Thanks a lot Andy, it 
was very nice working with you. You introduced me to 
lots of your friends and we spent unforgetable evenings 
seeing bands or poule tables. At some of these evenings 
your supervisor Frank was there too. I don't remember 
him hitting a ball (poule) but that it possibly because he 
prefers to talk. 

Van de proefdierfaciliteit GDIA op het AMC ben ik Bert, 
Cor, en Anton erg dankbaar. Zij hebben met grote 
zorgvuldigheid en deskundigheid onze rat-experimen
ten in banen geleid. J ullie moppen durf ik niet te 
herhalen maar jullie liefde voor dieren heeft vee! 
goedgemaakt bij het uitvoeren van de dierproeven. 
Vanzelfsprekend ben ik vooral de proefdieren zelf erg 
dankbaar _ Beste Ingrid, dagen hebben we daar op het 
GDIA zitten omnummeren en wegen. Om maar zo 
eerlijk mogelijk de dieren in groepjes te verdelen en de 
schade in kaart te brengen. En steeds weer pakte het 
anders uit dan verwacht. Uiteindelijk heeft dit enorme 
werk tot een mooie publicatie in Gastro geleid en was 
dus toch niet voor niets! Ik heb vee! bewondering voor 
de precisie waarmee je de darmfragmentjes uit de 
buikholte isoleerde. Na dat eindeloze gefriemel 
moesten we noodgedwongen uren naar de levenslessen 
van Sersanski luisteren bij het inbed-apparaat. 

En toen was daar toch werkelijk de grote verhuizing 
naar Rotterdam_ De medewerkers van het laboratorium 
Kindergeneeskunde zaten al maanden in de rotzooi om 
al onze wensen gerealiseerd te zien worden. 
Desondanks zijn we in Rotterdam warm ontvangen!!! 
De koffiekamer vie! wat tegen maar de mensen waren 
erg aardig. Wim, jij was een van de eerste die het wel 
en wee van je nieuwe collega's kwam polsen. Vanaf dat 
moment was je een trouwe vriend en collega. Altijd 
kon ik bij jou terecht. Ofhet nou met mijn fiets was 
voor kleine reparaties, oflater met Steven voor een 
voeding. Samen met Ingrid, Theo en de glazenkasten 
behoren jullie tot de huisraad van de afdeling. 

Het lab was geheel gerenoveerd met ruime werktafels 
voor iedereen. Wat een vooruitgang! Zelfs een eigen 
computer en schrijfruimte, het kon niet op. Door 
Marcel, Theo en Peter van T, met wie we de kamer 
deelden, voelde ik meal snel thuis. Op dezelfde kamer 
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zat ook meneer Aart met zijn student Marnix eindeloos 
blotj es te beoordelen. V erder was er naast mij het 
vertrouwde gezicht van JB (van Oeganda) die het altijd 
druk had met uploaden en ordenen van zijn computer_ 
Er is in de paar jaar dat ik er werkte continu en veel ver
anderd. Oude gezichten verdwenen, waaronder Manou, 
Koos, Karin, Han, en Arlene. Nieuwe gezichten kwa
men en gingen weer, zoals Jane I-5, J orrit, Nathalie, 
David, Natasja, Danielle, Marli, en Peter A. Sommigen 
bleven zoals John, V esna, Jules, Freek, Monique, 
Karin, Anita, Maria, weer anderen kwamen terug 
waaronder Jos en Mireille. De trouwste KG-ers waren 
er te allen tijde: Ada, Peter H, Wim, Theo, Dicky, 
Rolien, Ad en MarceL Nathalie en Danielle ben ik erg 
dankbaar voor hun werk aan het MTX-model waarmee 
ze hebben bijgedragen aan de publicaties over dit werk. 

Met veel plezier denk ik terug aan de vergaderingen 
die we met Leefbaar KG hebben gehouden. We war en 
eerst nog zo klein dat we met I pizza afkonden, die dan 
keurig naar de I5e gebracht werd door de koerier. Nu 
moeten er boodschappen-teams gevormd worden om 
voldoende in huis te hebben. En dan gebeurt het per 
ongeluk nog wel eens dater een zak (chips) van de 
pizzameeting verdwijnt. 0 Wee. 

Lieve Paul, ook jou wil ik speciaal bedanken voor je 
grenzeloze behulpzaamheid. J e voorzag tij dig vee! 
problemen en deed van alles om me voor nalatigheden 
te behoeden. Tot na middemacht bleef je in het lab om 
mijn proefschrift op tij d uit de printer en naar de 
commissie verstuurd te krijgen. Aller lei onmisbare 
ditjes en datjes knapte je ondertussen voor me op 
terwijl ik met een dikke buik tussen de papieren zat. 
Heel veel dank voor jou altijd gezellige aanwezigheid. 

Mijn paranimfen Marjolein en Marian, wie met mij 
eindeloos geprobeerd hebben een planning te maken en 
vervolgens weer bij te stellen, ben ik erg dankbaar _ 
Het was fijn om in die eenzame fase van thuiswerken 
vriendinnen te hebben die bij de zaak betrokken bleven 
en me een duwtje in de rug gaven. Marjolein, jij hielp 
me bij de les te blijven al vanaf je bij de KG&V kwam 
werken in I998. Je attendeerde me o.a. op het gebruik 
van een literatuursysteem. Hoe had ik ooit die I 300 

artikelen kunnen ordenen en terugvinden zonder jou? 
En hoe was ik zonder jou thuisgekomen na een avondje 
Leefbaar KG! Lieve Marjolein, dankjeweL Tot het 
laatst bleef je me achter m'n broek aanzitten. Gelukkig 
maar. En lieve Marian, jij kent meal vanaf m'n eerste 
studiejaar. Lang geleden beloofde je om een van mijn 
paranimfen te zijn, en nu is het dan eindelijk zover _ 
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II2 DANKWOORD 

Laboratorium ERASMUS MC, Rotterdam 1998-2003 

Labdag kindergeneeskunde in ARCHEON, Alphen 2000 

Met Geert, Steven en Florian Thijs, Amsterdam 2003 

Heel lief dat je zo met me hebt meegeleefd a! die jaren. 
Dankjewel voor je vriendschap. 

Beste Sandra, vooral tijdens de eerste helft van mijn 
onderzoek heeft jou enthousiasme me vaak opgepept 
om het vele werk leuk te blijven vinden. Dankzij jou is 
ook een cruciale fout aan het Iicht gekomen om trent de 
kwantificering van GLUTS. Gelukkig bleefje hardnek
kig volhouden dat de onwaarschijnlijke toename van dit 
eiwit tijdens schade opnieuw gecontroleerd moest 
worden, alvorens het werk ter publica tie op te sturen. 
Dankjewel voor de begeleiding die je me door de jaren 
heen hebt gegeven en voor het bekritiseren en 
bediscussieren van mijn manuscripten. 

En Beste Hans, het voelt altijd heel vertrouwd om jou 
kamer binnen te wandelen, ook a! gebeurt dat dan 
weinig. Jou raadgevingen, zoals een 'take home 
message' geven en 'hoven de stof staan', staan in mijn 
geheugen gegriefd. Je hebt me in vee! hoedanigheden 
meegemaakt en ik dank je voor het vertrouwen dat je 
in me hebt gehouden. 

Beste Jan, door de jaren heen ben ik je heel erg gaan 
waarderen. Toen ik bij de KG&V kwam begreep ik 
weinig van jou, waaronder je manier van rubriceren en 
ordenen. Op de computer, in de literatuurmappen, de 
vriezerinhoud, enz enz. Uren was ik bezig dingen te 
vinden. Al schrijvende ben ik de logica gaan inzien en 
ben jou manier van indelen (on)bewust gaan kopieren. 
Nu ben ik heel dankbaar dat je mijn begeleider was. 
Ik heb ontzettend vee! van je geleerd. Met een akelige 
precisie controleerde je mijn formuleringen en met 
vee! geduld heb je me door de manuscripten heen 
gesleept. Je commentaar was altijd heel duidelijk 
(' ..... snap ik niet! '). Als ik een stuk bij je inleverde, 
hoopte ik even rust te hebben. Maar helaas had je 
het vaak de volgende dag a! weer gecorrigeerd terug
gestuurd. Ook na je verhuizing naar Utrecht bleef je 
zo accuraat. ] ou kwaliteiten in het maken van simpele 
figuren zijn benut bij het samenstellen van dit 
proefschrift. V erder zijn jou bijdragen aan de inhoud 
van dit proefschrift -voor de kenner- op meerdere 
plaatsen duidelijk terug te vinden. Ik wens je vee! 
geluk met Marja, Mark, Tim, en Iris, bedankt voor 
alles. 

Lieve Jaap, dankzij jou is het proefschrift een prachtig 
boekwerk geworden. Bij ons thuis werkte je met een 
krijsend kind op schoot of op de achtergrond onver
stoorbaar door aan de vormgeving van dit oeuvre. 
Ook mijn ouders wil ik bedanken, dat ze er altijd voor 
me waren. En mijn broer Michie! die mij altijd uit
daagde het onderzoek in begrijpelijke taal uit te leggen. 
En natuurlijk Geert. Eindelijk krijgt hij een vrouw die 
niet bezig is met de afronding van haar proefschrift. 
Lieve Steven en lieve Florian, van binnen en van buiten 
hebben jullie de rijping van dit proefschrift meege
maakt, bedankt dat jullie er zijn! 
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