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Stellingen 

1 ) De vraag dient zich aan waarom glucose en galactose alléén maar in melk aan elkaar 
vastzitten. Zou adult-type lactose intolerantie een evolutionair mechanisme zijn in het 
voordeel van de zuigeling? (dit proefschrift) 

2) De biologie van het lactase enzym geeft goed inzicht hoe adaptieve selektie de 
produktie van een op het eerste gezicht veel te groot enzym rechtvaardigt, (dit 
proefschrift) 

3) Gebrek aan voldoende kennis over de rol van CPSI in de darm leidt mogenlijk tot de 
onterechte beslissing om slechts een leverbiopsie te nemen van patiënten met (serum) 
hyperammonemia, (dit proefschrift) 

4) De bevinding dat een aanzienlijke fraktie van de biopsieën van kinderen onder de 5 
jaar geen afwijking vertoonde, leidde onder meer tot mijn ontzag voor de kinderarts 
die zich vaak moet 'behelpen' met een anamnese via ouders of verzorgers, (dit 
proefschrift) 

Het belang van een negatieve controle kan niet worden onderschat, temeer omdat het 
soms de status van een apart hoofdstuk bereikt, (dit proefschrift, Hoofdstuk 7) 

6) Evolutietheorie is een uiterst solide theorie hetgeen biologen in staat stelt relatief veel 
experimenteel onderzoek te doen waarvan de resultaten in vergelijking met andere 
diciplines een ongekend langdurige geldigheid bezitten. 

7) Daar waar 'reguliere' technologische vooruitgang veelal wordt toegejuigd, wordt 
'biotechnologie' in de samenleving (nog vaak) beangstigend ervaren. De mening van 
de achterban is echter wel essentieel voor de verdere toekomst van het 
bio(techno)logisch onderzoek. 

8) Een marathon parcours over twee identieke rondjes stelt de deelnemer in staat om 
meer mensen in te halen dan zich hebben ingeschreven, 'verdubbelt' het aantal 
supporters en is derhalve gemakkelijker te volbrengen. 

9) Fruitvliegen leven gemiddeld 40% langer met het menselijk gen superoxide 
dismutase-1. (Parkes. 1998 Nature Genetics 19:171-4). Nu het fruit nog. 

10) In Amerika liggen voor ieder meer kansen dan in Nederland. 
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General Introduction 

Food and digestion 
According to persistent popular belief, food tolerance is proportional to the 

frequency and amount of its intake and can thus be acquired. On the other hand, 
hypersensitivity for dietary substances such as cows' milk protein or gluten are widely 
known and usually caused by exposure to these food-borne antigens sensitising the 
immune system to elicit an 'improper' immune response and therefore referred to as 
allergies (Greco, 1997). The studies described in this thesis focus mainly on the 
digestion of the disacchandes sucrose, maltose and lactose for which tolerance levels 
seem determined predominantly by factors that are unrelated to the diet. Rather, this 
tolerance seems restricted by the capacity of the respective digestive enzymes for which 
the levels seem genetically determined or 'hard-wired'. Lactase is highly abundant 
around birth in almost all mammals when milk is the sole nutrient, but in most 
mammals is not sufficiently expressed after weaning to provide a substantial tolerance 
to lactose. Sucrase-isomaltase activity is low around birth, but significantly increases 
around weaning and is maintained at high levels throughout live to support the changed 
composition of the diet. Both lactase and sucrase-isomaltase are expressed in the brush 
border membrane of small intestinal enterocytes. In addition, we have studied the 
intestinal distribution as well as the cellular distribution of a non brush-border, 
enterocytic-specific enzyme, carbamoyl phosphate synthase I (CPSI). We assumed that 
CPSI, which is expressed at high levels in intestinal enterocytes and more importantly, 
seems to be regulated independently from disaccharidases, could serve as a valuable 
control in our study of enterocytic gene regulation. 

Role of evolution 
In contrast to non-genetic digestive adaptation to the diet during the lifetime of 

an individual, gradual changes in diet composition over the course of millennia could 
explain genetic adaptation to dietary sugars at the population level (Holden, 1997), or 
aquisition of genetically inherited hypersensitivity to e.g. gluten (Greco, 1997). It is 
tempting to believe that the genes encoding mammalian intestinal disaccharidases have 
evolved from ancestral genes with (slightly) different function that have present day 
homologues like those recently indentified in non-mammalian species such as mollusc 
and bird (Freund et al, 1997). 

Probably later in evolution, the regulation of expression of the disaccharidases 
further adapted to the digestive needs of mammals. For almost all mammalian species 
this resulted in high lactase levels at birth with a steep decline in specific activity (as 
units per g of mucosal protein) around weaning when sucklings change into weanlings 
and no longer have access to milk. On the other hand, sucrase-isomaltase gene 
expression appears around weaning when its function becomes crucial for the digestion 
of sucrose and maltose. 
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To understand such adaptation, it is important to note that besides direct intake 
of sucrose and maltose, maltose is also formed as intermediate of starch digestion. This 
means that already before the relatively 'recent' introduction of sucrose as refined suger 
from cane or beet, for most people during the twentieth century (Mintz, 1985), 
digestive maltase activity has long been indispensable. The history of the introduction 
of starch and other polymeric carbohydrates in the human diet with maltose as 
intermediate is estimated to have occurred aproximately between 9000 B.C. and 4000 
B.C. (Greco, 1997). Lactose on the other hand is only present in milk and is not a 
digestive intermediate of any other dietary carbohydrate. Thus, the domestication of 
livestock along with the widespread availability of milk for the first time resulted in the 
requirement for lactase enzyme activity in adults. It is striking that humans, especially 
those in societies adapted to domestic animals, are the only mammals known to express 
high adult lactase levels. Crucial to this 'livestock domestication hypothesis' is that 
domestication antedated the genetic selection for high adult lactase levels for which 
evidence now exists (Holden, 1997). 

Given that lactase persistence during adulthood is determined by genetic 
regulation rather than by dietary factors, most recent investigations have focussed on 
identifying those regulatory sequences, or genes. Although, the mo.st common down-
regulation of lactase activity is a normal and harmless condition, often referred to as 
adult-type hypolactasia, an option to clinically manipulate lactase expression in young 
infants could prove to be benificial. Understanding of the mechanisms of lactase 
regulation will ultimately enable the development of 'therapies' to prevent loss of 
disaccharidase function, or to cause a more rapid normalisation of disaccharidase 
function in gastro-intestinal disease. Intervention to accelerate restoration of intestinal 
function would certainly contribute to a decrease in diarrhea-mediated child mortality 
that is still a leading cause of child mortality, especially in developing countries. 

Regulation of digestive enzymes 
Experimental evidence confirms that regulation of intestinal disaccharidase 

expression levels in rat, pig, humans and thus probably most other mammals are mainly 
genetically determined. However, it remains unclear which genetic information exactly 
directs the correct expression levels and localization for these enzymes. The promoter 
regions for both lactase and sucrase-isomaltase have been analyzed in transgenic mice 
and shown to account for much of the spatial as well as temporal expression patterns 
(Markowitz et al, 1993, Tung et ai, 1997, Krasinski et al, 1997). In the rare cases of 
human congenital lactase or sucrase-isomaltase deficiencies, the corresponding 
structural genes themselves are defective. 

The primary determinants of disaccharidase activity levels in mammalian 
intestine are age, and in the case of lactase race. Although this has been known for a 
while, their mode of regulation has been much harder to describe in genetic terms. 
Several studies aimed at identifying regulatory sequence elements in the promoters of 
the structural lactase or sucrase-isomaltase genes that would explain their 
developmental and tissue specific patterns of expression. Part of the human lactase 
promoter (1 kb) was cloned but awaits functional tests (Boll et al, 1991). 
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Additional information came from experiments using 2053 bp of the rat lactase 
promoter fused to the human growth hormone reporter and analysed in transgenic mice 
(Krasinski et al, 1997). This portion of the rat lactase gene was shown sufficient to 
direct reporter gene expression to the intestinal enterocytes and preclude its expression 
by other cell types. However, sufficient regulatory elements lacked to direct correct 
expression along the longitudinal intestinal axis as well as ensure the developmental 
decline of expression which was observed in rats around weanmg (Büller et al, 1990a; 
Rings et al, 1994a). In humans, studies by Fajardo et al (1994) and by Harvey et al, 
(1995) have found differences among structural lactase alleles that correlated with 
lactase expression in intestinal enterocytes indicating for the first time that lactase 
developmental phenotype may be inherited with the structural gene itself. It is crucial to 
understand that individuals with adult-type hypolactasia alleles express high ('normal') 
lactase levels as sucklings. Thus is seems that although certain lactase alleles seem to 
predict adult-type hypolactasia they are not the causative factors themselves. The 
existence of a lactase regulatory factor was postulated to be encoded by a lactase 
independent locus that would discriminate between high and low adult lactase 
phenotypes. In pigs, an intestine-specific transcription factor LPH1 was identified 
(Troelsen et al, 1992) whose abundance correlated well with lactase enzyme levels. 
Identification of such a factor was anticipated and showed structural homology to SIF2, 
a transcription factor that is involved in sucrase-isomaltase expression. The sucrase-
isomaltase gene promoter has been functionally studied through transgenic mice 
(Markowitz et al, 1993). 

The factors that instruct cells to produce CPSI have not been identified but it 
appears that the CPSI promoter is only functional in hepatocytes and enterocytes. This 
has been shown for at least human, rat and mouse. Studies that analyzed the CPSI 
promoter have significantly increased understanding of the roles of tissue, development 
and hormones for the regulation of CPSI gene expression (Christoffels et al, 1996). 
Further characterization of CPSI expression patterns in human intestine in vivo should 
be extremely useful for instance, to relate authentic CPSI expression to those 
encountered with CPSI-promoter/reporter gene constructs in transgenic animals. 

Despite these studies on the molecular biological level, many important data 
are still missing on the expression of lactase, sucrase-isolmaltase and CPSI, in intestinal 
epithelium, particularly in human. Therefore, relatively simple questions remain 
unanswered. For instance: 1) at what level are the enzyme activities regulated, 2) is the 
regulation in in vitro culture of cell lines comparable with the in vivo situation, 3) how 
do the expression patterns of these enzymes relate to each other when they are studied 
in conjunction, 4) how do the expression levels relate to age, and 5) is CPSI expression 
in vivo related to alterations in the intestinal morphology as occurs in many intestinal 
diseases? 

Expression of genes in the epithelial cells of the small intestine 
The disaccharidases, which catalyze intestinal carbohydrate digestion are 

expressed in the intestinal epithelium (figure 1). This intestinal epithelium consists of 
a continuous single layer of specialized cells that in addition to producing digestive 
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enzymes also performs absorptive and protective functions. The intestinal 
epithelium exhibits two major axis of specialization. First, the axis from crypt to 
villus is lined with cells of increasing differentiation (maturation) and referred to as 
vertical axis, while the longitudinal axis from proximal (mouth), to distal (anus) is 
defined as horizontal axis. The small intestinal boundaries are the pylorus, or 
stomach exit, and the colon or large bowel. From proximal to distal, the small 
intestine consists of the duodenum, the jejunum and the ileum. The epithelium of all 
three small intestinal sections consists of four differentiated cell types: absorptive 
enterocytes; goblet or mucin producing cells; enteroendocrine cells; and Paneth 
cells. Enterocytes are the most abundant throughout the small intestine and express 
CPSI as well as lactase and sucrase-isomaltase. To maintain this epithelium in 
optima forma, a limited number of rapidly dividing stem cells reside in each 
intestinal crypt to generate new epithelial cells that migrate towards the villus tips 
where they die after a lifespan of only 3-5 days (Hall et al., 1994). 

Indicated are the four differentiated cell types: black, goblet cells; cross-
hatched, enteroendocrine cells; granular, Paneth cells; all other cells are enterocytes. 
A crypt contains about 250 cells. The stem cells (less than 16 per crypt) are located 
close to the bottom of the crypt. By cell division (taking about 24 h per cell cycle) 
these stem cells give rise to a class of proliferative cells (about 150 per crypt), which 
undergo several cell cycles (about 4, taking 12 h per cycle) before differentiating 
into one of the 4 above mentioned cell types. Concomitant with the divisions of 
these proliferative cells, virtually all these cells move towards the villus. Only a very 
small number migrates deeper into the crypt, and gives rise to only one cell type: the 
Paneth cell. During the migration of the proliferative cells to the basis of the villi all 
these cells stop dividing and are committed to develop into enterocytes, goblet, or 
enteroendocrine cells, thereby confining all proliferative activity to the crypts. The 
cells produced by each crypt migrate upwards to contribute to several villi. Each 
villus contains about 3500 epithelial cells. The cells from each villus originate from 
about 6-10 different crypts. The migration rate of the epithelial cells on the villus is 
about 1-2 cell positions per hour, resulting in their removal by either extrusion or 
apoptosis at the villus tips at a rate of approximately 1400 cells per day. The arrows 
indicate the migration direction of the cells in the epithelium. 

During its short lifespan, each intestinal epithelial cell has to go through a 
very intricate set of changes at the level of gene expression to be able to exert its 
many and complex tasks (Montgomery et al, 1993). We therefore studied three 
independent genes that are expressed in the small intestinal enterocytes. Each of 
these genes exerts an essential and non-replacable function for the human body, and 
each of these genes needs to be activated in the small intestinal enterocytes at the 
right moment in development and at the right position in the crypt-villus axis. By 
studying these three genes, lactase, sucrase-isomaltase and CPSI, we will improve 
our understanding of the organization of the regulation of these essential enzymes in 
conjunction with each other, with intestinal development, and with the epithelial 
dynamics of the intestine. 
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Figure 1. Schematic representation of small intestinal epithelium (After Potten and 
Loeffler, 1990). 

We anticipated that part of the regulation of these three enzymes would be similar, 
whereas part of the mechanisms of regulation will be fundamantally different. All 
three genes are specifically expressed in the small intestinal epithelium, and 
therefore should have common determinants of their tissue-specific expression. And 
although lactase and sucrase-isomaltase seem very similar, fundamental differences 
exist, as was demonstrated in rat (Rings et al, 1992b, 1994a), in the timing of their 
appearance in the intestine. CPSI on the other hand seems totally unrelated to the 
glycohydrolases both in terms of cellular localization as well as of enzymatic 
functions, yet it seems expressed in the same cell type in the same epithelium as 
both other proteins. Further study of the intestinal digestive enzymes is an 
opportunity to better understand epithelial cell biology and will result in the 
identification of differential pathways and signalling molecules (receptors, kinases, 
transcription factors) that regulate each enterocytic enzyme in its own highly 
specific fashion. 
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Aims and Outline of this Thesis 

Understanding small intestinal gene regulation 
In this thesis, we aim to describe gene regulation for lactase, sucrase-

isomaltase and carbamoyl phosphate synthase I by measuring mRNA levels, 
corresponding protein abundances, and specific activities in intestinal cells. Such a 
description along with assessment of (intra-)cellular localization of their gene 
products and their possible dependency on age, race and disease should enable us to 
better understand the critical determinants that regulate these genes. Since 
expression of these genes in the intestinal epithelium is exclusively found in 
enterocytes, our research has focussed on this cell type. 

Enterocytes are columnar epithelial cells typical for, and predominant, in the 
small intestine. Enterocytes are present in both crypt and villus epithelium along 
with goblet cells, enteroendocrine cells, Paneth cells and their progenitor stem cells. 
Apart from the presence of these other four cell lineages, the enterocyte lineage is by 
no means a homogeneous population with respect to gene expression patterns 
(Freeman et ai, 1993; Rings et al, 1994a; Traber et al, 1992a; Rubin et al, 1992; 
Duluc, et al, 1994). For instance, enterocytes of the proximal intestine express other 
genes than enterocytes of the distal intestine. Also within the same intestinal 
segment enterocytes differ in their degree of differentiation and therefore in their 
gene expression along the crypt-villus axis. In chapter 3, we review the current 
knowledge on the expression and regulation of the three genes that are topic of our 
studies, lactase, sucrase-isomaltase, and CPSI. 

Key to understanding gene regulation is to distinguish between exogenous 
and endogenous signals affecting cellular expression levels. Although intestinal 
epithelial cells, as most other somatic cells, depend largely on external signals to 
specify their cellular fate (Gordon, 1989, 1993; Louvard et al, 1992, Rubin et al, 
1992), cell type specific physiology may become increasingly more cell autonomous 
beyond a certain differentiation stage. This would imply that once an intestinal cell 
is specified to become an enterocyte, much of its characteristic gene expression is 
determined and follows a cell type specific and cell type intrinsic program. The 
Caco-2 cell line offers a valuable model for intestinal differentiation that closely 
represents the phenotype of small intestinal enterocytes. Moreover, Caco-2 cells are 
the only in vitro model described to date, which expresses endogenous lactase as 
well as sucrase-isomaltase. Therefore, only Caco-2 cells enabled measurement of 
cell differentiation parameters along with the measurement of mRNA levels, 
biosynthesis and enzyme activities for both disaccharidases, as described in Chapter 
4. Also, Caco-2 cells have a methodological advantage over using whole animals or 
tissue expiants since they represent only one cell type. Therefore, the results of this 
study, described in Chapter 4, could indicate to what extent the gene regulation of 
disaccharidase activities should be regarded as enterocyte autonomous. 
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Analysis in cell lines is a valuable tool, but it also has its methodological 
limitations. We studied intestinal gene expression in vivo by collecting pediatric 
duodenal specimens, which formed the basis for our studies described in Chapters 5-
7. This constitutes a fundamentally different environment for the expression of these 
genes, because of the possibility for additional gene regulation depending on e.g. 
tissue architecture, the presence of other cell types and tissues (such as gut-
associated lymphoid tissue, lamina propria etc.), genetic background, diet, systemic 
physiology and possibly also disease, all of which can not be studied in cell lines. 
For these reasons, we have performed a prospective study using duodenal specimens 
from a series of children of different ages (3 months to 18 years), various genetic 
backgrounds with and without gastrointestinal disease (Chapters 5-7). 

Chapter 5 describes a comparative study between intestinal biopsies from 
two well-defined localizations to establish potential differences in gene expression 
along the length of the human duodenum of 3 months to 18 years old individuals. 
We propose that such an analysis would add to the clinical reliability and 
comparability of histological observations and disaccharidase measurements on 
biopsies from any site along the length of the duodenum. Moreover, this study sheds 
light on the question whether there are fundamantal differences in the regulation of 
the intestinal genes in these different regions of the human small intestine. 

Our next aim was to study regulation of lactase and sucrase-isomaltase in the 
duodenum, to be able to analyse the expression patterns in their intestinal tissue 
context. Our analysis, described in Chapter 6, is unique with respect to the fact that 
children of all ages with and without gastrointestinal complaints were studied. 
Quantification of lactase and sucrase-isomaltase mRNA and protein levels in children 
and careful analysis of its tissue context will allow us to determine how these 
disacchandases are regulated in the developing human intestine, and how these findings 
relate to findings on gene regulation in adult humans, mouse and in intestine of 
developing rat. (Escher et al, 1992; Fajardo et al, 1994, Calvert et al, 1981; Rings et 
al, 1992b, 1994a). 

In addition to lactase and sucrase-isomaltase, we analyzed expression of 
carbamoyl phosphate synthase I (CPSI) representing a non-brush border, non-digestive 
enterocytically expressed enzyme. CPSI is present in mitochondria and involved in 
nitrogen metabolism due to its unique capacity to convert ammonia into carbamoyl 
phosphate. The primary interest focusses on tissue localization along the duodenum in 
comparison with disaccharidases lactase and sucrase-isomaltase. This analysis in 
Chapter 5, aims at describing the levels and timing of CPSI expression in both rat and 
human. We describe findings in embryonic tissue of both species and CPS expression 
in liver as well as intestine. 

In enterocytes of the same biopsy specimens, we have also studied CPSI 
expression (Chapter 7). Initially, the anti-CPSI antiserum served as a control in 
immunohistochemistry that stains the mitochondria of human enterocytes. CPSI is a 
nucleus-encoded enzyme that is translated in the cytoplasm and imported into the 
mitochondrial lumen, where it catalyzes the formation of carbamoyl phosphate. 
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Although CPSI was initially described as a hepatocytic enzyme, it is also highly 
expressed in intestinal enterocytes along with all other 'urea cycle' enzymes and 
therefore seems to serve in the detoxification of ammonia and consequent production of 
urea as in liver (Reviewed in Chapter 3). With the availability of human intestinal 
specimens for our research, CPSI offered an exclusive opportunity to study lactase, 
sucrase-isomaltase and CPSI in human tissue in conjunction, offering us the 
opportunity to study the similarities and dissimilaties in regulation of these intestine 
specific enzymes. We investigated CPSI expression in the duodenum of a variety of 
individuals with and without gastomtestinal symptoms. We also performed a 
comparative study on CPSI expression between liver and intestine as well as between 
human and rat during development, including early embryonic stages. Especially, the 
distribution of CPSI expression in the proximal duodenum of both species prompted 
elaboration on the possible regulatory mechanisms at the cellular level of CPSI 
expression. 
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Intestinal Expression of Lactase, Sucrase-Isomaltase and 
Carbamoyl Phosphate Synthase I 

Abstract 

Lactase and sucrase-isomaltase are the principal mammalian intestinal glycohydrolases, 
which exclusively reside in the brush border of small intestinal enterocytes. Glycohydrolase 
deficiencies are of great clinical importance because they are associated with diminished 
digestion of dietary sugars, often causing malnutrition or symptoms of osmotic or fermentative 
diarrhea. This chapter describes the structure, biosynthesis, substrate specificity, hydrolytic 
mechanism, gene regulation and developmental expression of lactase, sucrase-isomaltase and 
expression patterns for carbamoyl phosphate synthase, another important enzyme expressed in 
mammalian small intestinal enterocytes. Both these glycohydrolases are in fact disaccharidases, 
and crucial for the digestion of disaccharides in most mammals. Their relevance in comparison 
with glycohydrolases of the salivary glands and pancreas is discussed. We refer to studies 
describing human, porcine, rabbit, rat, birds (chicken and ostrich), molluscs, bacterial, and 
fungal glycohydrolases because they provide relevant information with respect to catalytic 
mechanisms, structure, and evolutionary relationship. We will also describe the expression and 
the localization of CPSI in duodenal enterocytes because we expect a physiological relevance for 
this enzyme in intestine as well as consider it an important control in the comparison to 
enterocyte brush-border disaccharidases. 

Carbohydrate digestion, absorption, and nutritional importance 

Polysaccharides 
Cellulose is a large glucose homopolymer with predominantly ß(l-4) 

glucosidic bonds that are theoretically susceptible to lactase but resistant to small 
intestinal digestion due to its insolubility. Thus, except for in ruminants, cellulose has 
little or no nutritional value in mammals. In contrast to cellulose, starch is well digested 
by mammals and therefore of significant dietary value. Starch, is a glucose 
homopolymer consisting of a mixture of amylose and amylopectin in potatoes, rice, and 
wheat. The glucose residues in amylose and amylopectin are linked by a(l-4) bonds, 
whereas only amylopectin contains cc(l-6) glucosidic branch-points. Both types of cc-
glucosidic bonds are hydrolysed by enzymes in all mammals, and probably most other 
animals. 

Disaccharides 
Disaccharides are the next valuable sugars in the human diet. The most 

important animal derived disaccharide is lactose, found exclusively in milk and 
consists of a galactose and a glucose residue joined by a ß(l-4) glycosidic bond. 
Lactose is the predominant nutritional sugar for sucklings and is exclusively 
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hydrolysed by small intestinal lactase. Adult mammals do normally not ingest 
lactose and thus lactase is essential mainly during suckling. Accordingly, lactase has 
a specific ontogenetic pattern of regulation. Sucrose, the other important dietary 
disaccharide, is produced only in plants, mainly in fruits and vegetables. It consists 
of glucose and fructose joined by an a(l-4) glucosidic bond. Sucrose is only 
hydrolyzed by small intestinal sucrase. 

Monosaccharides 
The monosaccharides glucose, galactose, and fructose from fruits and honey 

do not require digestion but are absorbed in the small intestine unaltered. 

Other dietary saccharides 
Glycolipids and glycoproteins are dietary compounds containing saccharides. 

However, the nutritional and energy values seem insignificant because these compound 
account for only a small portion of the dietary intake. Moreover, for 'digestion-resistant' 
saccharides, i.e. complex carbohydrates, glycolipids, and glycoproteins no mammalian 
enzymes seem to exist in the digestive tract. On the other hand, the intestinal 
microorganisms provide most of the enzymatic activity to liberate the dietary and 
caloric value from complex carbohydrates as well as from glycolipids and 
glycoproteins, especially in the anaerobic colonic compartment where their digestion 
results in the formation of short chain fatty acids, crucial to the physiology of the 
colonocytes (Perman and Modler, 1982; Parrett et al, 1997; Midvedt, 1997). 

Digestion of dietary poly- oligo- and disaccharides by salivary, pancreatic, and 
small intestinal glycohydrolases 

Digestion of starch 
The digestion of starch starts in the mouth by salivary a-amylase, which acts 

only shortly since it is inactivated in the stomach so that saccharides generally leave the 
stomach unchanged. Starch digestion continues in the duodenum by a-amylase from 
the exocrine pancreas which hydrolyses only the cc(l-4) glucosidic bonds. As the a-
amylases are not true exoglycosidases but liberate glucose as dimers or trimers, free 
glucose is virtually not formed. The combined action of salivary and pancreatic a-
amylases thus results in maltose, maltotriose and relatively small amounts of 'limit 
dextrins' none of which are absorbed by the intestine. Starch may partially escape 
digestion, especially when the small intestinal digestive capacity is exceeded, and thus 
reach the colon (5-20% of daily starch intake in humans) where it is salvaged by 
bacterial fermentation to absorbable short-chain fatty acids. 

The brush-border disaccharidases 
Intestinal enterocytes of most mammalian species only produce four 

membrane anchored glycohydrolases: trehalase, maltase-glucoamylase (MG), lactase, 
and sucrase-isomaltase (SI) (Galand, 1989; Semenza and Auricchio 1989; Nichols et 
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al, 1998). Due to the relative importance of lactase and SI compared to both MG and 
trehalase, we will only describe lactase and SI in more detail. 

R£R trans-Golgi brush border membrane 

Lactase 

Sucrase-

isomaltase 

Figure 2. Biosynthesis of brush-border glycohydrolases. This figure schematically 
summarizes the biosynthesis of the brush-border glycohydrolases lactase and sucrase-isomaltase. 
Indicated are the position of the N- or the C-terminus of the polypeptide (N/C), high mannose (O) and 
complex jV-glycosylation (•) , O-glycosylation (D), proteolytic cleavage (I), and membrane (=). Note 
that lactase and sucrase-isomaltase are both proteolytically cleaved. After this cleavage, the subunits of 
sucrase-isomaltase remain associated, while the yV-terminal domain of lactase is intracellularly 
degraded, as indicated by the parentheses. 

Lactase activity is unique and therefore essential for the survival of newborn 
mammals to digest lactose from milk, but still relevant to adults that continue a milk 
drinking habit. In contrast to sucrose which is absent from the diet until after weaning, 
lactose is present at substantial levels in the newborn diet of almost all mammalian 
species except for milk from most aquatic mammals such as whales, sea-lions and seals 
whose milk contains fat as predominant caloric value. 

Sucrase-isomaltase is crucial in further digestion of the intermediates of starch 
hydrolysis. It liberates free monomelic glucose from their di- and oligomeric substrates. 
Because in humans, sucrase-isomaltase is far more abundant than maltase-gluco-
amylase, it accounts for about 80% of the maltase (and maltotriase) activity in the small 
intestine (Semenza, 1986). Whereas maltase activity is present in the sucrase-
isomaltase as well as in the maltase-glucoamylase complex, (dietary) sucrose is 
exclusively hydrolysed by the sucrase subunit of the SI enzyme complex. 

Absorption of monosaccharides involves three transporters 
The small intestine is the major site for monosaccharide absorption by either 

transcellular transport through specific epithelial transporters, or by paracellular 
transport via the tight-junctions (Wright et al.,1994 and Pappenheimer 1993). The 
Na/glucose and Na/galactose cotransporter (SGLT1) and the fructose transporter 
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(GLUT5) are present in the apical membrane of enterocytes (Turk et al, 1991). SGLTl 
accounts for the energy-dependent uptake of D-glucose/galactose and GLUT5 for the 
energy-independent uptake of fructose (Wright et al, 1994). The basolateral membrane 
contains GLUT2 with broad specificity for pentoses and hexoses and is responsible for 
the energy-independent facilitated diffusion of glucose, galactose and fructose into the 
blood. 

Carbohydrate digestion by intestinal bacteria and the absorption of short-chain fatty 
acids 

The human colon contains up to 10" bacteria/ml that will usually ferment 
undigested carbohydrate compounds. Such fermentation leads to the production of H2, 
C02, and CH4 and short chain fatty acids (primarily acetate, propionate and butyrate), 
which are taken up and/or metabolised by the colonocytes. However, salvage of 
saccharides is limited since a high concentration of colonic saccharides can cause 
gastrointestinal complaints and osmotic diarrhea. This explains how glycohydrolase 
deficiencies often cause diarrhea, decreased nutrient uptake, impaired recovery of the 
epithelium, and severe malnutrition. 

The small intestinal epithelium 

Architecture and tissue homeostasis 
The gastrointestinal epithelium consists of crypts and villi lined by a single-

layer of epithelial cells forming a selective barrier. This epithelium expresses the 
proteins regulating the digestion and selective uptake of nutrients. The small intestinal 
epithelium consists of enterocytes, goblet cells, enteroendocrine cells, and Paneth cells 
(Madara and Trier, 1994). These cells are continuously produced in crypts by a 
pluripotent stem cell lineage that is anchored near the bottom of the crypts (Ponder et 
al, 1985). See also figure 1. The migration of the epithelial cells from crypt to villus tip 
and therefore epithelial renewal takes about 3 days in rodents and about 5 days in adult 
humans (Gordon, 1989, 1993). 

Structure of the enterocyte 
Enterocytes are the predominant small intestinal cell types. They account for 

most of the simple, non-stratified small intestinal epithelium. Enterocytes are polarized 
cells with apical and baso-lateral plasma membrane domains, separated by tight-
junctions (Citi, 1993; Rindler and Hoops, 1994). Tight-junctions thus are integrated 
parts of the barrier between the lumen of the gut and the interior of the body (Madara 
and Trier, 1994; Citi, 1993). In mature, differentiated enterocytes this apical microvillar 
membrane harbors the digestive disaccharidases (Schmitz et al, 1973; Pinto et al, 
1983; Quaroni and Isselbacher, 1985; Peterson and Mooseker, 1992, 1993; Peterson et 
al, 1993). Differences in enterocyte function between crypt and villus are reflected in 
their morphology and gene expression patterns (Simon, et al, 1979; Louvard et al, 
1992; Rindler and Hoops, 1994; Madara and Trier, 1994). Enterocyte differences are 
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also apparent along the length of the intestine. Such longitudinal differentiation is 
reflected for example by far shorter microvilli of colonic enterocytes compared to those 
present on jejunal enterocytes (Louvard et al, 1992). The basolateral membrane of the 
enterocyte is involved in epithelial-stromal interactions that are important in 
establishing the crypt-villus axis as well as the cephalo-caudal axis of the intestine. This 
extracellular matrix, partly produced by the epithelial cells and partly by the connective 
tissue is also important for enterocyte development (Louvard et al, 1992; Sanderson et 
al, 1996). 

To date, the most relevant in vitro enterocyte-model is the human colonic 
adenocarcinoma cell line Caco-2. It displays a wide variety of small intestinal villus 
enterocyte characteristics. It forms a fully functional brush-border, and expresses the 
glycohydrolases lactase and sucrase-isomaltase (Pinto et al, 1983; Hauri et al, 1985; 
LeBivic et al, 1990; Gilbert et al, 1991; Peterson and Mooseker, 1992, 1993; Peterson 
et al, 1993). 

Developmental imprinting 
Grafts of fetal mouse intestine to various locations along the horizontal 

intestinal axis are indistinguishable from non-grafted tissue (Ferguson et al, 1973). 
This means that the stem cells of fetal intestine are imprinted to form either small 
intestine or colon under the appropriate conditions. More sophisticated experiments 
with transgenic mice have shown very similar results (Rubin et al, 1991, 1992). Also 
rat intestinal epithelial glycohydrolase expression seems imprinted during fetal 
development (Ferguson et al, 1973; Kendall et al, 1979; Montgomery et al, 1981b; 
Yeh and Moog, 1986; Yeh et al, 1991b). In addition to isografts, the xenograft model 
was used to study positional effects on expression of brush-border glycohydrolases 
(Duluc et al, 1994). Segments of 14-day-old fetal rat intestine, xenografted into nude 
mice or chicken embryos, showed normal development for 2-4 weeks with respect to 
their morphology. Lactase and sucrase-isomaltase expression in these xenografts 
determined at both mRNA and protein level was normal. Thus, the fetal endoderm 
holds most of the temporal and positional information required for mammalian 
intestinal development (Duluc et al, 1994). Nevertheless, some epithelial functional 
plasticity to external influences on distribution of cell types and on gene expression 
patterns have been reported (Enss et al, 1994; Lundin et al, 1993; Schmidt-Wittig et 
al, 1996). 

Lactase 

Structure and biosynthesis 
In the mammalian intestine, lactase (EC 3.2.1.23/45/46/62) is the most 

important glycohydrolase during early post-natal life. In fact, milk is the sole nutrient 
during the suckling period of all mammals, and lactose is the predominant carbohydrate 
ingested. The enzymatic hydrolysis of ingested lactose into equimolar amounts of 
glucose and galactose before absorption is solely attributed to the action of small 
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intestinal lactase. Absence or near absence of expression is associated with symptoms 
of lactose intolerance. Apart from its enzymatic specificity towards lactose (ß-D-
galactoside galactohydrolase, EC 3.2.1.23), lactase has also catalytic activities towards 
hydrophobic substrates, such as glycosylceramides (EC 3.2.1.45-46) and phlorizin (EC 
3.2.1.62). Classically, this enzyme complex was referred to as, lactase-phlorizin 
hydrolase suggesting one lactose as well as one phlorizin hydrolyzing subunit. Mature 
membrane anchored lactase indeed has two active sites located on the same 
polypeptide. Recently, we have demonstrated that one active site contains most of the 
catalytic activity towards both lactose and hydrophobic substrates, whereas the second 
active site only has residual activity towards hydrophobic substrates. We further refer to 
this enzyme as lactase. 

Isolation 
Lactase can be isolated from intestinal brush-border vesicles from most 

mammals of any age, but the enzyme is particularly abundant in the small intestine of 
suckling mammals. Lactase was isolated mostly by chromatography before specific 
antibodies for immunoaffmity isolation were available. These are now widely used for 
lactase isolation from rat, rabbit, human, and pig (Biiller et al, 1987; Nairn et al, 1987; 
Skovbjerg et al, 1981; Wacker et al, 1992). These preparations always contain at least 
a precursor lactase polypeptide (200-240 kDa) and the mature lactase (130-160 kDa). 
Both polypeptides are membrane-associated, unless liberated by detergents or mild 
proteinase treatment (Colombo et al, 1973; Tsuboi et al, 1979; Skovbjerg et al, 1981). 
Hydrophobie photolabeling of rabbit lactase with [125I]TID showed that there was one 
membrane-spanning domain in the C-terrninus of the enzyme, and that the orientation 
was of a type I transmembrane glycoprotein (Wacker et al, 1992). Lactase 
dimerization during biosynthesis proved essential for its transport to the brush-border 
(Nairn and Nairn 1996). There are indications that mature rat lactase exists as a non-
covalent dimer in the brush-border membrane (Danielsen, 1990, 1994; Nairn et al, 
1987; Dudley et al, 1993). 

Biosynthesis 
Lactase biosynthesis has been described for pig, rat, rabbit, and human 

(Skovbjerg et al, 1984; Danielsen et al, 1984b; Dudley et al, 1993; Bullere al, 1987; 
Rossi et al, 1992, 1993a, 1993b; Villa et al, 1992, 1993; Nairn et al, 1987, 1994b; 
Sterchi et al, 1990) summarized in figure 2. Moreover, endogenous lactase 
biosynthesis was described in human Caco-2 cells, and in COS and MDCK cells after 
transfection of the full-length human lactase cDNA (Nairn et al, 1991; Hauri et al, 
1985; Grünberg et al, 1992; Jacob et al, 1994). In all these studies, metabolically 
labelled lactase oecured as a 200-220 kDa precursor containing high mannose N-
glycosylation. This pro-lactase was folded to its final configuration within the RER, 
and subsequently transported to the Golgi apparatus, where the TV-linked glycans were 
converted to complex forms. Commonly, this complexly /V-glycosylated pro-lactase 
becomes also O-glycosylated to some extent, leading within 1 hour to a pro-lactase 
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form with slightly increased molecular mass on SDS-PAGE of 225-240 kDa. 
Concurrent with transport of pro-lactase to the brush-border membrane, proteolytic 
cleavage generates mature lactase of 130-160 kDa and a pro-peptide that is 
immediately degraded (Ouwendijk et al, 1998). 

IV 

Human 

Rabbit 

c cc cccc c c c c c c ccc 

AA 0 500 1000 1500 2000 

Figure 3 . Pr imary structure of lactase. The sequences of human, rabbit, and rat lactase are 
shown, as these were deduced from the respective cDNAs (Mantei et al, 1988; Duluc et al, 1991). The 
sequences were extracted from GenBank, release 85.0 (1994), aligned and compared according to the 
algorithm of Feng and Doolittle (1987). The domains I-IV indicate internal homology within each 
lactase sequence. The white Ar-terminal box indicates the cleavable signal sequence. The black box 
indicates the C-terminal transmembrane sequence. The lightly and heavily shaded areas indicate 
regions of low and high homology, respectively, between the corresponding domains of lactase from 
these species. (Y), N-glycosylation site; (C), cysteine residue; (E), glutamate residue implicated as 
active site residue; (+), heavily positively charged domain; (-), heavily negatively charged domain; AA, 
amino acid residues. (-1), indicates the proteolytic cleavage site with the concensus sequence: S(K or 
R)(V,T, or A)R i (A or V). Reproduced with permission from Rings et al, (1994b). 

Likewise, proteolytic processing of lactase in expiants from pig, human, and 
rabbit as well as human lactase expressed in MDCK cells, occured after passage 
through the Golgi, but primarily before insertion into the plasma membrane (Skovbjerg 
et al, 1984; Danielsen and Cowell, 1984; Lottaz et al, 1992; Villa et al, 1993; 
Grünberg et al, 1992). A yet unidentified but enterocyte intrinsic proteinase seems 
responsible for this processing since pro-lactase cleavage still occurs in the absence of 
luminal proteinases caused by pancreatic duct ligation, or in absence of proteinases in 
the media of tissue or cell cultures (Hauri et al, 1985; Danielsen et al, 1981; Büller et 
al, 1987; Rossi et al, 1992; Nairn et al, 1987; Sterchi et al, 1990; Villa et al, 1992). 
The responsible proteinase seems to be specific for epithelial cells, as the pro-lactase 
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processing occurs after transfection of lactase cDNA to the epithelial cell line MDCK, 
but not after transfection to non-epithelial COS cells (Nairn et al, 1991, Jacob et al, 
1994; Grünberg et al, 1992; Neele et al, 1995). 

Sorting and dimerization 
The apical sorting of lactase is very efficient, at least partly due to sorting 

signals in the pro-peptide. Apical sorting also occurs efficiently in kidney epithelial 
cells (MDCK) when transfected with lactase cDNA (Grünberg et al, 1992; Jacob et al, 
1994). These studies further showed that proteolytic cleavage is not a prerequisite for 
correct sorting. In contrast to the lactase protein, intracellular sorting to the apical part 
of enterocytes also occurs for lactase mRNA in rat and human (Rings et al, 1992a; 
Maiuri et al, 1994, Barth et al, 1998). Control experiments showed sorting of 
carbamoyl phosphate synthase mRNA encoding mitochondrially localized CPS close to 
the mitochondria and PEPCK mRNA encoding cytosolic phospho-enol-pyruvate 
carboxykinase throughout the entire cytoplasm (Rings et al, 1992a). 

Studies by Danielsen indicated dimerization of pig lactase as a late step in 
biosynthesis. Pig lactase could be cross-linked exclusively in the mature form, 
suggesting non-covalent dimerization (Danielsen, 1990). This was confirmed by 
isolation of metabolically labelled pig lactase dimers by sucrose density gradient 
centrifugation: monomelic lactase was high mannose 7V-glycosylated, whereas dimeric 
lactase was cleaved to the mature molecular weight as well as complexly N-
glycosylated (Danielsen, 1994). Also electron micrographs of purified pig lactase 
suggested lactase dimerization (Skovbjerg et al, 1981). In contrast to pig, human 
lactase dimerization occured as early as in the endoplasmic reticulum (RER), and was a 
prerequisite for lactase intracellular trafficking (Panzer et al,. 1998; Nairn and Nairn, 
1996). 

Half-life 
The 'mean residence time' of lactase in the brush-border of enterocytes was 

estimated to be 7.8 h in in vivo experiments in adult rat (Dudley et al, 1993, 1998). 
While, in vitro measurements showed a longer half-live of 11 h in adults rats (Castillo 
et al, 1990). Lactase has a relatively long half-life in Caco-2 cell cultures, compared to 
sucrase-isomaltase because lactase activity did not correlate to its rate of biosynthesis 
but remained high even in confluent Caco-2 cultures for at least two weeks in absence 
of significant lactase protein biosynthesis (Van Beers et al, 1995a). 

The function of the pro-peptide 
Deletion and mutational analysis studies have ldicated that the pro-peptide of 

human lactase precursor is nessesary, but not sufficient, for transport competence and 
was therefore referred to as 'intramolecular chaperone' (Oberholzer et al, 1993; 
Ouwendijk et al, 1998). In addition to the pro-peptide, amino acids beyond position 
1646 of human lactase including the transmembrane anchor and cytoplasmic region 
appeared to be essential for correct folding, dimerization and transport (Nairn et al, 
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1994b; Nairn and Nairn, 1996; Jacob et al, 1997). Thus, despite lack of disacchandase 
activity in the pro-region (Neele et al, 1995), the chaperone function seems to 
sufficiently explain its evolutionary preservation to ensure lactase activity in the 
microvillar membrane. 

Functions ofN- and O-glycosylation 
Lactase contains about 10% TV-glycans which appeared of significant 

importance to proper folding and exit from the RER. Inhibition of A -̂glycan 
modification in human biopsies inhibited lactase transport from the RER to the Golgi 
complex, but not from the Golgi complex to the plasma membrane (Nairn et al, 
1994a). Moreover, experimental inhibition of lactase A-glycosylation in human 
intestinal biopsies precluded the formation of mature lactase (Nairn et al, 1987). 
Differences in mobility on SDS-PAGE of lactase, during development and between 
different regions of the intestine are due to small differences in structure of the glycans 
(Srivastava et al, 1987). Terminal sialic acid on lactase in rats is gradually replaced 
with fucose after 20 days of post-natal development (Biiller et al, 1990b). Differences 
in lactase electrophoretic mobilities between newborn rat small intestinal and colon 
were due to differences in processing of the complexly Af-linked glycans (Biiller et al, 
1989a, 1989b, 1990b). These differences were however without any effect on the 
catalytic properties of rat lactase. Although AMinked glycan processing into complex 
forms precedes proteolytic cleavage of pro-lactase, it is not a prerequisite for this 
cleavage (Lottaz et al, 1992; Rossi et al, 1993a; Nairn, 1992a, 1994a). Lactase 
contains some O-glycosylation in most species studied (Biiller et al, 1989a, 1989b, 
1990b; Nairn and Lentze, 1992). O-glycosylation was found exclusively on the mature 
part of the human lactase polypeptide (Nairn and Lentze, 1992). Human lactase 
appeared heterogeneous with respect to O-glycosylation: mature lactase with and 
without O-glycosylation could be isolated from the same human tissue (Nairn and 
Lentze, 1992). These O-glycans, consisting of (sialyl-)T-antigens, had a marked effect 
on catalytic properties of human lactase. Although the Km of the two isoforms towards 
lactose was identical (14 mM), O-glycans increased its Vniax four-fold over the lactase 
lacking O-glycans. Presently, it is unclear if both isoforms can be synthesised together 
within a single enterocyte or whether these isoforms reflect differences among 
enterocytes. Either way, it accounts for some post-transcriptional regulation of lactase 
activity in the intestine. 

Structure revealed by cDNA sequences 
The complete lactase cDNAs from human, rabbit and rat small intestine have 

been cloned and sequenced (Mantei et al, 1988; Duluc et al, 1991). The deduced 
translation products consisted of 1926, 1927, and 1928 amino acids for rabbit, human 
and rat, respectively. The homology between these sequences is 75-78%, and appeared 
equally distributed along the length of the sequences (figure 3). As deduced from 
biosynthetic studies these cDNAs encode single-chain high molecular weight 
precursors. The N-termini of mature lactase from rat (Dudley et al, 1993), human 
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(Montgomery et al, 1991), and rabbit (Mantel et al, 1988) were found within these 
sequences around residue 867 as part of a 'trypsin-like' cleavage sequence, which is not 
particularly well conserved (figure 3). A single hydrophobic domain, that functions as 
the membrane anchor was identified at the extreme C-termini of all cDNAs (Mantei et 
al, 1988; Wacker et al, 1992). The resulting type I membrane-bound enzymes have a 
short cytoplasmic tail of about 25 residues. The lactase genomic sequences as well as 
the primary translation products from human, rabbit and rat revealed a fourfold internal 
homology (designated domain I-IV, figure 3). Domains H, III and IV of all lactase 
cDNA sequences show homologies of 38-55% whereas domain I has diverged most, 
showing significant homology only over a stretch of about 90 residues. However, high 
domain I conservation among species suggested analogous function such as in folding 
of the pro-lactase in the RER. 

In addition to lactase homology between mammalian species, significant 
similarity exists with bacterial ß-glycosidases (Gräbnitz et al, 1991; Henrissat, 1991; 
Henrissat and Bairoch, 1993; Trimbur et cd., 1992). The bacterial ß-glycosidases 
possess molecular masses around 50 kDa, further suggesting that an ancestral gene, 
coding for a protein of about 50 kDa was duplicated twice to generate the mammalian 
lactase. On the contrary, there is no sequence homology between human lactase and the 
lysosomal ß-galactosidase (Oshima et al, 1988). 

The amino acid positions for the structurally important A'-glycosylation and 
cysteine residues are remarkably conserved among the three lactase sequences known 
to date (figure 3). The various lactase sequences contain 17-18 cysteine residues, of 
which 15 are conserved, while 11 of the 14-15 potential A^-glycosylation sites are 
conserved. 

Substrate specificity and active sites 
Early studies indicated that lactase isolated from brush-border preparations 

contained two active sites. Colombo et al,(1973) isolated a single protein with both 
lactase and phlorizin hydrolase activity. Heat inactivation differentially inactivated the 
two enzymatic activities, demonstrating that the most heat-sensitive activity was 
directed towards hydrophilic compounds such as lactose and cellulose, and the other to 
hydrophobic substrates such as phlorizin and ß-glycosylceramides (Colombo et al, 
1973; Skovbjerg et al, 1981; Leese and Semenza, 1973). They also reported different 
sensitivity of both activities to inhibitors such as Tris, further suggesting multiple active 
sites of the enzyme. Purified pig lactase had a pH optimum for lactose hydrolysis of 6, 
while pH 5 as well as 7 still gave half maximal activities; the Km for lactose and 
phlorizin were 21 mM and 0.44 mM, respectively (Skovbjerg et al, 1981). These Km 

values and pH optima were well within range of those for lactase from rat, human, and 
hamster (Colombo et al, 1973; Büller et al, 1989c; Nairn and Lentze, 1992). Isolated 
lactase hydrolyses many ß-glycosidic compounds, among which the following 
compounds: 1. lactose, which is hydrolysed at low Km, but at high speed, 2. hydrophilic 
compounds such as cellobiose and cellodextrins, 3. polymeric cellulose although 
hydrolysed poorly (Skovbjerg et al, 1982), 4. naturally occurring hydrophobic 
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substances such as phlorizin, ß-glucosyl-, and ß-galactosylceramide, 5. a large number 
of (hydrophobic) test substrates, such as ort/zo-nitr,ophenyl-ß(l-4)-galactopyranoside 
(ONP-gal), and -glucopyranoside (ONP-glc). There is no activity to any a-glycosidic 
compound tested. Generally, lactase displays lower Km values for ß-glucopyranosides 
than for ß-galactopyranosides, indicating that the listing of lactase as only a ß-
galactosidase is only half of the story; it would be better to refer to it as a ß-glycosidase. 

Substrate specificity has been studied using a series of chemically defined 
substrates resembling lactose. Most of the hydroxyl-groups in the molecule were 
changed independently into either hydrogen- or methyl-groups (Rivera-Sagredo et al, 
1992). The OH-groups at positions 2 and 3 of the galactose moiety are essential for 
hydrolysis, while absence of the hydroxyl-group at position 6 rendered a better 
substrate. The OH-groups at position 3 or 6 of the glucose moiety proved important but 
not essential for hydrolysis (Rivera-Sagredo et al, 1992). These findings also explain 
why the same active site of lactase is able to exert ß-glucosidase as well as ß-
galactosidase activity. The conformation of the two hydroxyl-groups at the 2 and 3 
position, which were shown to be essential for catalysis, are identical in glucose and 
galactose. Only the conformation of the OH-group at position 4 is different, but this 
group is irrelevant for catalysis. Thus, lactase is able to hydrolyse ß-gluco- and ß-
galactopyranosides, and the substrate specificity is further determined by the capability 
of the a-glycan moiety to fit into the catalytic cleft. 

Table I. Identification of the active sites of rat lactase by site-directed 
mutagenesis . Full-length rat lactase cDNA was transfected into COS cells (Neele et al, 1995). 
Lactase in transfected cells had similar catalytic activity as wild-type lactase from rat intestine: The Km 

for wild-type (brush-border) lactase towards lactose and ONP-glc were 52 and 2.3 mM, respectively, 
while Km values of the transfected rat lactase were 48 and 3.1 mM, respectively. COS cells contained 
negligible background lactase, cellobiase, and ONP-glc. The activities for the mutants were expressed 
relative to the hydrolytic activity of the wild-type transfectant. The 'double' mutant contains both 
E1274G and E1750G. Transfections were performed for 48 h, then cells were lysed and lactase was 
immunoprecipitated for enzyme activity measurement for 1 h at saturating substrate concentrations. 
The size and quantity of lactase produced in each transfection was similar on SDS-PAGE (not shown). 

Enzyme/Substrate Lactose Cellobiose ONP-glc 

Control < 1 % < 1 % <\o/Q 

Wild-type 100% 100% 100% 

E1274G 98% 95% 91% 

E1274D 94% 102% 86? 

E1750G < 1 % < i % 24% 

E1750D < 1 % <io/0 26% 

'Double' < 1 % < 1 % <io/0 

Only one main active site with ß-gluco- as well as ß-galactosidase activity 
Lactase is completely inhibited by the covalent binding of conduritol beta 

epoxide (CBE) (Wacker et al, 1992). This demonstrated that its reaction mechanism 
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resembled that of sucrase-isomaltase and indicated that the critical active site 
nucleophiles were carboxyl-groups, as in all configuration-retaining glycosidases. 
Wacker et a/.,(1992) demonstrated two CBE sensitive active sites in rabbit lactase each 
with different inactivation kinetics. Both active site residues in lactase were glutamic 
acid (E) compared to aspartic acid (D) in sucrase-isomaltase. They concluded that E 
and E1747 represented the active site residues for lactose and phlorizin respectively. The 
homologous glutamic acid (E) residues in rat lactase E1274 and E1750 were individually 
mutated to test this two-active site hypothesis. It appeared that mutating the E1274 hardly 
affected lactase, ONP-glc, ONP-gal, or phlorizin hydrolase activities (Table I; Neele et 
al, 1995). Conversely, E1750 mutants significantly inhibited activity towards all the 
above substrates, hydrophilic and hydrophobic. Thus, all lactase activity and most 
activity towards hydrophobic substrates is confined to E 

Sucrase-isomaltase 

Structure and biosynthesis of sucrase-isomaltase 
Two of the four maltase activities of the small intestinal brush-border involved 

in digestion of starch are assigned to sucrase-isomaltase, an' enzyme complex 
containing two separate polypeptides (Skovbjerg et al, 1979). This enzyme complex, 
which represents quantitatively the most important maltase activity in humans, 
comprises about 10% of brush-border membrane proteins. It further contains all 
intestinal sucrase activity, which is essential for the digestion of sucrose. Classically, 
sucrase-isomaltase was isolated from brush-border membranes, by solubilization of the 
enzyme complex with papain, affinity chromatography on Sephadex G-200, and ion-
exchange chromatography on DEAE-Sephadex G-25 (Alvarado and Mahmood, 1979). 
With the availability of versatile anti-sucrase-isomaltase monoclonal antibodies, it has 
become standard to immuno-isolate sucrase-isomaltase from various species (e.g. 
Sjöström et al, 1982; Danielsen and Cowell, 1984; Haun et al, 1985; Nairn et al, 
1988). The enzyme complex is most specifically detected by its sucrase activity, which 
is unique to this complex, and distinguishes it from the maltase-glucoamylase complex. 

Isolation and structure 
The sucrase-isomaltase complex is tightly associated with the brush-border 

membrane, as it can only be solubilized by detergents such as Triton X-100 or by mild 
papain digestion. The molecular masses of the isolated enzyme complexes vary slightly 
between the various species examined. Preparations of the mammalian enzyme 
complex from human, rat, and pig consist of two non-covalently associated subumts, of 
which the smaller one (120-140 kDa) is sucrase, while the larger one (140-151 kDa) 
represents isomaltase (Haun et al, 1980, 1985; Sjöström et al, 1982; Danielsen and 
Cowell, 1984; Nairn et al, 1988; Gorvel et al, 1991; Hoffman and Chang, 1991). In 
chicken sucrase-isomaltase, the sucrase subunit appears to be the larger subunit (Hu et 
al, 1987). Often a third band of 230-260 kDa is observed in preparations of sucrase-
isomaltase, which has been shown to represent a single polypeptide precursor form of 
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the complex. Only the isomaltase subunit is directly associated with the membrane, 
while the sucrase subunit interacts non-covalently with the isomaltase subunit, but not 
with the membrane (Cowell et al, 1986). This interaction of the isomaltase with the 
brush-border membrane is mediated by a hydrophobic sequence in the extreme N-
terminus of human, rabbit, pig, and rat sucrase-isomaltase as revealed by Af-terminal 
sequencing of the intact isomaltase subunit (Spiess et al, 1982; Wacker et al, 1981; 
Sjöström et al, 1982). Also the chicken sucrase-isomaltase was found, by hydrophobic 
labelling with [125I]TID, to be linked to the brush-border membrane by its isomaltase 
subunit, indicating phylogenetic conservation of the membrane insertion mode and the 
subunit organisation of the enzyme complex (Hu et al, 1987). The visualisation by 
electron microscopy of the intact pig sucrase-isomaltase complex revealed that the 
complex is projected from the brush-border membrane by a 3.5 nm-long 'stalk', while 
the banana-shaped bulk of the enzyme protrudes maximally 17 nm from the membrane 
(Cowell et al, 1986). This study also revealed that sucrase-isomaltase forms dimers of 
the a2ß2-type. Metabolic studies also indicated that pig sucrase-isomaltase homo-
dimerized in the RER (Danielsen, 1994). Dimerization of human sucrase-isomaltase 
could not be demonstrated in Caco-2 cells by chemical cross-linking experiments under 
a wide variety of conditions, while the brush-border enzyme, dipeptidylpeptidase IV, 
was readily shown to oligomerize as result of a Golgi located process (Jascur et al, 
1991). Beaulieu (Beauheu et al, 1989) also found that all biosynthetic intermediates of 
Caco-2 cell sucrase-isomaltase had identical sedimentation characteristics, further 
suggesting that dimerization does not occur. As the overall structure, biosynthesis and 
functions are very similar among sucrase-isomaltase complexes from different species, 
species differences may be less likely, which leads to speculate that technical factors 
may have accounted for failure to detect dimers in Caco-2 cells. 

Biosynthesis and intracellular transport 
The study of the biosynthesis of sucrase-isomaltase has revealed that the 

sucrase and the isomaltase subunit are synthesised as part of the same polypeptide 
precursor: pro-sucrase-isomaltase (figure 4). Cell free synthesis of sucrase-isomaltase 
from rabbit intestinal RNA, in the presence of RER membrane vesicles, produced a 270 
kDa polypeptide (Wacker et al, 1981). Likewise, in vitro metabolic labelling studies 
performed on pig, rat, human, and rabbit expiants and in human cell lines all showed 
the synthesis of a pro-sucrase-isomaltase (Danielsen et al, 1981; Danielsen and 
Cowell, 1984; Haun et al, 1985; Nairn et al, 1988; Hoffman and Chang, 1991). The 
precursor, located in the RER, was found to be extensively high mannose N-
glycosylated. These JV-glycans were demonstrated to be essential for the proper folding 
and subsequent egress of pro-sucrase-isomaltase from the RER: non-A-glycosylated, 
malfolded precursors were rapidly proteolytically degraded (Danielsen, 1992). The exit 
of this pro-sucrase-isomaltase from the RER is relatively slow compared to other brush-
border enzymes, such as aminopeptidase N and peptidylpeptidase IV. This is most 
likely due to the relatively slow conformational maturation of the precursor (Matter and 
Hauri, 1991; Danielsen, 1992). The asynchronous transport of brush-border enzymes to 
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the cell surface is not due to timing differences of trimming of jV-linked 
oligosaccharides (Matter et al, 1989). Both the rate-limiting steps of transport to the 
Golgi complex and the degradation of the malfolded pro-sucrase-isomaltase were 
further confirmed in heat-shocked Caco-2 cells. At 42.5°C, pro-sucrase-isomaltase was 
no longer transported to the brush-border, but accumulated instead in a malfolded form 
in the RER where it was subsequently degraded. In contrast, the biosynthesis and 
transport of aminopeptidase N and dipeptidylpeptidase IV were unaffected at this 
temperature in Caco-2 cells (Quaroni et al, 1993). 

After proper folding in the RER, the pro-sucrase-isomaltase is transported to 
the Golgi complex to be complexly N- and O-glycosylated, leading to a precursor with 
an approximately 20 kDa higher molecular mass than the high mannose form 
(Damelsen and Cowell, 1984; Hauri et al, 1985; Nairn et al, 1988; Hoffman and 
Chang, 1991). Sucrase-isomaltase is tyrosine-sulfated in the fr-aw-Golgi (Danielsen, 
1987). Then, the pro-sucrase-isomaltase is transported to the apical brush-border 
membrane. Natural occurring mutations in human sucrase-isomaltase often lead to 
transport incompetent enzyme molecules (Nairn et al, 1988). Cell biological analysis 
of this transport incompetence revealed that the intracellular sorting signal for apical 
transport resided in the luminal domain of the membrane-bound isomaltase subunit 
(Fransen et al, 1991). Danielsen (Danielsen, 1994) found that the homo-dimerization 
of sucrase-isomaltase was not an absolute requirement for transport, as some complexly 
/Y-glycosylated sucrase-isomaltase was found in the monomeric form in the brush-
border membrane. 

Sucrase-isomaltase is efficiently transported to the apical membrane of Caco-2 
cells by vectorial transport (>90%), while missorted sucrase-isomaltase is rapidly 
transcytosed to the apical membrane in Caco-2 cells (LeBivic et al, 1990). This apical 
transport in Caco-2 cells was demonstrated to be highly facilitated by association of the 
transport vesicles to microtubules. Sucrase-isomaltase was still primarily delivered to 
the apical brush-border membrane in absence of microtubules, but the missorting to the 
basolateral membrane increased markedly, and the rate of transport to the apical 
membrane decreased drastically (Gilbert et al, 1991). Interestingly, when the brush-
border is not assembled, sucrase-isomaltase is no longer transported to the plasma 
membrane in contrast with other brush-border enzymes, such as e.g. 
dipeptidylpeptidase IV, neutral aminopeptidase, and neutral endopeptidase. This was 
demonstrated in Caco-2 cells in which brush-border assembly was perturbed by 
expression of villin antisense RNA (Costa de Beauregard et al, 1995). Caco-2 cells, 
transfected with the villin antisense DNA, fail to sort sucrase-isomaltase to the apical 
membrane, although a significant amount of sucrase-isomaltase was made. As the cells 
became fully polarized with respect most other specific basolateral and apical 
membrane compounds, the direct route to the apical membrane apparently demands 
villin and/or a developed brush-border. 

Forskolin, a drug that elevates cellular cAMP levels, completely inhibited the 
apical transport of sucrase-isomaltase in Caco-2 cells, by a presently unknown 
mechanism (Rousset et al, 1989). The pro-sucrase-isomaltase is proteolytically cleaved 
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to its mature form by pancreatic proteinases in the gut lumen. In isolated loops of the 
small intestine, the precursor is not hydrolysed (Montgomery et al, 1981a). 
Disconnection of the pancreatic duct also prohibited the conversion to mature sucrase-
isomaltase (Cowell et al, 1986). In fetal rats, which have not yet developed a 
functional pancreas, only pro-sucrase-isomaltase is produced in the intestine (Hauri et 
al, 1980). 
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Figure 4. Primary structure of sucrase-isomaltase. The sequences of human, rabbit, and 
rat sucrase-isomaltase are shown, as these were deduced from the respective cDNAs (Hunziker et al, 
1986; Chantret et al, 1992; Chandrasena et al, 1994). The sequences were extracted from GenBank, 
release 85.0 (1994), and aligned and compared according to the algorithm of Feng and Doolittle (1987). 
The isomaltase region of each enzyme complex shows high homology to the sucrase region. The black 
box indicates the /V-terminal non-cleavable signal sequence, which in addition serves as transmembrane 
sequence. The white TV-terminal box indicates the highly O-glycosylated region within each isomaltase 
sequence. The lightly and heavily shaded areas indicate regions of low and high homology, 
respectively, between the corresponding regions of sucrase-isomaltase from these species. (Y), N-
glycosylation site; (C), cysteine residue; (4), proteolytic cleavage site; (E), glutamate residue 
implicated as active site residue; AA, amino acid residues. 

Moreover, in numerous in vitro studies on intestinal expiants or on cell lines, 
the pro-sucrase-isomaltase was not proteolytically split unless exogenous proteinases 
were added to the culture medium (e.g. Damelsen et al, 1982; Hauri et al, 1985; Nairn 
et al, 1988; Fransen et al, 1991; Shapiro et al, 1991). The mean residence time in vivo 
of rat sucrase-isomaltase in small intestinal brush-border membrane is rather short: 5.8 
h. To maintain a steady state level of the enzyme complex, the cells have to synthesise 
about 4 times the amount of active enzyme present in the brush-border membrane each 
day (Dudley et al, 1993). Klumperman et al. (1991), studying endocytosis of brush-
border membranes in Caco-2 cells, found that sucrase-isomaltase as well as 
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dipeptidylpeptidase IV are most likely recycled to the apical membrane after 
endocytosis, and not transported to the lysosomal compartment, indicating that the 
degradation of brush-border enzymes may proceed by another mechanism. 

Primary amino acid sequences 
The cDNAs of sucrase-isomaltase from rabbit, human, and rat have been 

completely sequenced (Hunziker et al, 1986; Chantret et al, 1992; Chandrasena et al, 
1994). The deduced polypeptide sequences of the rabbit, human, and rat sucrase-
isomaltase consist of 1827, 1827, and 1841 amino acids, respectively (figure 4). The 
human sequence is 84% identical with the rabbit sequence, while the rat sequence is 
somewhat less conserved (about 75%) with respect to both the rabbit and human 
sequence, most likely reflecting the phylogenetic distance between these three species. 
All three sequences show two-fold internal homology in their sucrase and isomaltase 
regions. Between the sucrase and isomaltase subunits in each of these species, 38-41%, 
of all amino acids are identical while in addition 34-40% of their amino acids appeared 
not identical but still conserved. The homologous residues between the complete 
polypeptides are scattered along the lengths of these sequences, and thus there are no 
indications of major insertions or deletions in the sequence. Each isomaltase subunit 
contains a sequence of about 65 residues, which has no homologous counterpart in the 
sucrase sequence. This sequence in the extreme yV-terminus of pro-sucrase-isomaltase 
contains the only hydrophobic region. Starting at amino acid 13 of the sequence of all 
three species and comprising 20 residues, this sequence functions as a signal sequence 
for translocation into the RER and concomitantly as a transmembrane anchor, 
rendering a class II transmembrane protein, with a very short cytoplasmic tail of 12 
residues (Hunziker et al, 1986; Chantret et al, 1992; Chandrasena et al, 1994). It was 
demonstrated that the non-cleavable signal-anchor sequence of rabbit sucrase-
isomaltase could be converted to a cleavable signal sequence by single amino acid 
substitutions, or small deletions (Hegner et al, 1992). Introduction of a proline residue 
at position 28 or 29, i.e. at about two-thirds of the hydrophobic sequence was very 
effective in yielding a signal sequence, which mediated translocation, and was 
subsequently cleaved. Shortening of the hydrophobic sequence from 20 to 12 amino 
acids yielded a fully functional, cleavable signal sequence. The consequence of these 
mutations expressed in an in vitro translation/translocation system was a soluble 
sucrase-isomaltase. The effects of these mutations were not tested by transfection into 
eukaryotic cells, and thus it remains uncertain what the consequences are of these 
mutations for folding in the RER, intracellular transport, and polar expression. 

The isomaltase sequences show a 24-32 amino acids threonine/serine-rich 
region, following the transmembrane region, and are presumably O-glycosylated. 
Heavily O-glycosylated regions, known as mucin-hke regions, form extended 
filamentous configurations (Strous and Dekker, 1992). This region likely represents the 
'stalk' of the isomaltase subunit observed by electron microscopy. 

The human, rabbit, and rat sequences contain 18, 18, and 16 A^-glycosylation 
sites, respectively, of which 9 are found at homologous positions (figure 4). This most 
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likely reflects physical constraints with respect to the tertiary structure of the enzyme 
complex. Also some /V-glycosylation sites are found in similar positions, i.e. within five 
amino acid stretches, when the sequences of the sucrase and isomaltase subunits are 
aligned. Eight of the structurally important C-residues are conserved between the 
sucrase and isomaltase subunits of all three sequences. Both subunits of rabbit, rat, and 
human sucrase-isomaltase contain the conserved sequence, DGLWIDMNE, of which 
the C-terminal D-residue (bold) has been assigned as the active site residue. The 
proteolytic cleavage which results in the two subunits occurs between arginine 1007 
and isoleucine 1008 in all three sequences, as was already inferred from TV-terminal 
sequencing of the isolated sucrase subunits of various species (Semenza, 1986). 

Sequence similarity to other a-glucosidases 
The sequences of sucrase-isomaltase show remarkable similarities to human 

lysosomal oc-glucosidase. The human lysosomal (acid) a-glucosidase (EC 3.2.1.20) is 
able to hydrolyse lysosomal glycogen, and demonstrates homology of about 26% to the 
sucrase as well as the isomaltase subunits of rabbit, rat, and human sucrase-isomaltase 
(Hoefsloot et al, 1988). Seven of the 11 cysteine residues of lysosomal a-glucosidase 
are conserved in each of the sucrase and isomaltase subunits of the three species. Also, 
3 of the 8 /V-glycosylation sites occur at homologous positions in the lysosomal enzyme 
when compared to each of the sucrase and isomaltase subunits. As originally suggested 
by Hunziker and co-workers (1986), the sucrase-isomaltase gene likely resulted from a 
duplication of an ancestral a-glucosidase. As the human lysosomal a-glucosidase is 
about half the size of sucrase-isomaltase, and presumably contains only one active site 
sequence (the DGLWIDMNE sequence is also present in this sequence, and was 
assigned independently as active site; Dinur et al, 1986), it seems very likely that 
during evolution this enzyme derived from the same ancestral gene as sucrase-
isomaltase. If this is true, the gene duplication event leading to separate lysosomal and 
brush-border a-glucosidases was a much earlier event in evolution than the duplication 
leading to the two-active site polypeptide of sucrase-isomaltase. This is indicated by the 
lower homology of the lysosomal enzyme with each of the sucrase and isomaltase 
subunits (about 26%) versus the homology between the sucrase and isomaltase subunits 
(over 40%), and also by the two-fold internal homology of sucrase-isomaltase, which 
does not occur in lysosomal a-glucosidase. The sucrase-isomaltase complex also 
contains homology with several yeast a-glucosidases (EC 3.2.1.20), further suggesting 
the evolutionary existence of an ancestral a-glucosidase gene. For example, an a-
glucosidase of Candida tsukubaensis has 35% amino acid homology with the 
isomaltase, and 36% homology with sucrase as well as 34% homology with human 
lysosomal a-glucosidase (Kinsella et al, 1991). The highly conserved region 
GIWDLDMNE was distinguished in this sequence, possibly representing the active site 
of this yeast a-glucosidase. Furthermore, a glucoamylase cDNA cloned from 
Schwanniomyces occidentalis showed an amino acid homology of about 35% 
compared to human acid a-glucosidase,. rabbit sucrase, and rabbit isomaltase. The 
homology is scattered along the whole length of the sequence, and includes a presumed 
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active site sequence very similar to sucrase-isomaltase (DGIWADMNE, Nairn et al, 
1991a). 

Substrate specificity and hydrolytic mechanism of sucrase-isomaltase 
Sucrase-isomaltase accounts for about 80% of the maltase activity in the 

human small intestine. Both sites of sucrase-isomaltase possess maltase activity, but the 
enzyme complex exhibits only very limited activity towards larger glucans (Semenza, 
1987). The two active sites within the complex have overlapping substrate specificities. 
However, the sucrase subunit is responsible for all of the sucrase activity in the small 
intestine. The activity of the isomaltase subunit can be distinguished from the activity 
of the sucrase subunit by the fact that it does not display any sucrase activity, but 
instead displays isomaltase activity, which is not exhibited by the sucrase subunit. The 
activity of sucrase-isomaltase can further be distinguished from the activities of the 
maltase-glucoamylase complex by its relatively low heat-stability (Quezada-Calvillo et 
ai, 1993; Semenza, 1986). Studies on the substrate specificities performed by Gray et 
al. (1979) and Cogoli and Semenza (1975) on the intact enzyme complex, and its 
individual subunits from rat and rabbit, respectively, can be summarised as follows: 1. 
the sucrase subunit hydrolyses sucrose, but not a(l-6) glucosidic bonds, 2. the 
isomaltase subunit hydrolyses oc(l-6) glucosidic bonds but not sucrose, 3. both subunits 
hydrolyse maltose and maltotriose, 4. both subunits hydrolyse hydrophobic aryl-cc-
glucopyranosides to some extent, and 5. the complex shows no activity towards 
polymeric glucans, such as starch, and both subunits show only minor activity towards 
small a-limit dextrins. 

Proteolytic processing is of little consequence to the enzymatic activities of the 
sucrase-isomaltase enzyme complex. The pro-sucrase-isomaltase, produced by tissue 
expiants of pig, rat, and human in the absence of proteolytic cleavage, is as active as the 
mature, cleaved form (Sjöström et ai, 1980; Montgomery et al, 1981a; Hauri et al, 
1982). Rabbit sucrase activity shows a broad pH optimum with maximum at pH 7.0, 
and with half-maximal activities at pH 5.5 and 8.5, respectively (Alvarado and 
Mahmood, 1979). Both sites appear equally sensitive to inactivation by CBE, and, as 
for most brush-border glycohydrolases, Tris is an effective inhibitor (Cogoli and 
Semenza, 1975). The Km for sucrose, isomaltose, and maltose hydrolysis is in the order 
of 4-20 mM for the rabbit, mouse, and rabbit intestinal enzyme, and the hydrolysis 
follows Michaelis-Menten kinetics. Simple Michaelis-Menten kinetics for this two-
active site enzyme complex indicates that these sites are quite similar, and the sites 
should work in parallel rather than sequentially. 

A model for the catalytic mechanism 
With respect to catalytic mechanism and architecture of the active site most 

glycohydrolases may function by very similar reaction mechanisms. Most work on the 
reaction mechanism has been performed on sucrase-isomaltase (Cogoli and Semenza, 
1975). As all of the reaction mechanisms of glycosidases studied thusfar seem to follow 
the rules originally suggested for sucrase-isomaltase (Reviewed by Semenza, 1987; 
Semenza and Auricchio, 1989), this subject is summarised in the form of figure 5. 
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Figure 5. The minimal catalytic mechanism of brush-border glycohydrolases. 
This figure illustrates the catalytic mechanism as demonstrated for sucrase-isomaltase (i.e. cc-
glucosidase activity). This mechanism likely also applies to lactase. Arguments indicating that the 
catalytic mechanisms are quite similar for brush-border glycohydrolases include: 1. similar pH-curves, 
2. competitive inhibition by the non-protonated form of Tris, nojirimycin, as well as deoxynojirimycin, 
3. irreversible inactivation by the substrate-analogue CBE, and 4. retention of the CI-configuration of 
the liberated glucan-moiety after hydrolysis. A) The substrate is bound to the active site of the enzyme. 
The a-glycon moiety (indicated as R) is bound to the enzyme, outside the active site of the enzyme. B) 
The glucosyl oxygen is protonated by a proton-donor (indicated as -A-H, presumably a glutamyl-y-
COOH). C) The positive charge on the glucosyl-oxygen is relayed towards the CI-atom of the 
glucosyl-residue, the bond between the glucosyl CI-atom and the oxygen splits, and the a-glycon (R-
OH) is liberated from the enzyme as the first product. D) The resulting glucose oxocarbonium ion is 
temporarily stabilized by a negative charge (aspartate-ß-COO"). E) Finally, the oxocarbonium ion is 
substituted by a nucleophile (OH"), from the same side, from which the a-glycon left. Thus, ct-glucose 
is liberated, with the same configuration at the CI-atom as in the original substrate. (After Semenza, 
1987). 

A central feature of the catalysis by glycohydrolases is the stabilisation of an 
oxocarbonium ion by a carboxyl-group (figure 5). In sucrase-isomaltase this 
carboxyl-group was found to be an aspartic acid residue in both subunits of the 
complex, identified by affinity labelling with CBE (Quaroni and Semenza, 1976). 
After the complete sequencing of the cDNAs of rabbit, rat, and human sucrase-
isomaltase, this active site aspartic acid (bold) was identified as part of an absolutely 
conserved nonapeptide sequence (DGLWIDMNE) in all sucrase and isomaltase 
subunits (figure 4). The other residue participating in the catalysis, the proton donor, 
presumably a glutamyl-y-COOH, was not identified in the sucrase-isomaltase 
sequences. 
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Gene regulation of lactase and sucrase-isomaltase 

Lactase gene 

The human lactase gene is located on the second chromosome (Kruse et al, 
1988). The expression of lactase exhibits essentially two phenotypes: In about 75% of 
humans the level of lactase activity steeply declines after weaning (often referred to as 
adult-type hypolactasia), while in a minority (mostly Caucasians) lactase levels persist 
throughout life. The human lactase gene was isolated to determine if lactase phenotypes 
correlated to allelic variation. The human lactase gene comprises about 70 kb, including 
16 introns and 1100 bp of its 5' flanking region (Boll et al, 1991). The lactase exons of 
six individuals were sequenced, including two subjects with adult-type hypolactasia. 
None of the mutations was concordant with lactase persistence or with adult-type 
hypolactasia (Boll et al, 1991). However, lactase phenotype is inheritable and therefore 
most likely inherited independently from the lactase structural gene. 

The double duplication in the coding portion of the lactase gene, indicated by 
its cDNA sequence (figure 3), was not represented by the intron locations. Only one 
intron was located at a homologous position in domains II, III, and IV, while most 
introns were clustered in domains I and IV (Boll et al, 1991), suggesting that the 
addition of introns is a more recent event than the gene duplication. 

Villa et al (1993) have desenbed the presence of multiple (three) independent 
lactase genes in rabbit. These genes give rise to three individual lactase mRNAs, 
encoding polypeptides, which are about 94% homologous. Interestingly, the sequences 
diverge most in domain IV, which was shown in rat lactase to carry the principal 
catalytic site of lactase. All three lactase mRNAs were collectively expressed in the 
same individual rabbit, but at different positions along the length of the intestine. 
Thusfar, data do not suggest that more than one lactase gene exist in other species. 

Lactase gene promoter 
The promoter sequence of human lactase contains several potential binding 

sites for transcription factors (approximate position relative to the transcription 
initiation site m bp): a TATA-box (-30), Spl (-210), SRF (-250), AP-2 (-410), 
CTF/NF-1 (-535), CREB (-635), and Octl/Oct2 (-980) (Boll et al, 1991). In addition, 
two Alu sequences were found in this promoter sequence. To date, functional analysis 
of these promoter elements has not been performed. It should be noted that there are no 
potential binding sites for hormone receptors such as those for glucocorticoid, steroid, 
or thyroid hormones, which suggests that these hormones do not exert a direct effect on 
lactase gene expression. The above mentioned transcription factors are more or less 
'general' factors, known to regulate many genes. As lactase displays a unique 
expression pattern both during development and in tissue, it seems logical that one or 
more novel factors should govern lactase expression. Such a factor may have been 
identified by Troelsen and co-workers (1992). They identified a trans -acting factor, 
which interacts with the pig lactase promoter and co-varies with enzymatic activity of 
lactase during post-natal life. The available 980-bp of the pig lactase promoter was 74% 
identical with that of the human, while no Alu sequences (generally specific for the 
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human genome) were found. A 125 bp and a 980 bp fragment of the pig lactase 
promoter were placed in front of a ß-globin reporter gene, and transfected into Caco-2 
cells, which are known to display endogenous (human) lactase expression. The 
expression of the ß-globin reporter gene was shown to mimic the expression of the 
endogenous lactase in Caco-2 cells. Incubation of the promoter sequence with nuclear 
extracts from pig intestine led to the identification of a protected DNA fragment, 
corresponding to bp -40 to -54 of the promoter sequence. This cw-acting element, 
designated CE-LPH1, had a unique sequence, and was bound by a factor, designated 
NF-LPH1. NF-LPH1 is was absent from liver, while in intestine it was 15 times more 
abundant in newborn than in adult pig intestine, which show high and low lactase 
activity, respectively. Thus, the presence of the trans-acting factor NF-LPH1 correlates 
well with the expression of lactase, suggesting that it plays a role in determining the 
level of lactase expression and perhaps its tissue specific distribution. The 1 kb 
fragment of the pig lactase promoter was further shown to direct the cell spécifie 
expression of the ß-globin reporter gene in transgenic mice, and also the developmental 
expression, which mimicked that of lactase in normal mice (Troelsen et ai, 1994a). 
This strongly indicates that 1 kb of the pig lactase promoter contains all m-acting 
elements to direct the correct cell type and temporal expression of lactase. However, 
elements regulating correct expression in the proximal-to-distal axis of the intestine are 
largely absent in this construct. Information within this pig lactase promoter does direct 
expression in Caco-2 cells as well as in the transgenic mice, indicating that the signals 
and mechanisms of transcriptional regulation, governing lactase expression, may be 
well conserved among these species. 

One kb sequence of the rat 5' flanking region of the lactase gene has been 
sequenced and compared to that of the human gene. It was found that the first 155 
bases upstream from the transcriptional start site showed 72% homology, while the 
more distant sequences were only 50% homologous (Boukamel and Freund, 1992). As 
in the human sequence, potential CTF/NF and AP2 sites were found in rat, while 
CREB, Octl/Oct2, SRF, and SP1 sites, identified in the human sequence, were not 
present in the rat sequence (Boukamel and Freund, 1992). On the other hand, the rat 
lactase promoter showed a potential calcium response element and a C/EBP binding 
site, which were not present in the human sequence. Three C/EBP consensus binding 
sites were also recently identified in the promoter of human sucrase-isomaltase (Wu et 
ai, 1992; see below). In our laboratories, we were able to show that developmental 
expression of the three C/EBP isoforms in rat intestinal tissue were identical to the 
expression of rat lactase, suggesting that C/EBP may in part be responsible for the 
tissue specific expression of lactase (Montgomery et ai, 1997). This coordinate 
expression of lactase and C/EBP in the rat was also found independently by other 
authors (Van den Hoffet ai, 1994). Various constructs were made by cloning promoter 
fragments of rat lactase to a human growth hormone reporter gene. Subsequently, these 
constructs were transfected into Caco-2 cells and HepG2 cells (Verhave et ai, 1994). 
By progressively shortening the promoter it was found that positive and negative 
regulatory elements are present upstream of the transcriptional start site, between 
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nucleotide positions 1580-2040 and 74-821, respectively. Very little promoter activity 
was found in HepG2 cells, indicating that the 1 kb lactase promoter fragment was able 
to direct tissue specific gene expression (Verhave et al, 1994). 

Sucrase-isomaltase gene and its promoter 
The human sucrase-isomaltase gene is located on chromosome 3 and 12.2 kb 

of its promoter has been cloned (Green et al, 1987; Wu et al, 1992). When 3.6 kb of 
this promoter was sequenced, only very few consensus sites for binding of transcription 
factors were found: a TATA sequence was located at -27 bp, and three C/EBP binding 
sites were identified at -808, -991, and -2524 bp, while Alu sequences were absent (Wu 
et al, 1992). The presence of putative C/EBP binding sites was very interesting as 
C/EBP is expressed in the rat intestinal epithelium, making this /raws-acting factor a 
candidate to direct tissue specific expression of sucrase-isomaltase. 

Sucrase-isomaltase promoter constructs of various lengths were cloned 
upstream of a reporter gene and transfected into various human cell lines to study tissue 
specific gene expression (Wu et al, 1992). Constructs containing only 303 or 324 bp of 
the sucrase-isomaltase promoter were capable to direct high expression in Caco-2 cells, 
while the cell lines HeLa and HepG2, which lacked endogenous sucrase-isomaltase 
expression, showed only background activity, even with a promoter fragment up to 
3424 bp. The human sucrase-isomaltase promoter was shown to direct nearly 
appropriate tissue specific expression of a reporter gene in transgenic mice (Markowitz 
et al, 1993). A reporter gene driven by 3424 bp of this promoter was expressed in the 
jejunum, ileum and to some extent in the colon. This was slightly different from the 
endogenous mouse sucrase-isomaltase, which was confined only to the small intestine. 
However, the expression was restricted to enterocytes. The crypt-villus distribution of 
the expressed reporter gene in the small intestinal epithelium was also identical to the 
endogenous mouse sucrase-isomaltase. This indicates that this portion of the promoter 
contains virtually all information for tissue specific expression of sucrase-isomaltase. 
Moreover, this promoter seems evolutionanly conserved since the human promoter 
directed correct expression of the reporter gene in the mouse. 

In analysing the human sucrase-isomaltase promoter further, Traber and co
workers (1992b) identified three novel cz's-acting elements and the /ra«.s-acting factors 
binding to these respective elements. First, these authors cloned 3.4 kb of the mouse 
sucrase-isomaltase promoter, and demonstrated that it and the human promoter were 
homologous between -183 bp and the transcription initiation site. As was inferred from 
the expression of the human promoter in transgenic mice, the mouse and human 
promoter should contain common elements, functional in both species. Three common 
elements were found designated SIF1, SIF2, and SIF3, along with a highly conserved 
TATA region. Constructs containing a reporter gene and various portions of the human 
183 bp promoter fragment were transfected to Caco-2 cells and non-sucrase-isomaltase 
expressing cell lines. SIF1 was demonstrated to be essential for proper tissue specific 
expression, while SIF2 and SIF3 were positive regulatory elements, enhancing sucrase-
isomaltase expression. DNase I footprinting demonstrated that the protein, binding to 
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SIFl (designated SIFl-BP), was only present m enterocyte-like cells. SDF2 and SIF3 
binding sites were probably bound by similar proteins, which were not exclusively 
found in enterocytes. Thus, the SIFl sequence and SEF1-BP are strong candidates for 
directing the tissue specific sucrase-isomaltase expression in human and mouse. None 
of the conserved binding sites bound C/EBP, although a potential C/EBP site was 
present in the SIFl region, indicating that if C/EBP were to play a role, it binds outside 
this 183 bp region (Traber et al, 1992b). 

Troelsen et al. (1994b) found an interesting link between the tissue specific 
expression of lactase and sucrase-isomaltase. They analysed the binding of nuclear 
proteins, extracted from Caco-2 cells, to DNA fragments representing the CE-LPH1 
sequence (as identified in the pig lactase promoter) and the SIF1 sequence (as identified 
in the mouse and human sucrase-isomaltase promoters). Both of these DNA sequences 
competed for the same nuclear factors, which were present only in Caco-2 extracts, and 
the binding factors, NF-LPH1 and SIFl-BP, were found to be of a similar size: 50 kDa. 
Thus, it was concluded that the longest homologous sequence within SIFl and CE-
LPH1, i.e. ATTTT, could bind a similar 50 kDa factor, which is able to confer tissue 
specificity to the expression of both lactase and sucrase-isomaltase. However, now that 
the tissue specificity of the expression of these genes may be at least partly resolved, 
the very different developmental expression of these genes (discussed in the next 
section) still awaits elucidation. 

Regulation of developmental expression 

Tissue specificity of lactase and sucrase-isomaltase is very similar, as they are 
both exclusively expressed in brush-borders of small intestinal enterocytes. 
Nonetheless, their developmental expression patterns are very different as lactase is 
strongly upregulated before birth and declines during weaning, while sucrase-
isomaltase is low or absent until weaning but highly present during adult life. We will 
emphasise in this section on the mechanisms underlying the developmental expression 
patterns of lactase and sucrase-isomaltase. 

Regulation is primarily transcriptional 
It is widely accepted that the regulation of lactase and sucrase-isomaltase 

expression is primarily transcriptional. A large number of studies, in man, rabbit, rat, 
sheep, and pig, found that lactase expression correlated well with the amount of lactase 
mRNA (Büller et al, 1990a; Escher et al, 1992; Duluc et al, 1993; Lacey et al, 1994; 
Rings et al, 1992b, 1994a; Keller et al, 1992; Harvey et al, 1995; Torp et al, 1993; 
Villa et al, 1992; Krasinski et al, 1994), see figure 6. Similar studies demonstrated that 
sucrase-isomaltase expression in mouse, human and rat is also primarily 
transcriptionally controlled (Markowitz et al, 1993; Traber, 1990; Traber et al, 1992a; 
Krasinski et al, 1994; Rings et al, 1994a). Transcriptional control of lactase and 
sucrase-isomaltase was also found in the Caco-2 cell line (Beaulieu and Quaroni, 1991; 
Chantret et al, 1994; Haun et al, 1994). 
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Figure 6. Coordinate relationship between lactase specific activity, lactase protein 
and lactase mRNA abundance during postnatal development in the small intestine of 
the rat. Expression of lactase was determined as enzyme activity, protein quantity (rocket 
immunoelectrophoresis), and mRNA abundance (RNase protection assay). Proximal segments were 
taken 1-2 cm adjacent to the pylorus; middle sections were taken from the geometrical middle of the 
intestine; distal sections were taken 1-2 cm adjacent to the ileocecal junction. The amounts of enzyme 
activity, protein content, and mRNA quantity show closely parallel patterns at any age and at any 
segment of the small intestine, indicating transcriptional regulation as the major factor determining 
lactase activity during rat development. Reproduced with permission from Krasinski et al. (1994). 
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Lactase genetic polymorphism in human 
Lactase expression in humans is polymorphic: Two phenotypes are 

distinguished, one expressing lactase at high levels throughout life, and a second 
expressing lactase only during early childhood. As recognised by Sahi et al. (1973) and 
reviewed by Flatz (1987), lactase persistence during adult life is an autosomal dominant 
trait, primarily found in Caucasians, while the adult-type hypolactasia is the 
predominant phenotype identified in about 75% of the human population. Moreover, 
the ability to hydrolyse lactose has been found to be a concordant trait among 
monozygotic twins (Metneki et al, 1984). It should be noted that lactase is never turned 
off completely; all adult mammals display low, but significant, lactase activity. In fact, 
the adult-type hypolactasia represents the common phenotype as found in all mammals 
studied. As mentioned above, human lactase levels have been shown to be regulated 
transcriptionally: Low lactase activity in humans is strictly correlated with low mRNA 
levels (Escher et ed., 1992; Fajardo ef a/., 1994; Harvey et al, 1995; Lloydef al, 1992). 
However, thusfar no sequence differences in 1 kb of the human lactase gene promoter 
correlated to lactase persistence or adult-type hypolactasia (Lloyd et ah, 1992). 
Therefore, neither the structural part of the gene (Boll et al, 1991) nor the promoter of 
the lactase (Lloyd et ah, 1992) seem involved in the differential expression in both 
phenotypes. 

The expression of lactase is confined to villus enterocytes whereas sucrase-
isomaltase enzyme, but most likely not enzyme activity, is already detected in crypts, at 
least in humans (Beaulieu et ah, 1989; Van Beers et ah, 1998a, 1998c). During 
epithelial cell migration from crypt to villus in rat and mouse, sucrase-isomaltase and 
lactase mRNAs did not appear until at the crypt-villus junction, concomitant with the 
appearance of both enzyme activities and sucrase-isomaltase and lactase polypeptides 
(Rings et ah, 1992b, 1994a; Haun et ah, 1980; Hoffman and Chang, 1991; Traber, 
1990, 1992a; Markowitz et ah, 1993). Interestingly, lactase and sucrase-isomaltase 
mRNA expression is maximal in lower half of villus, while the level gradually declines 
towards the villus tip. This was observed in rabbit intestinal epithelium for lactase 
mRNA, while in the same study a very similar pattern of expression was found for 
SGLT1 mRNA, coding for the brush-border glucose and galactose transporter 
(Freeman et ah, 1993). Furthermore, along the longitudinal axis, sucrase-isomaltase 
mRNA was highest in the rat and human small intestine (Traber, 1990, 1992a). In 
addition, in studies from our laboratories, it was found that the mRNAs of rat lactase 
and sucrase-isomaltase were restricted after birth to the basal part of villi (Rings et ah, 
1994a). However, the lactase mRNA in embryonic epithelium was found along the 
entire length of the rudimentary villi (Rings et ah, 1992b). Thus, it seems that in normal 
villi, the transcription of the brush-border proteins encoding genes are turned on 1 -2 
days before the cells are removed from the epithelium at the villus tip. 

Starvation of 12 day old rats induced the precocious expression of sucrase-
isomaltase, while the lactase expression was virtually unaffected (Nsi-Emvo et al., 
1994). It appeared that this enhanced sucrase-isomaltase expression was independent of 
cell proliferation, and was regulated at the transcriptional level. Like in normally fed 
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adult rats, sucrase-isomaltase expression in starved rats was first detected in enterocytes 
at the crypt-villus junction. However, when (14 day old) rats were refed after 2 days of 
starvation, the migrating enterocytes at the crypt-villus junctions stopped expressing 
sucrase-isomaltase, resulting in a band of sucrase-isomaltase positive enterocytes 
towards the tip of the villus (Nsi-Emvo et al, 1994). Thus, enterocytes passing the 
crypt-villus junction are apparently not able to down-regulate the gene expression, once 
committed to sucrase-isomaltase expression. This suggests a 'point-of-no-return' 
principle for the up-regulation of brush-border glycohydrolases at the crypt-villus 
junction. 

Thus, in all cases during developmental expression, in adult human lactase 
expression, in cell lines, and in crypt-villus expression, the expression of lactase and 
sucrase-isomaltase appears to be primarily at the transcriptional level. This can be well 
illustrated by a series of experiments, performed in our laboratories, concerning lactase 
and sucrase-isomaltase in the developing rat (Rings et al, 1992b; Rings et al, 1994a; 
Krasinski et al, 1994). These studies were conducted at the histochemical level 
(enzyme histochemistry, immunohistochemistry, and in situ hybridisation) and 
biochemical level (enzyme activity, mRNA and pre-mRNA measurement by RNase 
protection assay, and polypeptide measurement by rocket electrophoresis). They 
indicated that in all segments of the intestine, during all stages of development (16 
embryonic days to adult), the levels of lactase and sucrase-isomaltase activity were 
directly correlated with the levels of the respective mRNAs (figure 6). Interestingly, a 
restriction of the lactase expression was noticed after weaning in the proximal-to-distal 
axis of the intestine (figure 7). Peak levels of lactase expression were found in the 
middle part of the jejunum. Thus, apart from the general decline of the lactase activity 
in the intestine, also the functional area of lactase expression declines dramatically. The 
combination of the decline and restriction of lactase expression has undoubted 
consequences for the lactose digesting capacity of the intestine. Furthermore, this 
implicates that the high lactase expression in lactase persistence in adult humans is 
primarily a failure to switch off the lactase gene. 

Post-translational control is secondary 
Apart from the primary regulation of lactase and sucrase-isomaltase at the 

transcriptional level, there are a number of indications for secondary post-
transcriptional regulatory mechanisms. In some studies, the ratio between lactase 
mRNA and lactase activity is different when different intestinal segments are 
compared. Thus, some investigators concluded that in developing rat lactase was 
differently regulated in the proximal compared to the distal part of the small intestine 
(Freund et al, 1989, 1990, 1991; Duluc et al, 1993). From these studies it appeared 
that after weaning the lactase mRNA/activity ratio was higher in a distal segment of the 
small intestine then elsewhere along the intestine. Other studies also indicated that the 
rat lactase mRNA/activity ratio increased during ageing of the rats (Nudell et al, 1993). 
In rabbits, the rate of biosynthesis of both lactase and sucrase-isomaltase correlated 
well with their respective mRNA levels. However, in proximal parts of the rabbit small 
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Figure 7. Distribution of lactase and sucrase-isomaltase proteins along the length of 
the rat small intestine. The expression of lactase (L) and sucrase-isomaltase (S) was determined at 
various postnatal ages (in days) by immunohistochemistry using specific monoclonal antibodies. 
Numbers 1-9 indicate the location of the small intestinal segments examened. The lactase and sucrase-
isomaltase distribution along the length of the small intestine is indicated by different shadings. 
Changes occuring between 2 points are arbitrarily shown at mid-point. The length and width of the bars 
represent the relative size of the small intestine at these ages. Shadings: white, no expression; light 
shading, mosaic expression; middle dark shading, expression in about half of the enterocytes; dark 
shading, expression in all villus enterocytes. The arrow indicates the ligament of Treitz. Reproduced 
with permission from Rings et al. (1994a). 

intestine there was an excess of lactase mRNA relative to the lactase activity and the 
converse was true for sucrase-isomaltase (Keller et al, 1992). 

Although, relatively late detection of enzyme activities of lactase and/or 
sucrase-isomaltase compared to first appearance of the respective rnRNAs may 
partially be explained by intrinsic differences in sensitivities of the techniques used to 
quantify mRNA and protein, it is more important to assess spatio-temporal changing 
ratios between mRNA, enzyme and enzyme activities. These should reflect post-
transcriptional regulation. There is indeed evidence that lactase and sucrase-isomaltase 
exhibit some post-transcriptional regulation. The half-life of lactase and sucrase-
isomaltase activities in ageing mammals was generally found to decrease, likely due to 
enhanced degradation or mactivation of the enzymes (Quan et al, 1990; Rossi et al, 
1993b;Tsuboie?û/., 1992; Dudley et al, 1992; Castillo et al, 1990). The brush-border 
glycohydrolases have different sensitivities towards luminal contents of the intestine. 
Sucrase and maltase activities were relatively insensitive to luminal proteinases, while 
lactase activity was rapidly lost after incubation with proteinases (Young and Das, 
1990). Elastase is the most potent in releasing the enzyme from the plasma membrane.' 
However, there was no correlation between the rate of release and the rate of enzyme 
mactivation, as the kinetics of release of lactase, maltase, and sucrase activities were 
similar (Young and Das, 1990). This indicates that released brush-border enzyme 
sucrase-isomaltase, still contributed to the luminal digestion of disaccharides, whereas 
lactase activity is lost upon release from the membrane. Studies by Seethar'am et al 
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(1980) indicated that the increased turnover of brush-border enzymes in the neonatal rat 
was paralleled by the intracellular increase of lysosomal proteinases, particularly 
cathepsin B. Thus, apart from luminal factors, such as proteinases, intracellular 
turnover of brush-border enzymes may partly determine the levels of glycohydrolase 
activity on the brush-border. 

Effects of hormones on expression 
Despite the unequivocal finding that sucrase-isomaltase as well as lactase 

expression patterns are imprinted during embryonic development, hormones are found 
to exert influence on the expression of these enzymes, especially during pre-weaning 
development. Generally, pituitary and adrenal cortical hormones enhance intestinal 
maturation during post-natal development. Deprivation of thyroxine and growth 
hormone, by hypophysectomy in 6 day old rats, virtually stopped intestinal maturation, 
and lactase activity remained abnormally high, while sucrase-isomaltase activity 
developed only partially during the ensuing 20 days (Castillo et al, 1991). 
Supplementation with thyroxine and growth hormone restored normal developmental 
patterns of intestinal development as well as both glycohydrolases. In another study, 
cortisone coordinately increased levels of both lactase and sucrase-isomaltase activities 
as well as m the corresponding mRNA levels in 6 day old rats (Yeh et al, 1991a; 
1991b). Administration of thyroxine alone had little effect on either enzyme. While 
thyroxine enhanced the induction of sucrase-isomaltase by cortisone, it antagonised the 
enhancing effect of cortisone on lactase expression (Yeh et al, 1991a; 1991b). 
Administration of triiodothyronine in adult rats led to the development of villus 
hyperplasia and down-regulation of lactase mRNA, while sucrase-isomaltase mRNA 
was not affected (Hodin et al, 1992). Gutschmidt and Emde, (1981) demonstrated by 
careful morphometncal studies, that in adult rat thyroxine specifically diminished the 
amount of lactase, while the crypt-villus architecture was not affected. Similarly, Raul 
et al, (1984) demonstrated that total parenteral nutrition led to increased lactase levels 
in adult rats, while supplementation with thyroid hormones was able to restore 
intestinal lactase levels. In neonatal rats, Liu et al, (1992) demonstrated that in the 
absence of thyroxine lactase activity remained elevated and failed to decline at 
weaning, while the half-life of the enzyme was approximately doubled. Injection of 
thyroxine in rat pups accelerated enterocyte migration, while this migration was 
reduced in hypothyroid rats (Liu et al, 1992). Thus, thyroid hormones exert their 
actions on the expression of brush-border glycohydrolases by effects on growth as well 
as on differentiation of the intestinal epithelium. Glucocorticoids stimulate the 
expression of sucrase-isomaltase in suckling rats (10-15 day old), while the 
glucocorticoid antagonist RU-38486 impedes sucrase-isomaltase expression in the 
developing intestine (Haun et al, 1980; Foltzer-Jourdainne et al, 1993; Galand, 1988; 
Nsi-Emvo et al, 1994). In adult diabetic rats, the sucrase-isomaltase mRNA as well as 
activity levels are increased, indicating a stimulatory role for insulin in the biosynthesis 
of sucrase-isomaltase (Hoffman and Chang, 1992). 
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Receptors for epidermal growth factor (EGF) have been demonstrated on the 
enterocytes of the human fetal gut (Menard and Pothier, 1991). EGF was shown to 
enhance intrauterine intestinal maturation and lactase expression in fetal rabbits 
(Buchmiller et al, 1993a; 1993b). Cross and Quarom, (1991) found that EGF enhanced 
the proliferation of Caco-2 cells. Independent of this growth stimulation, sucrase-
isomaltase mRNA and biosynthesis levels were greatly reduced in 12 day confluent 
Caco-2 cells, while other brush-border enzymes were unaffected, indicating a selective 
down-regulation of sucrase-isomaltase (Cross and Quaroni, 1991). Also in Caco-2 cells 
grown under serum-free conditions, EGF (as well as triiodothyronine) inhibited 
sucrase-isomaltase expression (Jumarie and Malo, 1991). In contrast, EGF was able to 
induce precocious sucrase-isomaltase expression in suckling rats (Foltzer-Jourdairme et 
al, 1993). 

EGF was found to have a very rapid and direct effect on the surface area of the 
brush-border membrane (Hardin et al, 1993). Small intestinal loops of young rabbits 
were exposed in vivo to EGF and the effect on the brush-border were measured. Within 
10 min the absorptive area of the apical membrane was increased at least two-fold, 
which was mostly attributed to lengthening of the microvilli. This increase in 
membrane area was most likely due to redistribution of pre-existing microvillar 
membrane vesicles, as the composition of the microvillar membrane did not change 
during the increase of surface area (Hardin et al, 1993). 

Caco-2 cells are a very valuable model 
Caco-2 cells were originally isolated from a colonic adenocarcinoma, however, 

these cells display virtually all characteristics of small intestinal enterocytes (Pinto et 
al, 1983). Some of the aspects of hormonal control of sucrase-isomaltase and lactase 
expression have been evaluated in Caco-2 cells. Caco-2 cells, cultured in the presence 
of 10-20% fetal calf serum, could be adapted to grow on a chemically defined medium, 
without loss of differentiation characteristics (Jumarie and Malo, 1991). 
Triiodothyronine increased the expression of sucrase-isomaltase in these cells to some 
extent, but hydrocortisone had no effect. As these hormones had no major effects on 
sucrase-isomaltase expression in Caco-2, the effects of these hormones measured in 
vivo may be secondary. Two independent studies in Caco-2 cells found that forskolin 
(an activator of adenylate cyclase) inhibited sucrase-isomaltase expression, while 
enhancing the lactase expression. Rousset et al (1989) found that diminishing the 
cAMP content of Caco-2 cells affected the sucrase-isomaltase synthesis at three levels: 
1) sucrase-isomaltase mRNA decreased, 2) biosynthesis was impaired, and 3) transport 
to the microvillar membrane was completely inhibited. These effects were reversible, 
but the experiments indicate that cAMP depletion has independent effects on these 
three levels of sucrase-isomaltase expression (Rousset et al, 1989). More recently, 
Hauri et al, (1994) confirmed these results of sucrase-isomaltase expression, and 
compared it with the effects of forskolin on lactase expression in Caco-2 cells. In 
contrast to effects on sucrase-isomaltase, lactase expression appeared to be induced by 
cAMP depletion, and this effect was primarily exerted at the transcriptional level. 



48 - Chapter 3 

Moreover, hydrocortisone had opposite effects on sucrase-isomaltase and lactase 
expression: lactase was inducible by hydrocortisone, while sucrase-isomaltase was 
inhibited. Hydrocortisone may work via an indirect mechanism, as the effects were 
only measurable after several days (Hauri et al, 1994). The developmental impact of 
the opposite effects of cAMP on lactase and sucrase-isomaltase expression can hardly 
be overestimated. The expression patterns of lactase and sucrase-isomaltase during 
development in animals are mirror images: lactase is switched off at weaning, while 
sucrase-isomaltase is turned on. Therefore, it seems plausible that one factor, which 
would lower the cAMP concentration in enterocytes, could up-regulate lactase as well 
as down-regulate sucrase-isomaltase during developmental. Further confirmation on 
this point is obviously required. 

Mosaic expression 
An interesting yet unexplained finding in the cellular expression of lactase 

during development is the mosaic pattern found within the intestinal epithelium. In rat, 
human and rabbit intestinal epitheha occasionally individual cells can be found with 
very high lactase expression, while the surrounding enterocytes seem devoid of any 
lactase (Maiuri et al, 1991; 1992; Lorenzsonn et al, 1993; Rings et al, 1994a). 
Sometimes, the lactase positive cells are found grouped together, and this has been 
termed 'patchy' expression. Generally, this mosaic expression is found at the proximal 
and distal boundaries of lactase expression, in zones of the intestine with low lactase 
activity (Maiuri et al, 1992; Rings et al, 1994a; figure 8). In duodenal biopsies of 
Caucasians with low lactase expression, mosaic lactase expression has been found 
(Maiuri et al, 1991; Lorenzsonn et al, 1993; Maiuri et al, 1994). However, as the 
expression of lactase in the duodenum is generally low, this mosaic expression likely 
represents the proximal transition zone of lactase expression. Duodenal biopsies are 
often used clinically to detect lactase deficiency. Obviously, as lactase is generally 
lower in this region, mosaicism must be very carefully interpreted. Furthermore, mosaic 
expression of brush-border glycohydrolases may be induced by damage to the intestinal 
epithelium. In some individuals with mild villus atrophy, sucrase-isomaltase, as well as 
lactase were found to be mosaically expressed (Nichols et al, 1992). Maiuri et al 
(1993b) compared the surface staining pattern of enterocytes of whole rabbit and 
human villi. They found that the expression on the human villi was patchy, i.e. discrete 
patches of lactase positive cells were found, whereas the lactase-positive enterocytes in 
rabbit were found as ribbons along the villi. Therefore, the regulation of the mosaicism 
of lactase in human and rabbit may be fundamentally different: in rabbit it likely has a 
clonal origin (i.e. lactase-positive cells may all be daughter cells of a certain stem cell), 
while in humans mosaicism may arise as consequence of other mechanisms. 

Similar to lactase, mosaic expression was also observed for sucrase-isomaltase 
in 16 day old rats: The first expression of sucrase-isomaltase appears in isolated cells 
throughout the small intestine (Rings et al, 1994a; figure 7 and 8). 

Thus, mosaic expression of sucrase-isomaltase seems also associated with low 
expression of sucrase-isomaltase within the epithelium. A mosaic pattern was also 
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Figure 8. Mosaic expression of lactase and sucrase-isomaltase around weaning in 
the proximal small intestine of the rat. The expression of sucrase-isomaltase and lactase was 
detected immunohistochemically, using specific monoclonal antibodies: Panel a-c, lactase expression; 
panel d-f, sucrase-isomaltase expression. Note that lactase and sucrase-isomaltase expression was 
determined in adjacent sections, a) At 16 days, lactase is expressed in all enterocytes along the villus, b) 
Mosaic expression of lactase is observed at 21 days, c) Lactase is no longer detectable at 28 days, d) 
Mosaic expression is found for sucrase-isomaltase at 16 days, e) At 21 days, sucrase-isomaltase is 
present along the entire villus, f) At 28 days sucrase-isomaltase is detected at the entire villus, although 
the cells at the extreme villus-tip are only faintly stained. Reproduced with permission from Rings et al. 
(1994a). 

individuals. This was explained by an underlying mosaic expression of a(l-2)fucosyl-
transferase responsible for formation of the H-antigen (the precursor of the A-antigen) 
(Maiuri et al, 1993a). Similar mosaic expression of sucrase-isomaltase in Caco-2 cells 
appeared to depend on cellular differentiation: All cells eventually expressed sucrase-
isomaltase (Vachon and Beaulieu, 1992) suggesting that mosaic patterns in Caco-2 are 
of another nature than the mosaics in vivo. 
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Presently, no mechanism has been suggested or identified that explains mosaic 
gene expression of enterocytic glycohydrolases. It is unlikely that such mosaicisms per 
se have a function. It seems more likely that mosaicisms or phenotypic variation among 
enterocytes are generated in a similar manner as are the various differently 
differentiated cell types anse from a single crypt. 

Effects of substrates on enzyme activities are minimal 
The expression of brush-border glycohydrolases is developmentally imprinted. 

Nevertheless, there still is a role for carbohydrate substrates in the regulation of the 
level of the individual enzymes. Lactase activity is hardly affected by the presence of 
its substrate, while only a slight inhibitory effect has been shown for glucose 
(Reviewed in Rings et ai, 1994b); administration of lactose does not elevate lactase 
specific activity. In adult rabbits and rats no adaptation of lactase activity was observed 
in the presence of milk or lactose in the diet (Plimmer, 1906). Although it has been 
reported that, irrespective of its source, a high concentration of glucose slightly 
increased lactase activity in rat (Goda et al, 1985) most literature contradict this view. 
The level of lactase expression therefore seems not influenced by the presence of high 
amounts of glucose or fructose in the diet, while these monosaccharides were shown to 
induce sucrase-isomaltase 1.6-3.2-fold (Collins et al, 1989). The independence of 
lactase development from substrate supply is emphasized by the fact that high lactase 
levels are present prior to birth and thus in complete absence of lactose. Thus, all 
evidence suggests that the level of lactase activity is genetically determined; only minor 
control may be exerted by glucose, but no regulation is exerted by lactose. In humans 
neither prolonged ingestion of lactose nor elimination of lactose from the diet altered 
lactase activity (Kogut et al, 1967; Gilat et al, 1972). 

Sucrase-isomaltase is more prone to substrate regulation than lactase 
(Reviewed by Henning, 1981, 1985; Bustamante et al, 1986). A decreased intake of 
starch led to a decrease m all brush-border glycohydrolases, indicating a specific 
adaptation to low carbohydrate intake, as brush-border peptidases were not affected 
(Goda et al, 1983). Starvation had different effects on jejunal glycohydrolases: lactase 
activity remained virtually unchanged, while sucrase-isomaltase activity increased, due 
to enhanced and impaired polypeptide synthesis, respectively (Holt and Yeh, 1992). 
The up-regulation of sucrase-isomaltase by dietary sucrose was clearly a specific 
process that increased the amount of active enzymes per cell, as sucrose did not in any 
way change the cell migration rate, the number of enterocytes, or crypt-villus ratio 
(Ferraris et al, 1992). 

The administration of galactose as sole carbohydrate source to mice led to a 
state of malnutrition, most likely due to the inability of this species to efficiently 
metabolise this compound (Smith et al, 1990). The malnutrition led to a decreased rate 
of enterocyte biogenesis, and these enterocytes showed strongly decreased lactase 
levels, while the sucrase-isomaltase levels were unaffected. Thus, lactase and sucrase-
isomaltase were regulated by different mechanisms in the enterocytes of these 
malnourished mice. 
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Fructose has a peculiar effect on the expression of brush-border enzymes. In 
cultured pig small intestinal expiants, 10-50 mM of fructose prevented the expression 
of ammopeptidase N, and decreased expression of sucrase-isomaltase to about 20%. 
Fructose induced a very rapid degradation of newly synthesised enzymes, probably due 
to aberrant N-glycosylation (Danielsen, 1989). Apart from its effect on yV-glycosylation, 
fructose perturbed the intracellular membrane traffic in the enterocyte (Danielsen et al, 
1991). Thus, fructose or sucrose at physiological concentrations may induce dramatic 
changes in enterocyte function, by some not yet identified mechanism. 

Expression in colon in health and disease 
From the above, it is clear that the expression of brush-border glycohydrolases 

is generally confined to the small intestinal enterocytes, and that the physiologically 
important functions of these enzymes are exerted in the small intestine. However, 
expression of these enzymes in the colon is also a common phenomenon in early 
development or under specific conditions. In suckling rat, expression of lactase is found 
in the colon, which was biochemically indistinguishable from jejunal lactase. In these 
young animals, the colonic epithelium of the rat has a crypt-villus architecture, which 
disappears towards weaning, and expression was confined to these rudimentary colonic 
villi (Büller et al, 1989b; Colony et al, 1989). The expression of lactase in rat was 
highest in the proximal colon, while adult rats express low levels of lactase in the colon, 
but do not express sucrase-isomaltase (Colony et al, 1989; Foltzer-Jourdainne et al, 
1989). Although sucrase-isomaltase is normally not expressed in the rat colon, 
expression could be evoked in the colon by treatment of 4 day old rats with thyroxine 
and hydrocortisone, suggesting that induction of jejunal characteristics is possible in 
young rat colon (Foltzer-Jourdainne et al, 1989). 

In humans, low levels of sucrase-isomaltase are expressed in the colon adult, 
while higher amounts are present in the fetal colon (Beauheu et al, 1990; Gorvel et al, 
1991; Real et al, 1992; Andrews et al, 1992). The colonie sucrase-isomaltase is 
biochemically indistinguishable from the jejunal enzyme (Gorvel et al, 1991). There is 
a marked over-expression of sucrase-isomaltase in colonic polyps and in 
adenocarcinomas (Real et al, 1992; Beaulieu et al, 1990). Lactase and maltase-
glucoamylase are usually absent from the adult colonic epithelium, and lactase as well 
as maltase-glucoamylase are only seldom expressed in colorectal cancer, but both 
enzymes are markedly up-regulated in transitional tissue next to these cancers (Real et 
al, 1992). There is also an increase in sucrase-isomaltase expression in ulcerative 
colitis and dysplasia resulting from this chronic inflammatory bowel disease (Andrews 
etal, 1992). 

Under the above-mentioned pathogenic circumstances, the epithelial cells are 
in a state of hyper-proliferation and concomitant de-differentiation. Also many human 
colonic cell lines, such as Caco-2 and HT29, express sucrase-isomaltase and sometimes 
lactase. These cell lines, usually derived from adenocarcinomas, are known to acquire 
small intestinal-like characteristics. Fetal colon resembles small intestine in many 
aspects, e.g. there is a crypt-villus morphology and expression of brush-border 
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enzymes. As lactase and sucrase-isomaltase are expressed in the fetal colon, the 
expression of these enzymes in hyperplastic and carcinoma tissues and in affiliated cell 
lines may logically result from this state of de-differentiation. Thus, the expression of 
lactase and sucrase-isomaltase may be regarded as fetal characteristics of colonocytes. 

Carbamoyl phosphate synthase I (CPS I) in the intestine 

Tissue specificity ofCPSI 
CPSI is expressed only in hepatocytes and enterocytes of the small intestine. In 

the liver, the CPSI expression levels are not the same for all hepatocytes. Decreasing 
content of CPSI can be found in portocentral gradient across the functional liver unit, 
the liver lobule (Moorman et al, 1989). With respect to the intestine, there is no 
evidence of CPSI gradients along the horizontal or vertical axis. Semi-quantitative 
histochemistry of CPSI mRNA and CPSI protein in adult rat did not reveal any such 
gradient (Rings et al, 1992a). 

CPSI evolution 
A gene family of enzymes with carbamoyl phosphate synthase activity 

comprising CPSI, CPSII, and CPSIII has been described to have evolved from a small 
common ancestral gene (Van den Hoff et al, 1995), probably carbamate kinase 
(Durbecq et al, 1997). In addition to this evolutionary diversification from a common 
ancestor, the chromosomal CPSI locus and its immediately flanking loci, show 
significant evolutionary conservation between human, mouse and fish (Fugu rubripes) 
because in each species CPS is similarly located in a chromosomal segment encoding 
microtubule-associated protein (MAP-2), myosin light chain (MYL-1), and carbamoyl 
phosphate synthase (Schofield et al, 1997). Furthermore, extensive conservation of 
CPS primary sequences among these species suggests a vital function for CPSI as 
suggested earlier by Van den Hoff and co-workers (Van den Hoff et al, 1995). 

CPSI physiology 
CPSI catalyzes the formation of carbamoyl from ammonia and glutamine 

and represents an important step in the urea cycle which appeares rate limiting, at least 
in liver, for the formation of urea (Meijer, 1990). The crucial function of CPSI is 
illustrated by the physiologic alterations in congenital and aquired deficiencies, i.e. in 
individuals with low or undetectable CPSI levels. In humans CPSI deficiency leads to 
high serum ammonia levels immediately after birth causing neurotoxicity, coma and 
death (Wong et al, 1994). Thus, it seems that the physiological relevance of CPSI to 
ammonia metabolism is firmly established. Whereas congenital CPSI deficiency is rare, 
aquired deficiencies may occur after organ transplantation or chemotherapy and are a 
more frequent cause of lethality (Del Rosario et al, 1997; Tuchman et al, 1997). Given 
the important physiological significance it is remarkable that so little is known about 
the expression of CPSI in humans. Especially the lack of a description of CPSI 



Intestinal Expression of Lactase, Sucrase-Isoraaltase and CPSI - 53 

expression in intestinal tissue precludes complete understanding of the role of the 
intestinal epithelium in ammonia metabolism in health and disease. Therefore, one of 
our goals was to describe CPSI enzyme expression and regulation in human intestinal 
tissue. 

CPSI biosynthesis and enzymeatic mechanism 
CPSI is a multidomain enzyme that shows evolutionary conservation with 

CPSn and HI (Van den Hoff et al, 1995). The postulated evolutionary twofold 
duplication of an ancestral gene has resulted in the formation of four domains (A, B, C 
and D). Carbamoyl phosphate synthesis occurs at domain B, the 'amidotransferase' 
domain whereas domain C forms the neccesary site for ATP hydrolysis. (Kothe et ai, 
1997; Guy et al, 1998). 

Bacterial and mammalian CPS are synthesized as single polypeptides 
containing one amidotransferase domain which hydrolyzes glutamine and transfers 
ammonia to the synthase domain (CPS-domain). The CPS domain is composed of two 
homologous subdomains, A and B, which catalyze ATP-dependent reactions in 
carbamoyl phosphate synthesis. Recombinant expression in E. coli of homodimers 
composed of AA or BB or recombinant heterodimers (AB) but not monomers, 
produced CPS activity. It was suggested that in vivo, the CPS domains A and B 
physically interact to produce enzymatic activity (Guy and Evans, 1996). 

CPS tissue specificity 
CPSI is exclusively expressed in hepatocytes and in enterocytes of the small 

intestine (Rings et al, 1992a; Goping et al, 1995) and localizes to the mitochondria. 
This was a consistent finding in human, rat, mouse, and pig (Dingemanse and Lamers, 
1994; Windmüller and Spaeth, 1976; Rings et al, 1992a; Dubois et al, 1988; Wu, 
1995). In at least porcine enterocytes it was shown that along with CPSI, all other urea-
cycle enzymes were active in the intestine, further suggesting the potential significance 
of enterocytes to the systemic nitrogen metabolism (Wu, 1995). We have studied CPSI 
for several reasons. First, it is unclear how CPSI expression in distributed in the 
intestine. We therefore investigated duodenal and colonic sections for CPSI expression. 
Second, virtually nothing is known about levels of CPSI expression in human intestine 
during the course of early infancy. To this end, we have studied duodenal biopsy 
specimens from children of various ages for CPSI expression. Third, the sub-cellular 
localization of CPSI in mitochondria made it a very suitable control in immuno-
histochemistry to help verify the specificity of other antisera that we used to detect 
brush border specific enzymes. 

Developmental expression of CPSI 
Ryall and co-workers have shown differential developmental regulation of rat 

CPSI for liver and intestine (Ryall et al, 1986). They detected appearance of CPSI 
mRNA in intestine before its appearance in liver. Moorman et al, reported first 
apearance of CPSI in fetal human liver around 5 weeks (35 days) of gestation (1989). 
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In addition to their findings, we compared the developmental appearance of CPSI 
expression in liver with that in intestine of both rat and human. De Jonge et al, have 
described expression of argmme metabolizing enzymes in enterocytes of developing rat 
in the perinatal period (1998). Their findings are in agreement with our earlier findings 
that CPSI in rat intestine is normally present in all small intestinal enterocytes in both 
crypt and villus (Frings et al, 1992a). 

CPS gene regulation 
CPSI in liver and intestine are expressed from the same gene. This implies that 

its gene promoter is equiped to direct the correct patterns of expression in enterocytes 
as well as hepatocytes. Studies descibing this promoter and analysis of its function have 
been published by Goping et ai, (1995); and by Chnstoffels et al, (1995, 1996). They 
showed among other things, corticosteroid reponsive elements that may partially 
explain regulation by hormones as observed in caloric restriction diet experiments 
(Tillman et al, 1996). Recently, an interesting specific down-regulation of hepatic 
CPSI in mice was found after exposure to hepatotoxic doses of acetaminophen (Gupta 
et al, 1997). Because these authors did not describe intestinal tissue, it remained 
unclear whether in these mice enterocytic CPSI was affected or not and if so, whether 
its decrease contributed to the toxicity observed. 
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Lactase and Sucrase-Isomaltase Gene Expression during 
Caco-2 Cell Differentiation 

Abstract 

The Caco-2 cell line is derived from a human colon adenocarcinoma and differentiates 
in vitro into small-intestinal enterocyte-like cells, expressing the hydrolases lactase and sucrase-
isomaltase. We cultured Caco-2 cells on permeable supports from 0 to 37 days post plating 
(dpp) to study endogenous lactase and sucrase-isomaltase gene expression in relation to cell 
differentiation. Lactase and sucrase-isomaltase mRNA, protein and enzyme activity profiles 
were analyzed on a per cell basis, using immunocytochemistry, ribonuclease protection assays, 
metabolic polypeptide labelling and enzyme activity assays. Tight-junction formation was 
complete at 6 dpp. Immunocytochemistry of Caco-2 cross-sections showed lactase and sucrase-
isomaltase predominantly in the microvillar membrane of polarized cells. mRNA, protein and 
enzyme activity of lactase appeared consecutively reaching maximum levels at 8-11 dpp. While 
lactase mRNA as well as its protein biosynthesis showed a sharp decline after peak levels, 
lactase activity remained high unto 37 dpp. In contrast, sucrase-isomaltase mRNA, 
biosynthesis, and activity levels peaked successively at 11-21 dpp, and followed comparable 
levels during the entire experiment. Conclusions: 1) In Caco-2 cells, lactase and sucrase-
isomaltase biosynthesis levels are regulated by the amount of their mRNAs, indicating 
transcriptional control. 2) Sucrase-isomaltase enzyme activity is most likely transcriptionally 
controlled at all timepoints. 3) In contrast, lactase activity is initially regulated by its level of 
biosynthesis. After its peak at 8 dpp, the slow decline of lactase activity, compared to its 
biosynthesis, indicates a high stability of lactase. 4) Different mRNA profiles for lactase and 
sucrase-isomaltase indicate different mechanisms of transcription for these genes. 

Introduction 

The human colon adenocarcinoma cell line Caco-2 provides one of the most 
relevant in vitro models to study characteristics and mechanisms of epithelial cell 
differentiation such as polarization, microvillar membrane assembly and protein 
trafficking (Van Beers et ai, 1995; Fogh, 1977; Pinto, 1983; Zweibaum, 1983). Caco-
2 cells proliferate and differentiate upon cell to-cell contact into polarized enterocyte-
like cells with a well-developed microvillar membrane (Peterson and Mooseker, 1993; 
Peterson et al. 1993). Furthermore, Caco-2 cells represent the only cell line known to 
express endogenous lactase as well as sucrase-isomaltase (Hauri et a!., 1985). We took 
advantage of this cell model to study the regulation of lactase and sucrase-isomaltase 
quantitatively per individual epithelial cell. 

In human intestine, lactase is synthesized as a 200 kDa precursor containing 
high mannose N-linked glycans, which is converted into a 217 kDa complexly N-
glycosylated form prior to proteolytic cleavage, which yields a mature 160 kDa 
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enzyme that is inserted into the microvillar membrane (Nairn et al, 1987; Nairn, 
1992). However, in Caco-2 cells there are minor differences compared to the in vivo 
situation, as both intracellular transport and processing of lactase into the mature 
microvillar membrane enzyme are relatively slow (Haun et al, 1985). In human 
intestine, sucrase-isomaltase is synthesized as a 210 kDa precursor containing high 
mannose N-linked glycans, which is converted into a 245 kDa complexly N-
glycosylated form that is inserted into the microvillar membrane prior to proteolytic 
cleavage into its two enzymatic subunits, sucrase (145 kDa) and isomaltase (151 kDa) 
(Nairn et al, 1988). Sucrase-isomaltase biosynthesis in Caco-2 cells only differs from 
the in vivo situation with respect to the absence of proteolytic cleavage, which 
normally occurs at the luminal side of the enterocyte by trypsin-like pancreases (Hauri 
etal, 1985). 

Many aspects of developmental expression patterns for lactase and sucrase-
isomaltase, have been studied (Van Beers et al, 1995). In vivo, developmental enzyme 
activity profiles correlate well with the change in diet around the time of weaning from 
predominantly milk (containing lactose), to non-milk food containing other 
disacchandes (sucrose) and polysaccharides. Pronounced changes in lactase and 
sucrase-isomaltase expression occur during this weaning period: lactase specific 
activity declines about tenfold, whereas sucrase-isomaltase is not present in 
appreciable amounts until weaning, but increases soon thereafter to high levels, which 
remain high throughout life (Doel and Kretchmer, 1962; Montgomery et al, 1991). 
Although co-varying to some extend with dietary carbohydrate levels, expression 
levels for lactase as well as sucrase-isomaltase are not primarily regulated by the 
presence of their substrates, but appear to be genetically determined (Cuatrecasas et 
al, 1965; Gilat et al, 1972). Aspects of the temporal and spatial patterns of in vivo 
gene expression of lactase and sucrase-isomaltase in several species (rat, rabbit, pig, 
human and mouse) have been described (Biiller et al, 1990; Rings et al, 1994; Freund 
et al, 1991; Maiuri et al, 1992; Rossi et al, 1992; Danielsen et al, 1984; Witte et al, 
1990; Escher et al, 1992; Fajardo et al, 1994; Quezada-Calvillo et al, 1993). 
However, quantitative interpretation of these studies are hampered because tissue 
homogenates were used and consequently many cell types were studied 
simultaneously, thereby obscuring the contribution of enterocytes to the levels of 
disacchandase mRNA, protein and activity. Moreover, changes during development of 
hormone levels, morphology of the intestine, and luminal factors e.g. appearance of 
pancreatic proteases, further complicates the interpretation of regulation of gene 
expression in vivo. 

Presently, Caco-2 is the only in vitro human cell culture model that might 
offer temporal, most likely differentiation-dependent, lactase and sucrase-isomaltase 
gene expression. We have chosen to study regulation of these genes in conjunction 
with Caco-2 cell differentiation by analyzing mRNA, enzyme biosynthesis and 
enzyme activity relative to the number of cells. This enables us to determine the 
relative importance of each level of regulation for both enzymes during cyto-
differentiation. The results will show that both sucrase and lactase are primarily 
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regulated by the amount of their mRNAs. However, each enzyme displayed a different 
characteristic mRNA profile, indicating independent transcriptional regulation. 
Moreover, protein stability exerted additional regulation with respect to the levels of 
enzyme activity. 

Materials and Methods 

Cell culture 
Caco-2 cells were cultured in 75 cm2 tissue culture flasks in Dulbecco's 

Modified Eagle Medium with 4.5 g glucose/1 (Gibco/Life technologies) supplemented 
with 0.1 mM of each non-essential amino acid, 10% foetal calf serum, 50 mU/ml 
penicillin (Sigma) and 50 ug/ml streptomycin (Sigma). Medium was replaced every 2-
3 days. Cells were routinely trypsinized at near confluent densities and split 1 to 10 
every week for at least 4 weeks. Then, for all experiments, cells were seeded on 
permeable collagen-coated filters (Transwell-Col; Costar) between passage number 94 
and 104 at high densities (2 x 105 cells.cm"2) with 2.5 ml medium in the basal 
compartment and 1.5 ml in the upper compartment, which was replaced after 18 h to 
remove non-attached cells. Thereafter, media in both compartments were replaced 
every 2-3 days. Cells were incubated at 5% C02, 95% relative humidity and 37°C. 

Cell count 
Filters were rinsed once in PBS pH 7.4 and fixed for 20 min at room 

temperature in methanol: acetic acid (3:1). Filters were rinsed with water and 
incubated for 30 min at room temperature with 1 ug/ml bisbenzimide H33258 
(Calbiochem) in 0.1 M sodium acetate pH 5.0. The number of nuclei per microscopic 
photograph, representing a surface area of 0.06 mm2, was counted using fluorescence 
microscopy and photography. The amount of cells per filter (4.7 cm2) was then 
calculated. 

Specificity of the monoclonal antibodies 
The monoclonal antibody directed against sucrase-isomaltase (HBB 2/219/20) 

recognized the protein precursor (210 kDa) as well as the complexly N-glycosylated 
form (217 kDa). Since the sucrase-isomaltase precursor forms are not further 
processed in Caco-2 cells, only these forms were detected (Hauri et al, 1985). The 
monoclonal antibody directed against lactase (HBB 1/90/34/74) recognized the protein 
precursor (200 kDa), the complexly N-glycosylated (214-kDa) form as well as the 
proteolytically cleaved mature form (143-kDa) (Hauri et al, 1985). 

Trans-monolayer resistance 
Trans-monolayer resistance was measured as a parameter for tight-junction 

assembly. The electrical potential difference generated by bi-directional 10 uA pulses 
across the monolayer was monitored by electrodes placed at both sides of the 
monolayer. Tight-junction formation was considered complete when electrical 
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resistance exceeded 500 Ohrn.cm2 compared to a filter without cells (Rindler and 
Traber, 1988). 

Immunocytochemistry 
Filters with cells were rinsed with PBS, fixed for 30 min in 4% 

paraformaldehyde in PBS, dehydrated in ethanol (50%, 70, 80, 96 and 100%, 
respectively), incubated overnight in 1-butanol, embedded in paraffin, and stored at 
4°C until sectioning. Slides with 7 urn thick sections were deparaffmated in xylene 
and hydrated in ethanol (100, 90, 80, 70, 50%, respectively), rinsed in PBS and used 
either for routine haematoxihn/azofloxin staining or immunoperoxidase detection of 
lactase or sucrase-isomaltase essentially as described by Rings et al. (1992) 

Ribonuclease Protection Assay 
Cytoplasmic RNA was isolated using Nonidet-P40 (BDH) (Sambrook et al, 

1989). The RNA-yield was calculated from the absorbance at 260 nm. In all 
experiments, 5 u.g samples of cytoplasmic RNA were used to perform ribonuclease 
protection assays. Templates for antisense RNA probes were synthesized as described 
by Krasinski et al. (1994). A template for human lactase mRNA, constructed in 
pIBDl (International Biotechnologies), was linearized with Hindlll prior to 
transcription. A template for human sucrase-isomaltase mRNA, constructed in 
pBluescript (Stratagene), was linearized with Sail prior to transcription. Antisense 
RNA probes were synthesized by modifications of the method described by Sambrook 
et al. (1989). Linearized templates (0.1 p.g) were incubated with transcription buffer 
containing 2.5 mM each of ATP, UTP, and GTP, 40 umol [a-32P]-CTP (800 Ci/mmol, 
Amersham), and 10 U of DNA-dependent RNA polymerase (Pharmacia) in a final 
volume of 10 ul for 1 h at 37°C. After treatment with RNase-free DNase I (Boehringer 
Mannheim), to digest the DNA-template, non-incorporated ribonucleotides were 
removed using a Sephadex G-50 column (Pharmacia). Probe-containing fractions were 
pooled, precipitated in ethanol and solubihzed m hybridization solution containing 
50% formamide, 40 mM Pipes pH 6.4, 400 mM NaCl, 1 mM EDTA and 0.1% SDS. 
Specific activities of the antisense probes were approximately 5 x 104 cpm/fmol. 
Antisense probes (5 x 104 cpm) were added to the RNA sample, denatured for 5 mm at 
85 °C, and hybridized for 18 h at 68°C. Non-hybridized RNA was digested with 
RNase A (20 |ag/ml, Boehringer Mannheim) and RNase Tl (2 fig/ml, Boehringer 
Mannheim), and the protected fragments were run on a 6% poly-acrylamide, 8 M urea 
gel with a resolution capacity of one nucleotide, together with end-labeled single-
stranded DNA fragments of known size as markers. An approximately 300-fold excess 
of radiolabelled probe was hybridized with the complementary target mRNA isolated 
from Caco-2 cells. Gels were fixed for 10 mm m 10% acetic acid/ 10% methanol and 
dried before autoradiography or quantification as described below. 

Metabolic labelling and immunoprecipitation 
Cell monolayers were washed once with 4 ml PBS, and intracellular 

methionine was depleted through incubation in Eagle's minimal essential medium 
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(Gibco), containing non-essential amino acids and penicillin/streptomycin, without 
methionine for 30 minutes at the above conditions. 100 uCi [35S]ammo acids (Cell 
Labelling Mix, Amersham) containing [35S]methiomne (specific activity >1000 
Ci/mmol) was added basally. Although this preparation also contains [35S]cysteine, we 
performed our experiments in the presence of sufficient, unlabeled cysteine to prevent 
significant incorporation of this relatively unstable ammo acid. After 20 h incubation, 
during which radiolabel-mcorporation was linear with time, filters were rinsed once in 
PBS, cut out of their frames and homogenized by 20 strokes in a Potter-Elvejhem tube 
in 2 ml ice-cold 20 mM Hepes, 20 mM NaCl, 0.02% NaN3 (w/v), 0.5% (v/v) Triton 
X-100 (BDH), 100 ug/ml soybean trypsin inhibitor (Sigma), 10 ug/ml pepstatin A 
(Sigma), 10 ug/ml leupeptin (Sigma), and 1 mM phenylmethylsulphonyl fluoride 
(Sigma). The homogenate was divided into equal aliquots to which an excess of IgG 
was added of either monoclonal antibody; anti-human lactase or anti-human sucrase-
isomaltase. After 4 h incubation at 4°C, samples were cleared by centrifugation for 5 
min at 10,000 g. The supernatant was incubated for 1 h at 4°C with 50 ul of protein A-
Sepharose beads (Pharmacia) with sufficient capacity to bind the IgG. 
Immunocomplexes were washed once in 50 mM Tris/HCl pH 7.4, 150 mM NaCl, 
0.05% Tnton X-100 (BDH), 0.1% SDS and twice m 50 mM Tris/HCl pH 7.4, 150 
mM NaCl, 0.1% Triton X-100 (BDH), 0.02% SDS containing protease inhibitors as 
described above. Protein A-Sepharose pellets were dried by aspiration, and boiled for 
5 min m 40 ul sample buffer (125 mM Tris/HCl pH 6.8, 20% glycerol, 5% SDS, 2% 
2-mercaptoethanol, 0.001% bromophenol blue) (Laemmli, 1970). Each sample was 
analyzed on 7.5% SDS-PAGE. Gels were Coomassie stained, incubated for 15 mm in 
Amplify (Amersham) and dried for fluorography, and quantification as described 
below. Lactase and sucrase-isomaltase molecular weights were compared with 
prestained molecular weight standards (BioRad). All samples were boiled and stored 
at -20°C immediately after immunoprecipitation until electrophoresis. A single batch 
of [ S] methionine was used at all timepoints of an experiment to circumvent 
correction for radioactive decay. 

Enzyme activity assay 
Lactase as well as sucrase enzyme activities were determined in aliquots of 

total cell homogenates using the natural substrates lactose or sucrose each according to 
Dahlqvist (Dahlqvist, 1969). To fully inhibit lysosomal acid ß-galactosidase activity, 
we performed the assay in the presence of 1 mM p-chloromercuribenzoate (Dahlqvist, 
1969). 

Quantification of the results 
Four independent series of Caco-2 differentiation experiments were 

performed, two covering 0-8 dpp, and two covering 0-37 dpp. Therefore, in all graphs, 
we show mean values from at least two independent experiments, and standard errors 
of the mean (S.E.M.) are indicated. Data were corrected for cell number and for RNA-
yield per cell in the case of the nbonuclease protection assay. Before calculation of the 
mean using data from independent experiments, data from each experiment were 
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indexed to generate values between 0 to 1. Hence, data from each experimental series 
would evenly contribute to the mean. The resulting profile of each technique was 
again indexed and plotted in each graph as arbitrary units (A.U.) between 0 and 1. 
Ribonuclease protection assays as well as metabolic labelling experiments were 
analyzed with a Phosphorlmager™ using ImageQuant™ software (Molecular 
Dynamics) to determine the amount of radioactivity in each band. Band surface areas 
were of equal size at all timepoints. Protected riboprobe band-intensities were 
corrected for background by subtracting the 'signal' in an equal surface-area in a lane 
where yeast tRNA or human thyroid gland RNA was used to hybridize with the 
respective probes. This corrected 'signal' was then divided by the number of cells per 
filter and multiplied by the yield of total RNA at that specific timepomt to give the 
amount of specific mRNA per cell. Band areas for lactase biosynthesis were chosen 
such, to include the 200, 214, and the 143-kDa forms, whereas for sucrase-isomaltase 
the area included both the 210 and the 217-kDa form. All measurements were 
corrected for background by subtracting the 'signal' from an equal surface area in a 
lane representing an immunoprecipitation from 1 ml of apical medium. The number of 
cells per filter to give the amounts of de novo synthesized lactase and sucrase-
isomaltase per cell at each timepoint then divided the resulting 'signals'. Enzyme 
activities were corrected for number of cells per filter at each timepoint. As 
background values, we used the results from an assay with the same homogenate, 
which was incubated first with Tris, a fully competitive inhibitor of lactase as well as 
sucrase (Dahlqvist, 1969), before incubation with the substrate (lactose or sucrose). 

Results 

Caco-2 cells were seeded on collagen-coated filters at very high, near-
confluent, densities. After seeding, the number of cells, or more precise, the number of 
detected nuclei, was counted. Figure 1 shows a small increase in cell number during 6 
dpp, and relatively unchanged cell numbers thereafter. As mitotic figures were virtually 
absent after 6 dpp, we conclude that cells ceased to proliferate after 6 days in culture. 
The amount of RNA isolated per filter showed a very similar profile compared to cell 
numbers. Thus, the ratio between cell number and amount of RNA remained similar 
during the experiments. 

Polarization of the cells was measured as trans-monolayer resistance, 
indicative for tight-junction formation. Figure 2 shows that trans-monolayer resistance 
was not detectable until 4 dpp, but increased rapidly reaching a maximum at 7 dpp. In 
accordance with other studies, we conclude that above 500 Ohm.cm2, Caco-2 cells 
form a polarized, confluent monolayer (Rindler and Traber, 1988). Polarization was 
further studied by immunocytochemistry of lactase and sucrase-isomaltase, which are 
known to be localized exclusively in the microvillar membrane of polarized Caco-2 
cells (Haun et al, 1985, Klumperman et al, 1991). 
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Figure 1. Cell number and RNA-yield during Caco-2 cyto-differentiation. Cell number 
and RNA yield per filter were plotted in arbitrary units (A.U.) against dpp of Caco-2 monolayers. Results 
are the mean of at least 2 experiments. Maximal cell density was 2.3 x 106 cells/filter at 6 dpp. Maximal 
total RNA yield was 95.2 ug/filter at 6 dpp. 
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Figure 2. Trans-monolayer resistance during Caco-2 cyto-differentiation Transwell filters 
with monolayers of Caco-2 cells were subjected to bi-directional 10 uA electrical pulses and the trans-
monolayer resistance (Ohm.cm2) was plotted in arbitrary units (A.U.) against dpp. 

Figure 3 shows representative immunocytochemistry of lactase and sucrase-isomaltase 
at 8 dpp and 16 dpp, respectively. Lactase as well as sucrase-isomaltase were not 
detected immuno-cytochemically until 5 dpp, but the polypeptides were detected in all 
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cells from 7 dpp and beyond. During early Caco-2 cyto-differentiation, expression of 
either of these polypeptides was first only found in patches of cells, while within a few 
days all cells were positive. Both polypeptides were expressed predominantly in the 
microvillar membrane, while also some intracellular staining was found in the region 
of the rough endoplasmic reticulum and Golgi complex. Neither lactase nor sucrase-
isomaltase was ever detected at the basolateral plasma membrane of the cells. 
Negative controls, i.e. immunocytochemistry without lactase or sucrase-isomaltase 
specific antibodies, showed no staining at any timepoint. 
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Figure 3. Immunocytochemical detection of lactase and sucrase-isomaltase in Caco-2 
cells. (A) Lactase was detected in the apical membrane of Caco-2 cells at 8 dpp, using the HBB 
1/90/34/74 monoclonal antibody. (B) Sucrase-isomaltase was detected in the apical membrane at 16 dpp, 
using the HBB 2/219/20 monoclonal antibody. The arrows indicate the apical membrane. 

The gene expression of lactase and sucrase-isomaltase was measured at the 
level of mRNA, protein biosynthesis, and enzyme activity. Figure 4A and B show 
representative ribonuclease protection assays detecting lactase and sucrase-isomaltase 
mRNA, respectively, during differentiation of the cells. The lactase mRNA level 
clearly peaks at 6-8 dpp (figure 4A). Four separate bands, each differing only one 
nucleotide in size, were consistently found when the lactase antisense probe was used, 
and are most likely the result of incomplete RNA digestion. As these bands were 
characteristic for the use of this probe, all these four bands were used to calculate the 
amount of lactase mRNA. Quantitatively, lactase mRNA content per cell increased 
linearly unto 8 dpp and rapidly decreased thereafter to low levels (figure 4C). In one of 
the experiments, the peak value fell at 6 dpp, hence the large S.E.M. at this timepoint. 
More convincing however, is the decline of lactase mRNA per cell to 10%-15% of its 
maximal value at 8 dpp. Sucrase-isomaltase mRNA steadily increased from 0 dpp 
until 16 dpp (figure 4C). Sucrase-isomaltase mRNA abundance reached maximal 
values at 11 dpp but, as can also be seen from the indicated S.E.M. bars, these peak 
levels are maintained unto 16 dpp. Thereafter, sucrase-isomaltase mRNA decreased 
reaching approximately 65% of its peak value at 37 dpp (figure 4B and C). Negative 
controls, i.e. hybridization of either lactase or sucrase-isomaltase antisense probes with 
yeast tRNA and with human thyroid RNA, showed no signals. 
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Figure 4. Lactase and sucrase-isomaltase mRNAs during Caco-2 cyto-differentiation. 
Ribonuclease protection assays, using 32P-dCTP labelled riboprobes, showed a protected 96 nt fragment 
representing lactase mRNA (A) and a protected 420 nt fragment representing sucrase-isomaltase mRNA 
(B) at indicated dpp. Band intensities were calculated from 2-4 independent experiments using a 
Phosphorlmager, and used to generate a graph (C). A.U., arbitrary units. 

De novo biosynthesis of lactase and sucrase-isomaltase was measured during 
Caco-2 cell differentiation. We observed that lactase protein biosynthesis increased 
linearly starting at 2 dpp and reached its peak value at 8 dpp (figure 5A & C). After 8 
dpp, lactase biosynthesis rapidly decreased to less than 10% of its peak level at 8 dpp. 
Sucrase-isomaltase biosynthesis, like lactase, also appeared at 2 dpp (figure 5B). 
However, after a steady increase, biosynthesis reached its peak value at 21 dpp (figure 
5C). Beyond 21 dpp, sucrase-isomaltase biosynthesis was slightly reduced, to 
approximately 70% of its peak value. Figure 5A shows 3 molecular forms of lactase, 
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214, 200, and 143 kDa, as described by Hauri et al. (1985). This indicates that lactase 
was proteolytically cleaved to its mature microvillar membrane form at all timepoints. 
As previously noted (Hauri et al., 1985), sucrase-isomaltase in contrast to the in vivo 
situation, was not cleaved into its sucrase and isomaltase subunits, as only two 
molecular forms could be distinguished, 217 and 210 kDa (figure 5B). 

214. 
200" 
143-

P0IÊÉÈ 

— — 205 

8 ;l— 116.5 

B 

217. 
210" 

- ^ — ^ ^ Ü L ^ ^ m ^ ^ • ^ ^ • ^ M M M 

fcr ,116.5 

dpp 8 11 16 21 27 33 37 

T 
20 

days post plating 

4 0 

Figure 5. Biosynthesis of lactase and sucrase-isomaltase during Caco-2 cyto-
differentiation. Caco-2 cells were labelled for 20 h at the indicated dpp with [35S] methionine. Lactase 
(A) and sucrase-isomaltase (B) were immunoprecipitated, analyzed on SDS-PAGE and fluorographed for 
6 days. Molecular mass markers (kDa) are indicated to the right. Band intensities from 2-4 independent 
experiments were determined using a Phosphorlmager. Data were processed to generate the graph (C). 
A.U., arbitrary units. 



Lactase and SI Gene Expression during Caco-2 Cell Differentiation - 85 

The disaccharidase activities in homogenates of Caco-2 cells were measured 
during cell differentiation (figure 6). The lactase activity showed a linear increase 
starting at 2 dpp, reaching peak activity at 11 dpp (6 mU/filter). A subsequent slow 
decline was found in lactase activity to about 65% of the peak activity at 37 dpp. 
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Figure 6. Lactase and sucrase enzyme activities during Caco-2 cyto-differentiation. 
The enzyme activities were measured using lactose and sucrose (each at 56 mM), respectively. The graph 
shows the mean of 4 independent experimental series. Data were processed to generate the graph, as 
indicated in Materials and Methods. A.U., arbitrary units. The lactase peak activity found at 11 dpp 
corresponded with 6 mU per filter and the sucrase peak at 21 dpp corresponded with 23 mil per filter. 
Note that this is 3 mU/106 cells for lactase and 11 mU/106 cells for sucrase. 

Sucrase activity started to increase at 6 dpp, and reached its maximal value 
after a gradual increase, at 21 dpp (23 mU/filter), thereafter it decreased gradually 
towards 37 dpp, at which sucrase-isomaltase activity per cell was still 85% of its 
maximal value. Similar enzyme activity assays were performed on microvillar 
membrane preparations after cell fractionation according to the Ca +-precipitation 
method (Kessler et al, 1978). The results showed essentially similar profiles for both 
hydrolases, but enzyme recovery was relatively low. 

Discussion 

The intestinal cell line Caco-2 has been used to study various aspects of 
epithelial cyto-differentiation, such as barrier formation, trans-epithelial transport, 
expression of enterocyte-specific genes, and routing of de novo synthesized proteins 
within the cell (Pmto et al, 1983; Hauri et al, 1985; Rmdler and Traber, 1988; Gilbert 
et al, 1991; LeBivic et al, 1990). Recently, Hauri et al. (1994), showed modulation of 
lactase and sucrase-isomaltase expression in Caco-2 cells of 13-16 days after seeding, 
using cAMP modulators. Vachon and Beaulieu (1992) have described the endogenous 
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expression of sucrase-isomaltase during Caco-2 cell differentiation at the 
immunocytochemical level. The present study is the first to analyze the levels of 
lactase and sucrase-isomaltase at the mRNA, protein biosynthesis, and enzyme 
activity levels as well as cell numbers during an extended period. The major advantage 
of Caco-2 cells over experiments with tissue is that the results can be expressed on a 
per-cell basis, thereby greatly facilitating interpretation of the regulation of these genes 
at the cellular level. 

Immunocytochemistry showed, as expected, and similar to the in vivo 
situation, predominant microvillar localization of both glycohydrolases. During the 
upsurge in lactase and sucrase-isomaltase biosynthesis, immunocytochemistry showed 
that not all cells were stained, generating a patchy expression pattern. Similar findings 
in Caco-2 monolayers have been reported by Vachon and Beauheu (1992) for sucrase-
isomaltase and for lactase by Hauri et al. (1985). As all differentiating Caco-2 cells 
eventually express lactase and sucrase-isomaltase within a few days after their first 
detection, the patchy expression of the glycohydrolases seems a transient 
phenomenon. Temporary patchy expression in Caco-2 cells likely results from slightly 
asynchronous differentiation of adjacent cells (Vachon and Beaulieu, 1992). As this 
phenomenon exists for only a short period, compared to the span of the experiment, 
patchy expression does not seriously interfere with the interpretation of our 
measurements. 

In vivo, patchy expression of lactase was shown m rat and human and is likely 
to result from a different mechanism as discussed above for Caco-2 cells (Rings et al, 
1994; Maiun et al., 1991). Yet, no explanation was found for this pattern of gene 
expression. In vivo, the intestinal epithelium is continuously repopulated by 
descendants of stem cells, residing in the crypt. The differentiation of epithelial cells 
correlates closely to their position along the crypt-villus axis. It is generally accepted 
that villus enterocytes are fully differentiated cells. In patchy lactase expression, the 
ratio between lactase-positive and -negative enterocytes along the villus is unchanged, 
indicating that lactase expression is not correlated with cell age (Rings et al, 1994; 
Maiuri et al., 1991). Therefore, eventual lactase expression of each villus enterocyte is 
most likely determined earlier during a specific stage of differentiation in the crypt. 

Insight in the regulation of lactase and sucrase-isomaltase expression in Caco-
2 cells can be acquired by analysing the profiles of mRNA-, biosynthesis-, and activity 
levels of each enzyme. Lactase mRNA levels closely correlated with lactase 
biosynthesis levels at all timepoints (figure 4C, 5C), indicating that biosynthesis is 
primarily regulated at the transcriptional level. Lactase activity occurs about 2 days 
after the peak in biosynthesis, but declines only very slowly to about 70% of its peak 
value at the end of the experiment (figure 5C, 6). This indicates that a high stability of 
lactase determines the enzyme levels after 11 dpp, when the biosynthesis is reduced to 
low levels. Sucrase-isomaltase mRNA levels also correlated well with sucrase-
isomaltase biosynthesis levels, indicating primary regulation at the transcriptional 
level (figure 4C, 5C). 
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At early (up to 8 dpp) and at later timepoints (after 21 dpp) sucrase-isomaltase 
biosynthesis is high, relative to the amount of its mRNA, suggesting additional 
translational regulation. However, this translational regulation imposed only minor 
effects on the translation efficiency, as the biosynthesis levels vary only by about 20% 
relative to the mRNA levels (figure 4C, 5C). Sucrase activity closely correlates with 
the sucrase-isomaltase biosynthesis levels. As there is no accumulation over time of 
active sucrase, the sucrase-isomaltase protein apparently has a short half-live. The 
profiles of sucrase-isomaltase activity, its biosynthesis, and to a large extend also its 
mRNA levels, correlate well. Therefore the enzyme level is most likely 
transcriptionally regulated at all timepoints. 

In Caco-2 cells, the biosynthesis of both lactase and sucrase-isomaltase is 
most likely primarily regulated at the transcriptional level. Comparable results in vivo 
were reported by us, regarding human and rat small intestine (Rings et al, 1992, 1994; 
Escher et al, 1992; Krasinski et al, 1994; Büller et al, 1990; Traber et al, 1992). 
However, the expression profiles of mRNA levels for each glycohydrolase in Caco-2 
cells, indicative for transcriptional regulation, are markedly different (figure 7). 
Lactase mRNA appeared before sucrase-isomaltase mRNA, peaked early, and rapidly 
declined thereafter. Sucrase-isomaltase mRNA appeared more gradually, peaked about 
a week after lactase mRNA, and declined to a stable level at about 70% of its peak 
value. Therefore, we conclude that lactase and sucrase-isomaltase mRNA levels are 
regulated differently during Caco-2 differentiation. This suggests, that the regulatory 
mechanisms involved in the expression of these glycohydrolases are different. Several 
other studies have found evidence for regulatory mechanisms that modulate lactase 
and sucrase-isomaltase expression patterns. Hauri et al. (1994) have indicated that 
lactase and sucrase-isomaltase protein biosynthesis in Caco-2 are reciprocally 
influenced by cAMP-modulators like forskolin and vasoactive-mtestinal-peptide, also 
suggesting different regulatory mechanisms for these genes. Troelsen et al. (1992) 
have identified a transcription factor in pig small intestinal enterocytes, NF-LPH-1, 
which was also demonstrated to be present in Caco-2 cells. These authors have further 
shown that this factor, recognizes the same nucleotide sequence as the human sucrase 
transcription factor SIF1-BP, identified by Traber et al. (1992), and therefore probably 
binds to the same promoter element, suggesting a common mechanism involved in 
regulation of both genes (Troelsen et al, 1994). However, our results show that 
neither the lactase up-regulation nor its down-regulation coincides with that of 
sucrase-isomaltase, and therefore, besides at least one common regulatory factor, other 
specific factors must be involved to explain their different expression in Caco-2 cells. 

The second major determinant of lactase and sucrase-isomaltase enzyme 
levels in Caco-2 cells, apart from their mRNA levels, is the half-life of these enzymes. 
Lactase has a long half-life compared to sucrase-isomaltase. This could be explained 
by differences in processing of these enzymes during the span of the experiment. 
Proteolytic processing of lactase occurs during all stages of cyto-differentiation, 
because the mature form, as well as the high-mannose, and complexly N-glycosylated 
precursor were detected at all timepoints. Sucrase-isomaltase is not proteolytically 
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cleaved in Caco-2 at any timepoint. Hauri et al. (1985) reported similar findings for 
lactase and sucrase-isomaltase in Caco-2 cells at 5 and 9 days post-confluence. 
Proteolytic processing of neither lactase nor sucrase-isomaltase appeared to effect their 
enzymatic activities (Nairn et al., 1991; Sjöström et al, 1980; Hauri et al, 1982). 
Since analysis of biosynthesis of both hydrolases shows similar patterns at different 
timepoints, it seems unlikely that changes in processing contribute to the observed 
changes in enzyme-activities. In addition, glycosylation changes during Caco-2 
differentiation (Brockhausen et al, 1991), are not likely to explain differences in half-
lives either. Firstly, terminal glycosylation changes during rat post-natal development, 
from predominantly sialic acid - to fucose residues, proved irrelevant to the lactase 
specific activity (Büller et al, 1990). Secondly, it is unlikely that these changes in 
glycosylation have opposite effects on half-lives of sucrase-isomaltase and lactase. 
Dudley et al. (1993) have reported similar mean resident-times for lactase (7.8 h) and 
sucrase-isomaltase (5.8 h) in rat intestinal brush-borders. However, these in vivo 
results were obtained in intestinal epithelium of intact rats, normally exposed to 
pancreatic enzymes. Thus, the in vivo half-life is determined by three parameters: de 
novo biosynthesis, intrinsic stability of the enzymes in the brush-border, and the 
degradation by luminal proteases. As there were no proteases present during our Caco-
2 cell experiments, and the de novo biosynthesis was analyzed at all timepoints, we 
conclude that the difference in stability of lactase and sucrase-isomaltase reflects 
intrinsic properties of these enzymes in Caco-2 cells. 

The results of this study show the independent expression of lactase and 
sucrase-isomaltase in Caco-2 cells. Therefore, the differentiation dependent fashion of 
these two glycohydrolases may be used as a model to further investigate 
transcriptional factors at the cellular level that govern lactase and sucrase-isomaltase 
expression. 
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Pediatric Duodenal Biopsies: Mucosal Morphology and 
Glycohydrolase Expression do not Change Along the 
Duodenum 

Abstract 

Duodenal mucosal biopsies are routinely taken for diagnosis in children with 
complaints of the upper gastrointestinal tract. Surprisingly, little is known about the usefulness 
of proximal duodenal versus distal duodenal biopsies for routine diagnostic purposes. This 
study evaluated the comparability of proximal and distal duodenal biopsies, with respect to 
mucosal morphology as well as glycohydrolase expression as indicator of intestinal epithelial 
function. Methods: Specimens obtained in duodenal endoscopic biopsies from 64 children, 
ranging in age from three months to eighteen years with normal or affected mucosa, were 
studied. Biopsies were performed in anatomically defined regions in the bulbus duodeni (the 
very proximal part of the duodenum) and distally of the papilla of Vater (distal of the 
pancreatic duct). Biopsy specimens either were paraformaldehyde-fixed for histological 
examination and immunohistochemical evaluation or were homogenized to isolate RNA. 
Crypt/villus morphology was assessed as is routinely determined by pathologists. In addition, 
several aspects of lactase and sucrase-isomaltase expression as paradigms of intestinal brush-
border enzymes were assessed: localization at the cellular level, semi-quantitative 
immunohistochemistry, and quantitative measurement of the mRNA levels of the respective 
brush-border glycohydrolases. Results: As anticipated, there was a wide interpatient variation 
in mucosal morphology and expression of lactase and sucrase-isomaltase. Nonetheless, the 
consistent finding was that in each patient, measurements of morphology, lactase, and sucrase-
isomaltase gene expression were very similar between samples observed in the proximal and 
distal biopsies. Conclusion: Biopsies in either location in the duodenum are equally suitable for 
diagnostic workup of patients suspected of mucosal abnormalities affecting morphology or 
small intestinal brush-border glycohydrolase activities. 

Introduction 

The intestinal mucosa is made up by a single-layer epithelium consisting of 
various specialized cell types and underlying connective tissue. Many common and 
widespread diseases affect the morphology and the functions of the intestinal mucosa. 
Since this mucosa is pivotal is the digestion and absorption of nutrients, 
gastrointestinal endoscopy is widely valued for its diagnostic merit in gastrointestinal 
disease. 

Diagnosis of upper gastrointestinal disease is generally based on a 
combination of clinical observations, laboratory tests and in particular: endoscopic 
findings. In children, endoscopic examination has become a valuable, and often 
indispensable, procedure in the diagnosis of upper gastrointestinal disease (Black et 
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al, 1988). Mucosal biopsies taken during endoscopic sessions provide reliable 
information about the severity of gastrointestinal disease (Black et al, 1988; 
Dandalides et al, 1989). Over the years, duodenal biopsies have widely replaced 
jejunal biopsies in the diagnosis of upper gastrointestinal disease (Dandalides et al, 
1989, Newcomer and McGill, 1966 1967; Saverymuttu et al, 1991; Oderda et al, 
1993; Smith et al, 1989; Schmitz-Moorman et al, 1984; Forget et al, 1985). The 
major advantage of performing duodenal biopsies guided by endoscope, over 
performing jejunal biopsies with the Crosby capsule is that the procedure is less 
distressing to the patients. Jejunal biopsies often require X-ray survey or a capsule 
mounted on a gastroscope, considerably increasing both the risk of tissue damage and 
the time required to perform the procedure. Moreover, jejunal biopsies are taken 
without visual contact with the tissue, whereas duodenoscopy enables visual survey of 
the mucosa before and after the taking of the biopsy specimen. 

There is surprisingly little literature describing differences along the cephalo 
caudal axis of the small intestine as a determining factor in the outcome of the 
diagnosis obtained via intestinal biopsy. Duodenal biopsies seem to be as suitable for 
diagnosis as jejunal biopsies (Dandalides et al, 1989, Newcomer and McGill, 1966 
1967; Saverymuttu et al, 1991; Oderda et al, 1993; Smith et al, 1989; Schmitz-
Moorman et al, 1984). However, along the duodenum, the effect of the location 
where the biopsy is taken on the outcome of the diagnosis is uncertain. Especially in 
children, in whom the intestinal mucosa is particularly important for growth and 
development, the data on this potentially important issue are very scarce. 

Here, we describe the morphology of the duodenal mucosa and the expression 
of the two most important small intestinal brush-border glycohydrolases, lactase and 
sucrase-isomaltase (SI) in pediatric duodenal biopsies. We studied 64 children from 
various ethnic origins, ranging in age from three months to eighteen years with normal 
or affected duodenal mucosae. The object was to compare expression patterns of 
lactase and SI, along with study of mucosal morphology, in the proximal and distal 
duodenal mucosae of children, to compare the usefulness of specimens from the two 
locations for diagnostic workup. 

Materials and methods 

Patients and ethical considerations 
A prospective study was done on biopsy specimens obtained with endoscopic 

forceps from the duodenal mucosae of 64 pediatric patients with upper gastrointestinal 
symptoms. Indications for endoscopic examination included intractable diarrhea, 
suspected celiac disease, Giardia lamblia or Helicobacter pylori infection, Crohn's 
disease, chronic abdominal pain, chronic diarrhea, failure to thrive, or oesophageal 
reflux. Race included 49 white, 4 Maghrebian, 4 black African, 3 Asian, 2 Turkish, 
and 2 Surinams. All patients were analyzed as one group. Each patient underwent 
gastroduodenal endoscopy and duodenal biopsy for diagnostic purposes. We obtained 
permission to perform four extra biopsies per patient, the number ethically considered 
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the maximum for this study. Informed consent was gained from the patients and their 
parents for the performance of the biopsies, and the study was conducted with the 
permission of the medical ethical committee of our institution. 

Tissue 
Mucosal specimens were obtained in biopsies performed on the proximal and 

distal duodenum: two in the bulbus duodeni and two distal to the papilla of Vater. In 
this study, the proximal and distal biopsies from one patient were designated 'paired-
specimens'. Figure 1 depicts the locations of the specimens obtained, henceforth 
referred to as proximal and distal. Proximal and distal biopsies were made during one 
session and the specimens were immediately fixed in 4% (wt/vol) paraformaldehyde 
in PBS, embedded in paraffin, sectioned and used in immunohistochemistry or 
immediately homogenized to isolate RNA. Because we were able to obtain only one 
specimen for quantitative, biochemical measurements, we chose to quantify mRNA 
levels rather than enzyme or protein levels. This allowed us to measure gene 
expression very sensitively, and to probe identical RNA samples sequentially with the 
different cDNA probes representing the various gene products of interest (lactase, SI, 
GAPDH, and CPS, as described below under 'messenger RNA quantification'). The 
biopsies taken for diagnostic purposes, which were reviewed by the pathologist as part 
of normal diagnostic workup, were taken at the distal site in the duodenum and were 
used as reference for the morphologic scoring of the distal specimens in this study. 

Oesophagus 

Bulbus duod 

Ligament of 
Treitz 

Figure 1. Schematic drawing of the human upper gastrointestinal tract indicating the 
locations of the biopsy sites. In the text these are referred to as proximal (P) or distal (D) biopsy. 

Antibodies 
We used ascites fluid containing antihuman lactase monoclonal antibody 

HBB 1/90/34/74 and two ascites fluids containing antihuman SI monoclonal 
antibodies (HBB 2/614/88 and HBB 2/219/20), respectively. Results obtained by 
either antihuman SI antibody were indistinguishable. These antibodies have been 
described to recognize the enzyme precursors as well as the mature forms of these 
brush-border enzymes (Hauri et al, 1985). Three independent antihuman lactase 
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monoclonal antibodies prepared from the hybndoma supernatant (mLacl, mLac4, and 
mLac5) were used in some experiments (Maiuri et al, 1991). Furthermore, we used 
ascites containing antirat lactase monoclonal antibody (Quaroni and Isselbacher, 1985) 
as a negative control in immunohistochemical studies. 

Morphology 
The morphology of the duodenal mucosa, m particular the crypt/villus ratio, 

was assessed at least twice by independent and blinded observers for each specimen 
obtained, on at least four villi and crypts, using light microscopy at low magnification 
(lOOx). We assigned scores as follows: 0, for total villus atrophy; 1, for moderate 
villus atrophy (villus/crypt ratio < 1); 2, for mild villus atrophy; 3, for normal 
morphology, according to established criteria (Mercer et al, 1990). 

Immunohistochemical analysis 
Seven-micrometer thick sections from formaldehyde-fixed, and paraffin-

embedded specimens were deparaffinated, incubated for 30 mm in 3% H202 m PBS to 
inactivate endogenous peroxidase activity, and for 30 mm in a solution of 10 mM Tns- • 
HCl, 5 mM EDTA, 150 mM NaCl, 0.25% gelatin, 0.05% Tween-20, to prevent 
background staining. The sections were incubated subsequently overnight with 
adequate dilutions in PBS of the primary antibodies, 1.5 h with rabbit-anti-mouse 
serum (1:7500, Dako, Glostrup, Denmark), 1.5 h with goat-anti-rabbit serum (1:1000, 
Dako) and with rabbit peroxidase-anti-peroxidase (1:1000, Dako). All incubations 
were done at room temperature. Anti-lactase (HBB1/90/34/74) and anti-SI (and 
HBB2/219/88) monoclonal antibodies were diluted 1:1000 from ascites (Haun et al, 
1985). Further details were as described earlier (Van Beers et al, 1995). Absence or 
presence of immunohistochemical staining was determined using light microscopy at 
high magnification (400x). We have discriminated four localizations of 
immunohistochemical staining; 1) intracellular or 2) brush-border staining of crypt 
enterocytes and 3) intracellular or 4) brush-border staining of villus enterocytes. 
Furthermore, we distinguished four semi-quantitative classes of staining intensity: 0, 
absence of staining; 1, very weak, patchy staining; 2, evenly distributed, moderate 
staining; and 3, evenly distributed dark staining, semi-quantitative measurements of 
staining intensities was only assessed in specimens that had been immunostained at 
least in triplicate m independent experiments. All sections were judged at least twice 
by two independent and blinded observers. 

Cloning of a partial human CPS complementary DNA 
Using the reverse transcriptase-polymerase chain reaction technique we have 

amplified 1394 nt of the 3' end of the human CPSI gene (Haraguchi et al, 1991). 
Polymerase chain reaction primers were designed as indicated hereafter; Forward: 
3'AATTTGTTGAAGGGGCCC5', Reverse: 5'GGAATTCTGCCCTGTTAAAGTGTCC3'. 
Reverse transcriptase-polymerase chain reaction was done in a final volume of 20 ul 
containing lx reverse transcription-buffer (Boehnnger Mannheim) 4 mM of dATP, 
dCTP, dTTP and dGTP each, 50 nM of each primer, 2 U RNasin (Promega), 2 U 
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reverse transcriptase M-MuLV (Boehrmger Mannheim), and 1 ug of human jejunal 
RNA isolated essentially as described by Chirgwin et al. (1979). Amplification 
consisted of 30 consecutive rounds of 1 min 94°C, 1 min 55°C, 2.5 min 72°C and 
finally 7 min at 72°C. The resulting polymerase chain reaction product was digested 
with Apal and EcoRI restriction enzymes and ligated into pBluescript (Stratagene). 
Nucleotide sequencing confirmed the identity of the CPS cDNA fragment. 

Messenger RNA quantification 
RNA was isolated from individual biopsy specimens using the RNeasy 

protocol (Qiagen, Chatsworth, CA). mRNA quantification was performed on spot 
blots, hi short, between 100 and 500 ng of RNA was spotted onto negatively charged 
Qiabrane nitrocellulose (Qiagen) using a vacuum-operated BioRad 96 wells spotblot 
system (BioRad, Richmond, CA). The amount of messenger RNA isolated from each 
specimen was quantified using specific DNA probes synthesized using random 
hexamer primers, incorporating a32P-dATP to at least 1x10s cpm/ug (Sambrook et al, 
1989). Lactase probes were synthesized from the 6.3-kb full-length human lactase 
cDNA (Nairn et al, 1991), SI probes from 428 bp of a human SI clone (Van Beers et 
al, 1995), probes transcribed from 1394 bp of a CPS cDNA clone synthesized from 
human jejunal RNA (as described earlier), and GAPDH from 1 kb of human GAPDH 
cDNA (Tokunaga et al., 1987). RNA from each biopsy was blotted onto Qiabrane 
filters, dried and baked at 80°C for 2 h. Prehybridization was performed at 65 °C for 1 
h in (7% sodium dodecyl sulphate (SDS), 0.1 mM EDTA, 0.5 M Na2HP04 pH 7.2). 
Hybridization was performed for 17 h at 65°C. Filters were washed at 65°C twice 20 
min in 6xSSC, 0.1% SDS, once 20 mm in 3xSSC, 0.1% SDS and once 20 mm in 
O.lxSSC, 0.1% SDS. Autoradiographs were prepared using Phosphorimage screens 
(Molecular Dynamics), that were exposed to hybridized membranes for 48 hours and 
quantified in a Phosphorlmager using ImageQuant software (Molecular Dynamics). 
Membranes were stripped of adherent probe by washing at 80°C in 0.1% SDS for 
several hours before hybridization with each probe. Stripped blots were checked for 
absence of radioactivity by exposing Phosphorlmager screens for 48 h. Sequentially, 
all the blotted RNA samples have been incubated with probes for SI mRNA, lactase 
mRNA, CPS mRNA, and GAPDH mRNA. Signals detected for lactase, SI, and CPS 
were then normalized to the housekeeping gene Gapdh. 

Results 

Patients 
The 64 patients that we have studied ranged in age from 3 months to 18 years 

old (mean 7 years old, 35 boys). Diagnoses of these patients were obtained at the end 
of medical workup from their medical records and included esophageal reflux, H. 
pylori infection of the stomach, celiac disease, Giardia lamblia infestation of the small 
intestine, intractable diarrhea, Morbus Crohn, but also a nonclassified 
immunodeficiency in one child. The number of specimens per patient was restricted 
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for this study for ethical reasons: Four duodenal biopsy specimens were obtained 
during one endoscopic session. 

Duodenal mucosal morphology and variation in lactase and SI immunostaining 
Two strikingly different staining phenotypes of immunodetection for lactase 

and SI representative of our patient population are shown in figure 2. It shows two 
patients that have similar amounts of immunodetectable lactase or SI in the brush-
borders of their enterocytes, but additional intracellular localization of both lactase and 
SI was detected only in one patient. Intracellular staining, if detected, was always 
observed in biopsies from both sites of the duodenum and always for both the 
glycohydrolases simultaneously. Moreover, intracellular staining was found in all cells 
expressing lactase and SI on their brush-borders, in villus as well as in crypt 
enterocytes, whereas staining was never detected in the other cell types: goblet, 
enteroendocrine, or Paneth's cells. Results obtained using two distinct anti-human SI 
mAbs were indistinguishable. A control experiment with similarly, or less, diluted 
ascites obtained from a sibling mouse, containing an unrelated monoclonal antibody 
(Quaroni and Isselbacher, 1985), failed to stain adjacent sections (results not shown); 
indicating that the intracellular staining indeed represented lactase and SI. Three 
independent anti-human lactase monoclonal antibodies, mLacl, mLac4, and mLac5, 
showed no intracellular staining in any of the specimens, and lactase staining was 
restricted to the brush-border (not shown). 

Most of the tissue samples showed that specimens obtained in proximal and 
distal biopsies in the same patients were very comparable in morphology and in 
lactase and SI phenotype. Therefore, we performed quantitative and semi-quantitative 
studies to judge whether specimens from proximal and distal biopsies were equally 
suitable for diagnostic purposes, especially for the assessment of mucosal morphology 
and the abundance and localization of intestinal glycohydrolases. 

Quantification of lactase, sucrase-isomaltase, and CPSI mRNA 
Generally, there are clear-cut correlations between the levels of the brush-

border glycohydrolase activities, and their respective mRNA and protein levels (Van 
Beers et al., 1985). Because the genes of these glycohydrolases are considered to be 
primarily regulated at the transcriptional level, the mRNA levels of these enzymes are 
good measures of the amounts of the enzymes. Therefore, we determined the levels of 
lactase and SI mRNAs as isolated from individual specimens. We found a strong 
correlation between amounts of lactase mRNA or SI mRNA detected in proximal 
biopsy specimens compared to levels detected in the accompanying distal specimens 
(figure 3). The correlation coefficient for lactase mRNA is 0.69 and for SI mRNA 
0.66. The GAPDH mRNA level was used to standardize the lactase and SI mRNA 
levels. The GAPDH mRNA levels are thus used to correct for both the biopsy size and 
possible differences in cell type composition between the biopsies. Not shown here are 
the absolute amounts of Gapdh mRNA amounts isolated from proximal and distal 
specimens. However, comparison of GAPDH mRNA values themselves between 
'paired-specimens', which were not corrected for size, correlated very well (r = 0.75), 
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strongly indicating that processing of proximal and distal specimens, and subsequent 
mRNA isolation and detection was essentially identical. 

We then perforemed an analysis of a 'control' enterocyte-specific enzyme. We 
measured CPS mRNA in the 'paired-specimens' and found a very high correlation 
coefficient for CPS mRNA values of the 'paired- specimens' (r = 0.80, p = 0.0001). 

L »I 

»* ^ V 
%$!*« 

Figure 2. Photomicrographs of immunohistochemistry of villus enterocytes using the 
anti-human lactase antibody HBB 1/90/34/74 and the anti-human SI antibody HBB 2/614/88 on adjacent 
7 (im thick biopsy sections from two healthy individuals (morphology score 3). The photographs of the 
epithelium in the panels were taken at approximately mid-villus positions, and were representative for all 
lactase and SI positive cells within the epithelium of the biopsy sections. Panels a and b, lactase and SI 
staining respectively of patient no 5 and panels c and d lactase and SI staining of patient no 8. Intracellular 
staining for both lactase and SI was noted in patient no 8, indicated with arrows, but not in patient no 5. 
Original magnification 400x. 

Proximal mRNA abundance (a.u.) Proximal mRNA abundance (a.u.) 

Figure 3. Quantification of lactase (A) and SI mRNA (B) isolated form paired 
proximal (x-axis) and distal (y-axis) duodenal biopsies (n = 43). All mRNA values for 
lactase and SI were normalized to the Gapdh mRNA level detected in the same biopsy. The correlation 
coefficient (r) for lactase mRNA as found in the 'paired-specimens' is 0.69 (p = 0.0001), and for SI r = 
0.66 (p = 0.0001). 
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Comparison of duodenal mucosal morphology of 'paired-specimens' 
We assessed morphology and immunohistochemical results for lactase and SI, 

and we compared results from 'paired-specimens'. Results were expressed as 
percentages concordance (i.e. identical score for 'paired-specimens') and discordance 
(i.e. different score for 'paired-specimens'). 

Figure 4 shows comparisons of the morphology of two specimens from the 
same patient. All biopsy sections were scored in a double-blinded fashion, the sections 
were assigned a number only and were observed in random order. First we determined 
the degree of reproducibility for two duplicate distal specimens that were 
independently processed and their morphology assessed. Morphology scores were 
concordant in 54 of 64 cases (84%), whereas 6 of the discordant scores differed by 
only one morphology class and only 3 scores by more than one morphology class 
(figure 4A). We then examined the similarity between 'paired-specimens'. Proximal 
versus distal morphology scores were concordant in 53 of 64 cases (83%). In 9 cases 
of 64 (14%) the morphology differed by one class and in only 2 of 64 cases (3%) by 
more than one class (figure 4B). This indicates that the percentage of identical 
morphology scores between two (i.e. proximal and distal) specimens are as high as 
between duplicate specimens both taken at the distal location. 

B 
D1\D2 0 1 2 3 

0 4 0 1 2 

1 2 3 1 1 

2 0 1 1 1 

3 0 0 1 46 

54 

D\P 0 1 2 3 

0 5 1 0 1 

1 0 7 0 0 

2 0 2 1 0 

3 0 1 6 40 

53 

Figure 4. Comparative morphology of two duodenal biopsies from the same patient. 
A. Morphology of two closely adjacent, separately processed distal biopsies Dl and D2 (n = 64). Biopsy 
Dl was obtained for this study, while biopsy D2 was processed and reviewed by an independent 
pathologist during diagnostic workup. B. Morphology of paired proximal (P) and distal (D) biopsies from 
the same patient (n = 64) 

Comparison of immunodetection of lactase and sucrase-isomaltase in 'paired-
specimens' 

Similarly, we compared immunohistochemical staining patterns and 
intensities between the 'paired-specimens'. First, we restricted scoring to positive or 
negative (figure 5), then we compiled semi-quantitative data (figure 6). Despite efforts 
to use reproducible methods of fixation, during the 1.5 year period in which specimens 
were collected, some biopsies appeared to immunostain irreproducibly or aberrantly. 
Therefore, it was occasionally difficult to reach a proper verdict on certain aspects of 
the expression of lactase and/or SI within some specimens. In such a case, the score of 
this patient was omitted in the analysis regarding this particular aspect, explaining why 
the number of patients per figure deviates from 64. 
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A. Intracellular lactase in crypt enterocytes B. Brush-border lactase on crypt enterocytes. 
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P\D + -

+ 51 0 

- 0 8 

59 

Figure 5. Lactase and SI immunohistochemistry in paired proximal and distal 
biopsies. (Proximal, P; Distal, D). Panels A-D show results for lactase immunohistochemistry and E-H 
contain results of SI. We specified 4 localizations; intracellular staining in crypt enterocytes (A and E), 
brush-border staining of crypt enterocytes (B and F), intracellular staining in villus enterocytes (C and G), 
and brush-border staining of villus enterocytes (D and H). Scores were restricted to positive (+) or 
negative (-). 

Detection of intracellular lactase in crypt enterocytes was carried out on 60 
patients in whom there were crypts in both of the 'paired-specimens' (figure 5 A). This 
resulted in 60/60 (100%) concordant scores between 'paired-specimens' with 21 pairs 
positive and 39 pairs negative. In brush-borders of crypt enterocytes, 56/60 (93%) of 
the pairs were concordant, the majority were negative (52/60) (figure 5B). Detection 
of intracellular lactase in villus enterocytes appeared concordant in 60/61 (98%) of the 
pairs (figure 5C), and lactase presence in brush-border of villus enterocytes was 
concordant in 56/58 (97%) of all pairs (figure 5D). 

Detection of intracellular SI in crypt enterocytes showed 57/60 (95%) 
concordant scores between 'paired-specimens' with 41 pairs negative and 16 pairs 
positive (figure 5E). In brush-borders of crypt enterocytes 56/60 (93%) of the pairs 
were concordant, of which 44 were positive (figure 5F). Detection of intracellular SI 
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in villus enterocytes appeared concordant in 60/61 (98%) of the pairs (figure 5G) and 
detection on the brush-border of villus enterocytes was concordant in all 59/59 (100%) 
pairs (figure 5H). The observed frequencies of the positive staining for lactase or SI 
varied widely according to cellular location among the patients. However, for each of 
the locations separately, the 'paired-specimens' were at least 93% concordant. 

Figure 5 shows that the number of discordant scores for each of the cellular 
locations is very low. Nevertheless, among these sparse discordant scores, there was a 
slight bias towards positivity only in the distal biopsy for the detection of lactase and 
SI (i.e. distal positive, proximal negative). This may reflect the existence of slight 
quantitative gradients of gene expression for both enzymes increasing towards the 
distal duodenum in some patients. 

As noted earlier (figure 2), both the anti-lactase monoclonal antibody and the 
two independent monoclonal antibodies directed against SI appeared to detect high 
levels of intracellular staining in about one third of the patients (figure 5). Despite the 
very strong correlation of the intracellular staining of lactase and SI, this staining did 
not correlate with sex, age, ethnic background, clinical diagnosis, or morphology score 
(not shown). Moreover, within one biopsy the intracellular staining for either lactase 
or SI was nearly always found in crypt as well as in villus enterocytes. This explains 
the high similarity of the results in figure 5 A, 5C, 5E and 5G. 

Although brush-border expression of lactase is normally detected on villus 
enterocytes only, 7% (4/60) of the patients have detectable lactase in the brush-border 
of crypts in both specimens (figure 5B). In contrast, presence of SI in the brush-border 
of crypt enterocytes is the prevalent phenotype, since it occurs in approximately 80% 
(44/60) of the patients (figure 5F). 

Finally, we counted the overall similarities between 'paired-specimens'. This 
analysis was done for 55 patients in which we were able to determine lactase and SI in 
all locations according to the scores in figure 5A through 5H. The comparisons 
between proximal and distal specimens showed that 43 patients were identical on all 8 
criteria, 11 patients were identical on 7 criteria and 1 patient showed similarity only on 
five out of eight criteria. 

Semi-quantitative evaluation of immunohistochemical staining was performed 
for staining in the brush-border of villus enterocytes. Semi-quantitative measurement 
of lactase was concordant in 47 of 58 (81%) of all studied cases (figure 6A). There 
were only 2 of 58 (3%) patients in which we assessed higher amounts of lactase in the 
proximal biopsy than in the distal biopsy, whereas 9 of 58 (16%) patients had higher 
lactase amounts in the distal specimen compared to the proximal specimen. Seven out 
of these 9 differed by one class and only 2 by two classes. Semi-quantitative SI 
measurement was concordant in 52 of 59 (88%) of all cases studied (figure 6B). There 
were only 2 of 59 (3%) patients in which the proximal specimen had higher amounts 
of SI, whereas 5 of 59 (8%) had higher amounts in the distal specimen. Four of these 5 
patients differed by one class and 1 patient by two classes. This further shows that at 
the semi-quantitative immunohistochemical level the findings for lactase and SI from 
either specimen has a high predictive value for the other specimen of the pair. 
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A. Immuno-quantification of lactase. 

D\P 0 1 2 3 

0 5 1 0 0 

1 1 16 1 0 

2 0 5 6 0 

3 0 2 1 20 

47 

B. Immuno-quantification of SI. 

DVP 0 1 2 3 

0 4 0 0 0 

1 1 35 1 0 

2 0 3 4 1 

3 0 1 0 9 

52 

Figure 6. Semi-quantitative immunohistochemical comparison of proximal and distal 
lactase and SI. Comparison between semi-quantitative immunohistochemical scores of proximal (P) 
and distal (D) lactase (panel a, n = 58) and SI (panel b, n = 59) expression in villus-associated enterocyte 
brush-border. The four categories (0, 1, 2, and 3) are defined in materials and methods. 

Discussion 

In the majority of the patients studied, there appeared to be no major 
difference between 'paired-specimens' in mucosal morphology, immunohistochemical 
quantities of lactase and SI, patterns of lactase and SI expression, and levels of lactase, 
SI, and CPS mRNAs. Because the composition of this prospective study population 
was determined only by order m which the patients came to the clinic, this implies that 
the population studied may be considered representative of childhood. Therefore, 
proximal and distal specimens seem to be equally informative about lactase and SI 
expression as well as mucosal morphology. 

In evaluating the usefulness of proximal versus distal duodenal biopsies, it is 
important to determine if gradual differences exist along the longitudinal axis of this 
organ with respect to the criteria that were chosen. A very small number of patients 
exhibited discordant presence of lactase or SI, with prevalence for higher expression in 
the distal biopsy. The vast majority of the children in our study showed no gradient 
along the length of their duodenum. In our predominantly white study population, 
lactase was present in most children at the mRNA level and also by 
immunohistochemical staining. Importantly, the amounts of lactase detected by either 
technique were similar along their duodenum as measured in 'paired-specimens', 
implicating that no proximal-to-distal gradient of lactase expression exists in the 
duodenum during (at least) the first 18 years of human life. This was notably different 
from our recent findings in the rat, which showed that lactase expression was restricted 
after weaning to the central part of the jejunum, generating an expression gradient in 
the proximal small intestine (Rings et al, 1994). Similarly, SI was present in most 
children studied, and expression levels measured at mRNA or SI immunodetection 
level were not age-dependent. In that the levels of enzyme or SI mRNA were very 
comparable between 'paired-specimens', there is no indication that SI displays a 
proximal-to-distal expression gradient in the duodenum at any time during post-natal 
development. 
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The anti-human lactase monoclonal antibody HBB 1/90/34/74 has been used 
in a variety of studies and shown to recognize the endoplasmic reticulum-synthesized 
lactase precursor as well as the mature, brush-border enzyme forms of lactase (Hauri 
et al, 1985; Van Beers et al, 1995; Nairn et al, 1991). Both anti-human SI 
monoclonal antibodies used have been observed to recognize SI precursors and 
mature, brush-border SI (Hauri et al, 1985). Regarding the intracellular staining of 
both lactase and SI, the results indicate that there is genuine detection of the 
corresponding antigens for several reasons. First, intracellular staining is only detected 
in enterocytes and absent from goblet, enteroendocrine and Paneth's cells. Second, 
each of the three monoclonal antibodies is directed to a peptide epitope, because they 
recognize (in addition to the high-mannose and complexly glycosylated forms of the 
enzymes) the de-7V-glycosylated precursor, as shown by immunoprecipitation (Hauri 
et al, 1985; Van Beers et al, 1995). This implicates that these antibodies have the 
potency to detect antigen at the level of the endoplasmic reticulum and Golgi 
apparatus and at the brush-border membrane. Third, an unrelated ascites, prepared in 
sibling mice containing monoclonal antibody against rat lactase (Quaroni and 
Isselbacher, 1985), which does not cross-react with human lactase (Van Beers,-
unpublished results), did not show any intracellular staining when used at identical or 
even at higher concentrations. Thus, we conclude that immunostaining with both anti-
lactase and anti-SI antibodies within the enterocytes represents authentic lactase and 
SI. The cellular location of the staining in the enterocytes makes it most likely that 
these lactase and SI molecules are present within the Golgi apparatus. 

It remains to be explained why intracellular staining is present in specimens 
from some but not other patients, although the antigen under investigation is present in 
the brush-border of the biopsies in comparable amounts. The explanation of the origin 
of the intracellular staining for both glycohydrolases is beyond the scope of this 
article. In fact, this phenomenon only helped us to discriminate additional aspects of 
the lactase and SI phenotypes among our study population. 

Our findings on the similarities between proximal and distal duodenal 
biopsies were based on results from a large and diverse group of children of various 
ages. Because there were no inclusion criteria for our prospective study, we believe 
that the results are representative for children up to 18 years old. Therefore, we 
conclude that independent from racial origin, age or disease, pecimens taken in the 
most proximal area of the duodenum, are equally suitable as specimens taken distally 
of the papilla of Vater in the diagnosis of upper gastrointestinal disease in children. 
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Regulation of Lactase and Sucrase-Isomaltase Gene Expression 
in the Duodenum during Childhood 

Abstract 

Background: In children, lactase and sucrase-isomaltase are essential intestinal 
glycohydrolases, and insufficiency of either enzyme causes diarrhea and malnutrition. Little is 
known regarding the regulation of lactase and sucrase-isomaltase expression in the duodenum 
during childhood. Therefore, we studied the mechanisms of regulation of duodenal expression 
of both enzymes in a study population with ages'ranging from 1 to 18 years. Methods: 
Duodenal biopsies from 60 Caucasian children were used to analyze tissue morphology, and to 
quantify lactase and sucrase-isomaltase mRNA and protein. Results: Among healthy 
individuals, we found high inter-individual variability in both mRNA and protein levels for 
lactase and sucrase-isomaltase. Lactase mRNA level per individual did not correlate with 
sucrase-isomaltase mRNA level and thus appeared independent. Both lactase and sucrase-
isomaltase protein levels correlated significantly with their respective mRNA levels. For each 
enzyme, we found a significant inverse correlation between the degree of villus atrophy and 
mRNA levels. Aging from 1 to 18 years old did not result in significant changes in mRNA or 
protein levels of either enzyme. Immunostaining patterns within the duodenal epithelium for 
lactase differed from sucrase-isomaltase in adjacent sections illustrating independent regulation 
at the cellular level. Conclusions: In the duodenum of Caucasian children, lactase and sucrase-
isomaltase seem primarily regulated at the transcriptional level. The expression of each enzyme 
in the intestinal epithelium is regulated by an independent mechanism. Lactase and sucrase-
isomaltase exhibit stable mRNA and protein levels in healthy children during ageing to 
adulthood. Mucosal damage affected levels for both enzymes negatively. 

Introduction 

Although gene expression of lactase (EC 3.2.1.23/45/46/62) and sucrase-
isomaltase (EC 3.2.1.10/48) has been studied extensively in human adults, human cell 
lines, isolated cells, rodents, rabbits and pigs (Reviewed in Van Beers et al, 1995), 
little is known about their regulation in humans during infancy and childhood. Lactase 
and SI are anchored in the brush border membranes of the intestinal enterocytes and 
are crucial in the digestion of dietary carbohydrates (Van Beers et al, 1995). Lactase 
is the sole enzyme in the intestine that is capable of hydrolysing lactose from milk, 
which is the primary energy source for newborn children. Sucrase-isomaltase is 
essential in the final hydrolysis of starch, and becomes essential somewhat later in 
human life, when starch has become the predominant carbohydrate source. Low levels 
of either enzyme are often associated with diarrhea and malnutrition, and may affect 
growth and development of children. Two forms of deficiencies are defined for these 
enzymes: primary deficiency, that is governed by specific temporal regulation of the 
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enzyme gene, and secondary deficiency that is caused by mucosal damage, leading to 
loss of functional enterocytes that express these enzymes. In very rare cases, primary 
enzyme deficiency may result from mutations in the coding region of the gene, leading 
the expression of non-functional proteins. 

Endoscopic mucosal sampling is a valuable and established diagnostic 
procedure in the diagnosis of upper gastrointestinal complaints, including 
measurement of lactase and SI enzyme levels (Black et al, 1988; Dandalides et al, 
1989; Newcomer and McGill, 1966, 1967; Savilahti et al, 1983; Lojda et al, 1984; 
Olsen et al, 1996; Welsh et al, 1978). Duodenal biopsies are well suited to study the 
expression of these enzymes, since it was established that there are only minor 
quantitative differences in lactase and SI enzyme levels in duodenum, compared to the 
jejunum (Dandalides et al, 1989; Bergoz et al, 1981). Both enzymes are essential for 
the growth and development of children, and although lactase and SI have been 
studied in conjunction in human cell lines and in rat intestine (Van Beers et al, 1995; 
Rings et al, 1994), there are very few reports that simultaneously studied the 
regulation of lactase as well as SI in the human duodenum during post-natal 
development. Therefore, in this study, we have measured lactase and SI mRNA as 
well as protein levels in endoscopically obtained biopsies from the distal half of the 
duodenum of Caucasian children between 1-18 years old. From these data we will 
describe the mechanisms of regulation of lactase and SI expression from infancy to 
adulthood. 

Materials and methods 

Patients, tissue, and ethical considerations 
In a prospective study, duodenal forcipal biopsies were taken from 60 Dutch 

Caucasian children, who attended the pediatric gastroenterology unit because of 
various upper gastrointestinal complaints. Each patient underwent gastro-duodenal 
endoscopy and duodenal biopsy for diagnostic purposes. We obtained permission to 
take two extra biopsies per patient from the distal region of the duodenum, which was 
ethically considered the maximum for this study. Biopsies were taken with informed 
consent of the patients and their parents, and with permission of the medical ethical 
committee of our institution. All children were of ethnic Dutch origin, a homogeneous 
population that is known to maintain high levels of lactase throughout lifetime (Flatz, 
1987). 

Biopsies were taken distally to the papilla of Vater and proximally of the 
ligament of Treitz. One biopsy was diagnosed by a pathologist as independent 
evaluation of tissue morphology, as part of the normal diagnostic workup. A second 
biopsy was used by us to isolate RNA, and another was paraformaldehyde-fixed for 
(immuno-) histochemistry. For each patient, age, clinical symptoms, and medical 
history were recorded. In 40 patients ranging from 1 to 18 years, duodenal biopsies 
could be analyzed for the following parameters; mucosal morphology, lactase and SI 
mRNA levels, and lactase and SI protein levels. Biopsies of the remaining 20 patients 
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were subjected to immunohistochemistry and morphology measurements, but not used 
for mRNA quantification. 

Antibodies 
We used an anti-human lactase monoclonal antibody (Mab) HBB 1/90/34/74 

and two anti-human SI Mabs, HBB 2/219/20 and HBB 2/219/88. The latter anti-SI 
Mabs gave identical results in each patient studied. Each of the above Mabs was 
described to recognize the precursor proteins as well as mature, brush border proteins 
(Hauri et al, 1985). As a negative control, ascites was used prepared in sibling mice 
containing a Mab against rat lactase (Quaroni and Isselbacher, 1985), which does not 
cross-react with human lactase. Three independent anti-human lactase Mabs prepared 
from hybridoma supernatant (mLacl, mLac4, and mLac5) were also used as controls 
in some experiments (Maiuri et al, 1991). Intestinal alkaline phosphatase was detected 
in biopsy sections by an anti-human intestinal alkaline phosphatase Mab (IgGl), that 
was affinity purified and supplied in PBS buffer (clone MIG-I15, Monosan, Sanbio). 

Morphology 
The morphology of the duodenal mucosa, also referred to as crypt/villus ratio, 

was assessed double blind using light microscopy at low magnification (lOOx), giving 
scores ranging from 0 for total villus atrophy, 1 for moderate villus atrophy (ratio 
villus/crypt < 1), 2 for mild villus atrophy, to 3 for normal morphology according to 
established criteria (Mercer et al., 1990). Our findings were checked against the 
analysis of the pathologist of a duplicate biopsy of each patient. 

Immunohistochemistry 
Seven micrometer thick sections from 4% paraformaldehyde-fixed, paraffin-

embedded biopsies were deparaffinated, incubated for 30 min m 3% H202 in PBS to 
inactivate endogenous peroxidase activity, 30 min in a solution of 10 mM Tris-HCl, 5 
mM EDTA, 150 mM NaCl, 0.25% gelatin, 0.05% Tween-20, (pH 7.4) to prevent 
background staining. The sections were incubated overnight with adequate dilutions m 
PBS of the primary antibodies, 1.5 h with rabbit-anti-mouse serum (1:7500, DAKO, 
Glostrup, Denmark), 1.5 h with goat-anti-rabbit serum (1:1000, DAKO) and with 
rabbit peroxidase-anti-peroxidase (1:1000, DAKO). All incubations were at room 
temperature. Anti-lactase (HBB 1/90/34/74) and anti-SI (HBB 2/219/20 and HBB 
2/219/88) Mabs were diluted 1:1000 from ascites (Hauri et al, 1985). Presence of 
immunohistochemical staining was determined using light microscopy at 400x 
magnification. Furthermore, we distinguished four semi-quantitative classes of 
staining intensity, that were scored on the staining of the villus brush border; 0, 
absence of staining; 1, very weak staining; 2, evenly distributed moderate staining; and 
3, evenly distributed dark staining. 'Patchy' staining was observed in immunostained 
tissue sections of some patients. In these cases a small number of villus enterocytes 
showed a clear positive immunostaining for either lactase or SI, that was seemingly 
random distributed, amidst large numbers of negative cells. Since only few cells were 
positive in these sections, this type of immunostaining was semi-quantitatively scored 
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as type 1 staining. Semi-quantitative measurements of staining intensities were only 
assessed in villus brush border of biopsy sections that had been immunostained in 
triplicate in separate experiments. All sections were examined at least twice by two 
investigators, in a double-blinded fashion. 

inRNA quantification 
RNA was isolated from individual biopsies using the RNeasy protocol 

(Qiagen, Chatsworth, CA). mRNA quantification was performed on spot blots using 
specific DNA probes synthesized using random hexamer primers, incorporating a "P-
dATP to at least lxl08cpm/ug (Sambrook et al, 1989). Lactase probes were 
synthesized from the 6.3 kb full length human lactase cDNA (Nairn et al, 1991), SI 
probes from 428 bp of a human SI clone (Van Beers et al, 1995), and glyceraldehyde 
phosphate dehydrogenase (Gapdh) from a 1 kb fragment of human Gapdh cDNA 
(Tokunaga et al, 1987). Between 100-500 ng of intact RNA as determined by agarose 
gel electrophoresis and ethidium bromide staining (Not shown) from each biopsy was 
blotted onto positively charged Qiabrane filters (Qiagen), dried and baked at 80°C for 
2 h. Prehybndization was performed at 65°C for 1 h in SSC (i.e. 7% SDS, 0.1 mM 
EDTA, 0.5 M Na2HP04, pH 7.2). Hybridization was performed for 17 h at 65°C. 
Filters were washed at 65°C twice 20 min in 6xSSC, 0.1% SDS, once 20 mm in 
3xSSC, 0.1% SDS and once 20 mm in O.lxSSC, 0.1% SDS. Autoradiographs were 
prepared using Phosphorimage screens (Molecular Imaging), that were exposed to 
hybridized membranes for 48 h, and quantified (in a.u.) using a Phosphorlmager and 
ImageQuant software (Molecular Imaging). Membranes were stripped of adherent 
probe by washing at 80°C in 0.1% SDS for several h before hybridization with each 
next probe. Stripped blots were checked for absence of radioactivity by exposure to 
Phosphorlmager screens for 48 h. Sequentially, all the blotted RNA samples have 
been incubated with probes for SI mRNA, lactase mRNA and Gapdh mRNA. For 
each individual RNA sample, signals detected for lactase and SI mRNAs were 
normalized to Gapdh mRNA and therefore corrected for sample size. 

Reproducibility 
Results in this study were from two biopsies from each patient, one for 

mRNA isolation and one for immunohistological measurements. However, we have 
previously shown the reproducibility of our methods, since very similar results were 
obtained in duplicate biopsies from the duodenum, even when biopsies were compared 
from different regions of the duodenum (Van Beers et al, 1998). 

Statistics 
Quantitative data were analyzed by statistical analysis using SAS 6.11 

software. Upon the presumption that the variables were continuous but not distributed 
normally, a Spearman correlation analysis was performed (compare figure 2 and 3). 
When, in addition to a non-normal distribution, one of the variables was non-
continuous a non-parametric Kendall Rank correlation analysis of significance was 
performed (compare figure 1 and 4). We defined statistical significance at/?<0.05. 
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Results 

Lactase and SI levels are independently expressed 
For meaningful comparison between mRNA levels of lactase and SI, our 

calculations were based on identical tissue base (denominator). Thereto, we performed 
RNA spot-blots since these enabled multiple sequential probe hybridizations on the 
same RNA samples. Based on these quantifications we calculated the ratio of lactase 
and SI mRNA amounts, and plotted this against the age of the individuals (figure 1). 
The ratios between lactase and SI mRNA among healthy individuals show a wide 
variation, that appeared statistically unrelated to the age of the individuals (r=-0.003, 
p=0.99). Therefore, we concluded that levels of lactase mRNA were independent from 
levels of SI mRNA in the duodenum during childhood. 

DC 
E 
w 

z 
EC 
E 

Figure 1. Lactase and SI m R N A levels are independently regulated. Correlation analysis 
of the ratio of lactase and SI mRNA levels versus the age of 28 Dutch Caucasian children with normal 
duodenal mucosa. Lactase and SI mRNAs were each detected with specific probes sequentially hybridized 
to the same blot. Each point in the graph represents the ratio of the mRNA levels for lactase and SI 
detected in RNA isolated from one patient. Statistical significance was considered using the Spearman 
correlation analysis (r=-0.003, p=0.99). 

Lactase and SI are primarily transcriptionally regulated 
To assess the primary level of gene regulation of lactase and SI, we measured 

the amounts of lactase and SI protein semi-quantitatively by immunohistochemistry, 
and the levels of their respective mRNAs (figure 2). The correlations between lactase 
or SI protein levels with their respective mRNA amounts proved statistically 
significant (p=0.023 and p=0.006, respectively), indicating primary transcriptional 
control of expression for both genes. Nonetheless, there remains a large inter-patient 
variability in the levels of the respective mRNAs, which is reflected in the correlation 
coefficient; 0.27 for lactase and 0.33 for SI. Despite the inter-individual variation, the 
statistical analyses convincingly showed that both lactase and SI mRNA amounts have 
significant predictive value for the levels of their respective proteins in the villus brush 
border of the duodenum. 
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Figure 2. Correlation between levels of lactase and SI proteins and their respective 
mRNAs . Panel A shows the correlation between lactase mRNA (in a.u.) and immunodetectable lactase 
protein Panel B shows the correlation between SI mRNA (in a.u.) and immunodetectable SI protein. The 
assignment of the semi-quantitative protein levels (0, 1, 2 and 3) is explained in the methods section. Each 
point represents measurements from the duodenal biopsies of one of 40 Caucasian children. Statistical 
significance was assessed using the Kendall Tau rank correlation test (panel A; r=0.27, p-0.023 and panel 
B; r=0.33, p=0.006). 

Lactase and SI are adversely affected by mucosal damage 
We analyzed the relation between lactase and SI mRNA levels and the degree 

of villus atrophy in our child population (figure 3). Within single mucosal morphology 
classes a wide range of mRNA levels was observed for either enzyme. Nevertheless, 
statistical analysis for both lactase and SI mRNA showed highly significant inverse 
correlation with the mucosal damage (r=0.54, p=0.0001 and r=0.41, p=0.0009, 
respectively). 

Levels of lactase and SI in Caucasians do not change during post-natal development 
We determined the profiles of lactase and SI gene expression during 

childhood, by analyzing the amounts of the mRNAs for each enzyme in individuals 
without mucosal abnormalities in the duodenum in relation to the age of the 
individuals (figure 4). Statistical analysis showed no significant relation between age 
and lactase mRNA levels (r=-0.18; p=0.37) or between age and SI mRNA levels 
(r=0.10;p=0.63). 



Regulation of Lactase and Sucrase-Isomaltase in the Duodenum during Childhood - 117 

A 

+ 

3-

Ó 
CO + 

< ,, + 

Z 
CL 
E + 

1- + 4 
+ + + 
+ 
+ * •f t 
+ * 
r 
0 1 2 3 

Mucosal morphology 
1 2 

Mucosal morphology 

Figure 3. Effects of villus atrophy on lactase and SI m R N A levels. Correlation of lactase 
mRNA and mucosal morphology (A), and SI mRNA and mucosal morphology (B) in duodenal biopsies 
from 40 Caucasian children. Morphology was scored as 0-3, (see methods). Significance was calculated 
by Kendall Tau rank correlation test (A, r=0.54, p=0.0001; B; i=0.41, p=0.0009). 
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Figure 4. Expression of lactase and SI m R N A during childhood. A shows the correlation 
analysis between lactase mRNA (in a.u.) and age and B between SI mRNA (in a.u.) and age in biopsies 
from 28 Caucasian children with normal duodenal mucosal morphology. Statistical significance was 
calculated by the Spearman correlation analysis (panel A; r=-0.18, p=0.37 and panel B; r=0.10, p=0.63). 



118- Chapter 6 

In the same 28 individuals as presented in figure 4 with normal mucosal 
morphology, as well as in a further 14 individuals with unaffected mucosa, we 
analyzed the semi-quantitative lrnmunohistochemical detection of the lactase and SI 
proteins in relation to age. Statistical analysis showed, similar to the mRNA data, no 
correlation for lactase or SI protein levels with age (lactase; r=-0.06, p=0.41, and SI; 
r=0.11, p=0.36) (Not shown). 

Expression of lactase and SI at the cellular level 
We investigated the lactase and SI expression at the microscopical level in 

some more detail. The independent levels of expression of lactase and SI in healthy 
duodenum appeared to be explained, at least in part, by differential expression of 
lactase and SI at the cellular level. Immunostaining of biopsy sections revealed large 
variations in levels as well as patterns of lactase and SI protein expression. Among the 
patients without any mucosal abnormalities (n=42), four combinations of 
immunostaining were distinguished: 1. lactase present and SI absent (2/42), 2. lactase 
absent and SI present (4/42), 3. both proteins absent (1/42), and 4. both proteins 
present (35/42). Figure 5 illustrates the most prevalent phenotype among individuals 
with normal mucosa in which both proteins are present (83%). Lactase was detected 
from the crypt-villus junction to almost the tips of the villi, whereas SI was found very 
deep in the crypts and reached up to approximately one-third of the villus length 
(figure 5A and B). In sections of a biopsy of another child expression was 
demonstrated of both lactase and SI along the entire length of the villus, while SI was 
also detected in crypt brush border (figure 5C and D). These examples represent a 
remarkable difference between immunodetection of lactase and SI in the brush border 
of crypts. In the majority of children SI was detected in the brush border of crypt 
enterocytes (83% of Sl-positive patients, e.g. figure 5B and D), while lactase was 
never detected in the crypts (compare figure 5A and C). 

Figures 6A and B illustrate independent expression of lactase and SI among 
duodenal enterocytes. Within the epithelium, lining a single villus, lactase was 
sometimes expressed in enterocytes that lack SI expression. Often, abrupt transitions 
(within one cell position) from positive to negative staining was observed (figure 6B). 
Also the reverse situation occurred, when SI was present in cells that were negative for 
lactase (Not shown). 

Strikingly, in 16 out of 60 patients (27%) studied by immunohistochemistry 
both the anti-lactase and the anti-SI Mabs stained an intracellular supranuclear region, 
in addition to the commonly observed brush border staining (figure 6C and D). In 
individuals positive for this intracellular staining, high amounts of intracellular lactase 
as well as intracellular SI were detected in adjacent sections. No cases were found in 
which only one, but not the other, Mab stained mtracellularly. The intracellular 
staining was found in all cells expressing lactase and SI on their brush borders, in 
villus as well as in crypt enterocytes, whereas staining was not detected in goblet and 
Paneth cells. This phenotype, i.e. concomitant high intracellular lactase and SI levels, 
did not correlate with morphology of the tissue, since it was also observed in mucosae 
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of particular patients with villus atrophy (Not shown). Moreover, there was no 

correlation with the age, sex, or ABO-blood group of the individual (Not shown). 

Normal Human Duodenum (1 5 yrs) Normal Human Duodenum (2 yrs) 
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Figure 5. Immunohistochemical detection of lactase and SI protein in duodenal 
biopsies. Photos show representative immunodetection on sections of duodenal mucosal biopsies from 
two children with normal mucosal morphology. In both cases, lactase (panels A and C) or SI (panels B 
and D) are shown in closely adjacent sections of the same biopsy. Original magnification lOOx. 
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Figure 6. Expression of lactase and SI at the cellular level. Panels A and B illustrate 
independent expression of lactase and SI among enterocytes. Lactase is expressed in enterocytes that lack 
SI expression (arrow). Note the abrupt transition from positive to negative staining for SI compared to the 
continuous staining for lactase (arrowhead). Panels C, D and E illustrate the intracellular staining for 
lactase and SI noted in 27% of the children. In panel C high amounts of intracellular lactase are detected 
in all enterocytes along the villus, and panel D shows the same phenomenon in an adjacent section stained 
for SI. Panel E shows staining of an adjacent section using an anti-intestinal alkaline phosphatase Mab. 
Original magnification 400x. 
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We performed a number of control experiments to find an explanation for this 
phenotype. The intracellular staining was observed indistinguishably for each of the 
two anti-human SI Mabs, but not for the anti-brush border enzyme alkaline 
phosphatase Mab (figure 6E). Three independent anti-human lactase Mabs: mLacl, 
mLac4, and mLac5, did not detect this intracellular lactase (Not shown). Negative 
controls included ascites prepared in sibling mice containing a Mab against rat lactase 
(Quarom and Isselbacher, 1985), which has been shown not to cross-react with human 
lactase both in immunohistochemistry and immunoprecipitation (Not shown), 
indicating that we detected indeed intracellular lactase using the anti-human lactase 
Mab. Hybridoma culture supernatants of the Mabs (i.e. HBB 1/90/34/74, HBB 
2/219/20, and HBB 2/219/88) gave the same results as ascites, and also after 
purification from ascites, using affinity chromatography on protein A-Sepharose, these 
Mabs gave the same results (Not shown). The secondary antibodies were not 
responsible for the intracellular staining, since omission of the first antibodies (i.e. the 
Mabs) from the immunohistochemical procedures, resulted in perfectly blank control 
staining (Not shown). We also tested two additional fixation protocols for biopsies 
(that is, occasionally, and just for this purpose): fixation in methanol/acetone/water 
(40/40/20, v/v/v), or the use of cryosections. If the intracellular staining phenotype was 
observed in the standard paraformaldehyde-fixed biopsy sections, then this staining 
was also observed in sections of the alternatively treated tissue (Not shown). 

Discussion 

Lactase and SI are both essential glycohydrolases for the development of the 
growing child, since these enzymes account for almost all disaccharide hydrolysis in 
humans. Lactase is particularly important in suckling children, whereas SI becomes 
more important later in life when milk is no longer the sole nutrient. However, there is 
very little specific knowledge of regulation of expression of the enzymes in the 
duodenum during human post-natal development, hi this study, we quantified lactase 
and SI expression in conjunction, and we were able to assess the levels of regulation 
that govern the expression of these important genes during childhood. 

Lactase and SI genes are independently regulated 
There is substantial evidence from a variety of species, especially rat (Rings et 

al, 1994; Krasinski et al, 1994), that lactase and SI are mainly regulated at the 
transcriptional level (Van Beers et al, 1995). Here, we analyzed quantitative data for 
both these glycohydrolases in the duodenum of a group of children of various ages. 
Quantitative analysis of gene regulation in the intestine during development is 
generally hampered by the lack of reference to suitable tissue parameters, since 
parameters like size, dry or wet weight, cell-type composition, and DNA content 
change continuously in a growing individual. We have circumvented this partly by 
analyzing the ratio of lactase mRNA and SI mRNA levels, which had both been 
derived by identical methods from the same biopsy. The results clearly indicate that 
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the lactase and SI genes are expressed independently in the duodenum during 
childhood, suggesting that the mechanisms that regulate their expression are only 
distantly related. This is in accordance with earlier studies, which indicated that the 
promoter sequences of the respective genes are quite distinct (Traber et al, 1992; Boll 
et al, 1991). 

Lactase and SI are primarily transcriptionally regulated during childhood 
We described lactase as well as SI regulation in children based on steady-state 

levels of mRNA and protein. Other studies had already convincingly shown a linear 
relationship between the amount of glycohydrolase protein and the corresponding 
enzyme activity (Harvey et al, 1985; Fajardo et al, 1994; Rossi et al, 1997). Levels 
of lactase or SI mRNA, protein and in some studies also enzyme activities have been 
measured in adult humans, and in rat and rabbit (Savilathi et al, 1983; Fajardo et al, 
1994; Rossi et al, 1997; Rousset et al, 1989; Nichols et al, 1992; Lloyd et al, 1992; 
Rubin et al, 1992; Traber et al, 1992; Rossi et al, 1993; Maiuri et al, 1994). 
However, none of these reports simultaneously described measurements of lactase and 
SI gene expression of the same individuals at both the mRNA and protein levels. And 
more importantly to the pediatric gastroenterologist, none of these studies related to 
the duodenum of children. 

From our observations, we conclude that there are significant correlations 
between lactase and SI protein and their respective mRNAs, suggesting predominant 
gene regulation at the transcriptional level. Although statistically significant, the 
correlation coefficients of 0.27 and 0.33 for lactase or SI mRNA versus their 
respective protein levels imply additional factors to explain the variations present in 
our study. The existence of additional factors, regulating lactase expression in adult 
humans, was also recently suggested by others (Rossi et al, 1997). However, no 
obvious 'additional factors' are identified at present. Nevertheless, our results show for 
the first time, primary transcriptional control both for the lactase and SI gene in the 
duodenum during childhood. These results are in accordance with studies in human 
adults (Harvey et al, 1995; Fajardo et al, 1994; Escher et al, 1992), in vitro in the 
human Caco-2 cell line (Van Beers et al, 1995), but also in rat during development 
(Rings et al, 1994; Krasinski et al, 1994). 

We found high degrees of inter-individual variation in mRNA levels among 
patients, even with normal mucosal morphology. This is in agreement with earlier 
literature measuring enzyme activity of these enzymes in adults and children 
(Newcomer and McGill, 1966, 1967; Olsen et al, 1996). The nature of the factors 
causing this large variation in expression levels are largely unknown, but the different 
lactase alleles (i.e. those for high and low adult lactase levels) do contain the 
information to direct high or low expression levels (Wang et al, 1994). It is estimated 
that approximately 5% of Northern Europeans are homozygous for low lactase 
expression during adult life, while some 35% of the population is heterozygous for this 
trait (Wang et al, 1994). Particularly in older children, part of the variation in 
expression levels of lactase may be due to this allelic variation. 
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Lactase and SI are expressed at stable levels in Caucasians from new-born to adult 
Neither lactase nor SI mRNA levels showed significant changes during post

natal development up to adult age (18 years). This is in sharp contrast to our previous 
data on the expression of both glycohydrolases during post-natal development in rat. 
Rat lactase was very highly expressed shortly after birth, while levels declined rapidly 
after weaning. Rat SI was not detectable until shortly before weaning, and thereafter 
reached high adult levels (Rings et al, 1994; Krasinski et al, 1994). For lactase in our 
present study this difference can be explained by the fact that only children from 
Dutch Caucasian origin were analyzed, that are known to retain high levels of lactase 
throughout life (Flatz, 1987), in contrast to most other human races as well as all other 
mammalian species (Van Beers et al, 1995). Nevertheless, it is striking that also SI 
levels appeared stable during human post-natal development in this study. 

Lactase and SI are also independently expressed at the cellular level 
As indicated above, the lactase and SI genes are regulated independently, 

when steady state levels of the respective mRNAs are considered. Yet, this 
independent mode of regulation was also found at the cellular level. In virtually all 
individuals examples can be found, within the duodenal epithelium, of cells clearly 
expressing one, but not the other, protein. This is particularly true for the specific 
immunostaining for SI in duodenal crypts, that was found in 83% of the children 
studied. Lactase was never detected in the crypts by any of the four anti-lactase Mabs 
that were used in this study. With several independent antibodies, others have also 
found SI immunostaining in rat and adult human intestinal crypts (Nichols et al, 1992; 
Beaulieu et al., 1989). Future experiments using in situ hybridization for SI should 
clarify if SI protein expression is indeed supported in duodenal crypts in children. 

Intracellular lactase and SI immunostaining 
In 27% of the children studied, we found high intracellular levels for both 

lactase and SI protein that has not been reported before. We found that this staining 
did not correlate with sex, age, or clinical diagnosis of the patients, or with the 
morphology score for the biopsy sections. The localization of the staining in the 
enterocytes is very characteristic of the size and position of the Golgi compartment 
within enterocytes, which remains to be confirmed by double labelling using Golgi-
specific antibodies. Per patient, the intracellular staining was always observed for both 
glycohydrolases simultaneously. In sections from the duodenal biopsies of these 
patients, the intracellular staining was found in all cells expressing lactase and SI on 
their brush borders, in villus as well as in crypt enterocytes, whereas staining was 
never detected in goblet and Paneth cells. 

Intracellular staining for lactase was described before in so-called 'phenotype 
II' adult-type lactase deficiency (Lorenzsonn et al, 1993). This rare phenotype was 
observed in an adult with a mixed native American/European ancestry, and was 
characterized by an accumulation of immunoreactive lactase in the rough endoplasmic 
reticulum, while the staining for SI in this patient was abundant and only found in the 
brush border (Lorenzsonn et al, 1993). This phenotype seems clearly distinct from the 
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phenotype that we have observed here for several reasons: 1. The condition that we 
found was not particularly rare among ethnic Dutch individuals, 2. We observed the 
intracellular staining in the Golgi complex, rather than in the endoplasmic reticulum, 
and 3. We found intracellular staining for both enzymes, and not just for lactase. 

We excluded the possibility that the intracellular staining was due to non
specific staining through a number of control experiments: 1. Results obtained using 
two distinct anti-human SI Mabs were indistinguishable in all cases, 2. Extraneous 
murine antibodies in the ascites do not contribute to the intracellular staining, since 
ascites obtained from a sibling mouse (containing an unrelated Mab) did not stain any 
of the tissue sections. Moreover, hybridoma culture supernatants containing the Mabs 
gave the same results as ascites, and also after protein A-purification the Mabs gave 
the same results, 3. The secondary antibodies used m immunohistochemistry were not 
responsible for the intracellular staining, and 4. Fixation artefacts were highly unlikely 
since alternative fixation protocols yielded a similar intracellular staining in sections of 
biopsies of the patients that showed this particular phenotype. 

In a previous study, we had collected biopsies from two sites of the 
duodenum, i.e. at the bulbus duodeni and distally from the papilla of Vater (Van Beers 
et al, 1998). Intracellular staining, if detected in a patient, was always observed in 
biopsies from both sites in the duodenum. We have also studied non-Caucasian 
children during this earlier work, and also these patients occasionally showed 
intracellular staining for both glycohydrolases (Van Beers et al, 1998). These patients 
were not included in the present study as separate groups due to small numbers. 
Nevertheless, the intracellular staining phenotype seems not related to ethnic 
background. 

It is described that particular carbohydrate epitopes, like ABO-blood group 
antigens, may be specifically localized to the Golgi apparatus. The intracellular 
staining found in this study was likely not due to recognition of carbohydrate epitopes, 
since the staining did not correlate to the ABO-blood group of the patients. Moreover, 
the anti-lactase Mab and both anti-SI Mabs that were used, were shown to be directed 
to peptide epitopes, since each Mab recognizes (in addition to the high-mannose and 
complexly N-glycosylated forms of the enzymes) the de-Af-glycosylated precursor, as 
shown by immunoprecipitation (Van Beers et al, 1995; Hauri et al, 1985). Moreover, 
these Mabs did never recognize goblet cells that are known to express a wide variety 
of carbohydrate epitopes. Thus, at present it is very difficult to explain why this 
phenotype, i.e. concomitant high intracellular lactase and SI levels, occurs only in a 
subset of children. 

Perspectives 
We have shown in the duodenum of Caucasian children that; 1. the lactase 

gene is primarily regulated transcriptionally, 2. the SI gene is primarily regulated 
transcriptionally, 3. lactase and SI are regulated independently from each other, as 
detected by mRNA levels as well as at the cellular level 4, the expression levels of 
either lactase or SI do not change during development form newborn to adult, and 5. 
secondary deficiency of both glycohydrolases arises during villus atrophy. 
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We have additionally shown that expression levels of both enzymes vary 
widely in human duodenum, but seem nevertheless mainly transcriptionally regulated. 
However, other regulatory mechanisms may also be involved in determining variation 
of these expression levels. Future studies should be directed at identifying the factors 
that influence the lactase and SI expression levels per enterocyte as well as for 
individuals. 
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Intestinal Carbamoyl Phosphate Synthase I in Human and 
Rat: Expression during Development Shows Species 
Differences and Mosaic Expression in Duodenum of Both 
Species 

Abstract 

The clinical importance of carbamoyl phosphate synthase I (CPSI) relates to its 
capacity to metabolize ammonia, because CPSI deficiencies cause lethal serum ammonia 
levels. Although some metabolic parameters concerning liver and intestinal CPSI have been 
reported, the extent to which enterocytes contribute to ammonia conversion remains unclear 
without a detailed description of its developmental and spatial expression patterns. 
Therefore, we determined the patterns of enterocytic CPSI mRNA and protein expression in 
human and rat intestine during embryonic and postnatal development, using in situ 
hybridization and immunohistochemistry. CPSI protein appeared during human 
embryogenesis in liver at 31-35 embryonic days (ED) before intestine (59 ED), whereas in 
rat CPSI detection in intestine (at 16 ED) preceded liver (20 ED). During all stages of 
development, there was a good correlation between the expression of CPSI protein and 
mRNA in the intestinal epithelium. Strikingly, duodenal enterocytes in both species 
exhibited mosaic CPSI protein expression despite uniform CPSI mRNA expression in the 
epithelium and the presence of functional mitochondria in all epithelial cells. Unlike rat, 
CPSI in human embryos was expressed in liver before intestine. Although CPSI was 
primarily regulated at the transcriptional level, CPSI protein appeared mosaic in the 
duodenum of both species, possibly due to post-transcriptional regulation. 

Introduction 

Carbamoyl phosphate synthase I (CPSI, EC 6.3.4.16) is a nucleus encoded, 
mitochondrially localized enzyme with the unique specific activity of converting 
ammonia into carbamoyl phosphate and fuelling the urea cycle in liver in a rate-
limiting fashion. CPSI gene expression is restricted to hepatocytes and intestinal 
enterocytes (Ryall et al, 1986; Gaasbeek-Janzen et al, 1988). The physiological 
significance of enterocytic CPSI is poorly understood. It may serve in the 
detoxification of ammonia through the urea cycle, as in the liver (Meijer et al, 1990; 
Wu 1995; Dubois et al, 1988; Hoogenraad et al, 1985). Isolated enterocytes from 
weaned pigs and rat intestine in vivo are capable of net urea production, owing to a 
completely active urea cycle (Wmdmüller and Spaeth 1976; Wu 1995). From the 
carbamoyl phosphate, synthesized by adult rat enterocytes, citrulline is formed, 
which is largely secreted into the blood (Wmdmüller and Speath 1981). In contrast 
to liver that does not release citrulline into the blood, intestinally produced citrulline 
seems the predominant supply for most tissues to synthesize arginine as a 
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prerequisite for protein synthesis (Hoogenraad et al, 1985). Independently of the 
urea cycle, rat enterocytes can convert the synthesized arginine directly into 
citrulline and NO (nitric oxide) (Blachier et al, 1991). Therefore there are two 
possible roles for enterocytic CPSI: first, the conversion of ammonia into citrulline 
(and possibly finally into urea) and, second, the formation of NO via local synthesis 
of arginine. 

In addition to CPSI, which encodes both liver and intestinal mitochondrial 
CPSI, there are two heterologous enzymes with CPS activity (EC 6.3.4.16), CPSII 
and III. Of these only CPSI and II are expressed in mammals whereas CPSIII has 
only been described in elasmobranchs (McCudden and Powers-Lee 1996). 
Moreover, in contrast to CPSI, which is mitochondrially localized, CPSII is a 
cytoplasmic enzyme which is mainly important in de novo polyamine synthesis, is 
practically absent in both enterocytes and hepatocytes, and is not recognized by the 
antiserum used in this study to detect CPSI. 

We describe here the distribution of human and rat CPSI during 
development in the pre- and postnatal intestine. We performed immuno-
histochemistry (IHC) to localize CPSI protein and we used rat and human CPSI 
cDNA fragments as probes in in situ hybridization (ISH) to localize the respective 
CPSI mRNAs. We performed immuno electron microscopy to study CPSI protein 
localization in the intestine at the subcellular level. Thus, we were able to give a 
detailed description of the regulation of the developmental expression patterns of 
human and rat CPSI in the intestine. 

Materials and Methods 

Tissue 
Human tissue included embryonic samples of 31-35, 35-38, 44-51, 59, 62, 

63 64, 68, and 72 ED, according to Carnegie staging (Dingemanse and Lamers 
1994b). Furthermore, duodenal biopsies (distal to the papilla of Vater) were taken 
with informed consent of the patients and/or their parents as well as with permission 
of the ethical committee of our institution. Patients described underwent endoscopy 
for various gastrointestinal complaints. For each patient, age, racial origin, clinical 
symptoms, and medical history were recorded. Duodenal biopsies were analyzed 
from 64 patients representing all stages of infancy and childhood (3 months to 18 
years). Furthermore, eight normal proximal jejunal sections were obtained as 
resections from adult humans who underwent surgery for distant tumors, mostly of 
the pancreas. Rat tissue was obtained with permission of the Animal Research 
Committee of our institution and included stomach, duodenum, jejunum and colon 
from gestational days 9, 13, 14, 16, 18, 20, postnatal days 0, 4, 8, 14, and 28, and 
from older rats at 5 months. 
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Cloning of the Human CPSI Probe 
We cloned 1413 bp of the human CPSI cDNA by RT-PCR from 

guanidinium/CsCl isolated and purified small intestinal RNA. Human CPSI-specific 
PCR primers were designed to clone the 5' region representing the N-acetyl-L-
glutamate binding domain that is present in CPSI but not in CPSII or III (Van den 
Hoff et al, 1995), using synthetic oligomers as primers and ligated into the 
Apal/EcoRI restriction site of the vector pBlueScript KS- (Stratagene): 
5'AATTTGTTGAAGGGGCCC 3' containing an Apal site at position 3519 and 
oligonucleotide 5'GGAATTCTGCCCTGTTAAAGTGTCC 3' at position 4914 of the 
published sequence (Haraguchi et ai, 1991), carrying an EcoRI extension at the 5' 
end for cloning purpose. The cloned region resulted in a linear fragment of 1395 bp 
when digested with both Apal and EcoRI and the authenticity was verified by 
sequencing using T3 and T7 sequencing primers. Moreover, it was demonstrated 
that this human CPSI probe hybridized to an mRNA of the expected size when 
tested on intestinal RNA samples. 

RNA Isolation and CPSI mRNA Quantification 
CPSI mRNA was quantified as described earlier (Van Beers et al.,\991). In 

brief, RNA was isolated from human biopsies, and CPSI mRNA was quantified by 
spot-blotting, using a 1395 nt CPSI probe transcribed from the linear CPSI cDNA 
fragment described above. Quantitative autoradiographs were prepared with a 
Phosphorlmager using ImageQuant software (Molecular Dynamics). Membranes 
were stripped of adherent CPSI probe and checked for absence of radioactivity by 
exposing Phosphorlmager screens for 48 hr. Sequentially, all the blotted RNA 
samples were incubated with a 1 kb cDNA probe for the housekeeping gene 
glyceraldehyde-3-phosphate dehydrogenase (Gapdh). CPSI mRNA levels were 
normalized to Gapdh mRNA. 

Immunohistochemistry 
Unless indicated, tissue was fixed in 4% paraformaldehyde (PFA), 

essentially as previously described (Van Beers et al, 1995a). Seven um thick 
sections from 30 min 4% PFA-fixed, paraffin-embedded tissue were deparaffinized 
and incubated for 30 min in 3% H202 in PBS to inactivate endogenous peroxidase 
activity. All sections were incubated for 30 min in 10 mM Tris-HCl, 5 mM EDTA, 
150 mM NaCl, 0.25% gelatine, 0.05% Tween-20 to reduce background. The 
sections were subsequently incubated overnight with adequate dilutions in PBS of 
the primary antibodies: 1.5 h with rabbit anti-mouse serum (1:7500; Dako, Glostrup, 
Denmark), 1.5 hwith goat anti-rabbit serum (1:1000; Dako), and 1.5 hwith rabbit 
peroxidase anti-peroxidase (1:1000; Dako) at room temperature. Anti-lactase (HBB 
1/90/34/74) and anti-SI (HBB 2/219/20 and HBB 2/219/88) monoclonal antibodies 
were diluted 1:1000 from ascites (antibodies were a kind gift of Dr. H.-P. Hauri). A 
polyclonal anti-rat sucrase-isomaltase serum (gift of Dr. K.Y. Yeh) was used 1:500 
to detect rat sucrase-isomaltase. Rabbit anti-human intestinal mucin (MUC2) 
polyclonal serum was diluted 1:1000 as described previously (Tytgat et al, 1994), 
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and rabbit anti-human chromogranin A was used, diluted 1:1000 (Dako). The CPSI-
monospecific polyclonal antiserum raised against rat CPSI and cross-reacting with 
human CPSI was obtained from Dr. R. Charles (Charles et al, 1980). Finally, as 
controls, in the case of duodenal sections that consistently exhibited mosaic staining 
on PFA-fixed tissue, duplicate biopsies were used to test the effect of other fixation 
protocols, i.e., methanol/acetone/H20 (40:40:20) fixation with or without subsequent 
boiling for 5 min in sodium citrate buffer 0.1 M (pH 6.0) or IHC on unfixed cryostat 
sections. 

Ultra cryotomy and Immunolabeling 
Freshly excised tissue blocks were fixed with 2% PFA, 0.2 % 

glutaraldehyde in 0.1 M phosphate buffer, pH 7.4 (PB) for 2 hand stored in 2% PFA 
in PB. The blocks were washed three times with PBS, 0.15 M glycine, and finally 
embedded in 10% gelatine in PB. The gelatine was allowed to solidify and small 
cubic blocks were cut at 4°C and infused with 2.3 M sucrose in PB during at least 2 
h at 4°C. The blocks were mounted on a copper specimen holder and frozen in liquid 
nitrogen. Ultrathin cryosections were prepared at 120°C on a Leica Ultracut S 
(Vienna, Austria) using a Drukker diamond knife (Drukker International; Cuick, The 
Netherlands) according to Liou and co-workers (1996). The sections were immuno-
labelled according to Slot et al. (1991) with anti-CPSI antiserum (diluted 1:100 in 
PBS/1% bovine serum albumin) and protein A-gold 10 nm. 

In situ hybridization (ISH) 
Essentially as described previously (Rings et al, 1994). 35S-labeled DNA 

probes used in ISH on rat tissue were synthesized using random priming from 2386 
kb of rat CPSI cDNA, 1000 bp rat albumin cDNA, or 1800 bp rat lactase cDNA. 
35S-labeled sense or anti-sense riboprobes for ISH on human sections were 
synthesized from 1395 bp human CPSI cDNA as described above, using in vitro 
transcription by T3 or T7, respectively. 

Succinate dehydrogenase (SDH) activity assay 
Cryosections were thawed, treated with acetone for 20 min, and incubated at 

37°C for 60 min in a solution containing 40 mM phosphate buffer (PB) pH 7.4, 40 
mM sodium succinate, 0.8 mg/ml nitroblue tetrazolium, 0.125 mM CaCl2, 0.2 mM 
AICI3, 25 mM NaHC02, and phenazine methosulfate (N-methyl-di-benzopyrazine) 
0.5 mg/ml. After staining, sections were fixed in 4% PFA in PB and coverslips were 
mounted for microscopy. Dark precipitate indicated SDH enzyme activity. 

Results 

Rat CPSI Expression during Development 
To analyze the developmental onset of CPSI gene expression we performed 

ISH on embryonic rat sections. CPSI mRNA was undetectable in the embryos of 9-
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16 ED (not shown). CPSI mRNA is very abundant in intestinal loops at 18 ED, but 
almost, if not entirely, absent from liver (figure 1A). Lactase mRNA was also 
expressed in these intestinal cross sections at 18 ED (figure IB). At 20 ED, in 
addition to intestine, CPSI mRNA is now also expressed in liver (figure 1C). In 
control experiments, lactase mRNA was detected exclusively in intestine at 20 ED, 
whereas albumin was detected exclusively in liver (figure ID and E). During 
embryonic development in rat, CPSI mRNA and protein were always 
simultaneously detected in the same tissues (IHC not shown). 

0"0 
Ik:*i 

Figure 1. In situ hybridization with 35S-labeled cDNA probes on rat embryos at 18 
(panels A and B) and 20 (panels C-E) embryonic days. Panels A and C show hybridization 
to rat CPSI probe; panels B and D to rat lactase probe; and panel E to rat albumin probe (i, intestine; L, 
liver). Scale bar = 100 um. 

To analyze the spatial arrangement of CPSI mRNA and protein expression 
in more detail, we studied the crypt-villus axis of rat jejunum during postnatal 
development. Immediately after birth, the epithelium consists of short villi and 
intervillus regions, whereas crypts have not yet formed. Between 0 and 28 days 
villus length increased and crypt formation occurred. CPSI protein was present 
throughout the entire epithelium at all stages of development, although at later stages 
(28 days and older) the intensity of the staining declined from the crypt-villus 
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junction towards the villus tip (figure 2A-C). Concurrent with the morphological 
changes, the CPSI mRNA expression pattern changed. At birth, CPSI mRNA is 
detected in the entire epithelium, whereas expression was confined to the crypts at 
28 days (figure 2D-F). The findings presented for 28 days were representative for 
adult animals up to 5 months (not shown), and therefore reflect the adult CPSI 
mRNA and protein patterns. 

R — 

Figure 2. CPSI immunodetection in rat jejunum at 0 (panel A), 7 (panel B), and 28 
(panel C) days after birth. On sections from the same animals we performed in situ hybridization 
(panels D-F) using random primed single stranded 35S-labeled rat CPSI probe. Arrowheads indicate 
crypt-villus junctions. Scale bar 100 urn. 

Human CPSI Expression during Development 
We analyzed CPSI protein expression in human developmental stages 

(figure 3). The earliest detection of CPSI protein was in liver at 31-35 days of 
gestation, whereas at that stage CPSI was absent from all other tissues including 
intestine (figure 3A). At 59 days of gestation, in addition to liver, CPSI was 
abundantly detected in both villus and inter-villus epithelium of the small intestine 
(figure 3B). The protein remained highly expressed in villus enterocytes of the 
developing small intestine at 72 days of gestation as well as in the enterocytes of 
villi and crypts of the jejunum of adults (figure 3D and E). CPSI protein was not 
detected in human stomach or in sigmoid biopsy sections (not shown). 
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Figure 3. CPSI immunodetection in human tissue. Panel A, 31-35 ED; panel B, 59 ED; 
panel C, 59 ED control section, similar to panel B but without the primary anti-CPSI antibody; panel D, 
72 ED; panel E, adult jejunum (i; intestine, L, liver). Scale bar 100 urn. 

Mosaic CPSI Protein Distribution in Human Duodenal Epithelium 
Duodenal biopsies from a large number of human subjects between 3 

months and 18 years old were analyzed for CPSI mRNA and protein expression. To 
assess the distribution of CPSI mRNA along the crypt-villus axis of the normal 
human duodenum, we performed ISH. Figure 4 shows a representative example 
from an ISH experiment that included duodenal specimens from four different 
individuals. It shows CPSI mRNA in most if not all enterocytes along the crypt-
villus axis. Note however, the absence of staining in the Brunner's gland epithelium, 
which is extensively present in the duodenal mucosa. 

In sharp contrast to the mRNA expression, we found a mosaic pattern for 
CPSI protein, whereas lactase appeared uniformly expressed in adjacent sections 
(figure 5A and B). There was no mosaic pattern in fetal tissue or during postnatal 
development, since similar patterns of expression were observed in duodenal 
biopsies from all 64 individuals aged 3 months to 18 years. Moreover, we found 
similar results in individuals from various racial backgrounds, as well as in 
individuals with or without affected duodenal histology (not shown). Furthermore, 
this mosaicism did not depend on tissue fixation, because PFA or methanol-acetone 
fixation yielded very similar results (not shown). This pattern also was not affected 
by boiling of the tissue sections in sodium citrate buffer (not shown). In addition 
IHC on unfixed duodenal cryosections revealed mosaic CPSI protein expression (not 
shown). In contrast to duodenum, CPSI protein was uniformly present in all jejunal 
enterocytes along the crypt-villus axis, whereas lactase protein levels declined 
towards the tip of the villi in adjacent sections (figure 5C and D). 



1 3 8 - Chapter 7 

Figure 4. In situ hybridization with 35S-labeled human antisense CPSI riboprobes in 
healthy human duodenum. Panel A shows a tissue section hybridized to antisense probe and panel 
B shows an adjacent section hybridized to the sense probe (negative control). Note that a large non-
hybridizing area, in the lamina propria of panel A, shows Brunner glands (bg), which do not express 
CPSI. Scale bar = 200 \xm. 

We compared the areas of CPSI-negative cells in the epithelium with the 
spatial arrangement of non-enterocytic cell types. We used anti-human MUC2 
antiserum to label all goblet cells and anti-human chromogramn A antibody to label 
all enteroendocrine cells. Specific Paneth cell staining was not performed, because 
Paneth cells reside only at the base of the crypts and could never contribute to CPSI 
mosaicism among villus cells. The numbers and distributions of the goblet and 
enteroendocrine cells were very different from the CPSI-positive areas in the 
epithelium: Goblet cells and enteroendocrine cells were very scarce, and the CPSI-
positive areas comprised about half of the epithelium (not shown). 

We further analyzed the spatial arrangement of CPSI-expressing cells using 
various planes of sectioning. In all human duodenal biopsies sectioned along the 
crypt-villus axis as in figure 5, CPSI-positive cells were mosaically arranged. In 
contrast, biopsies sectioned through the plane perpendicular to the length of the 
crypts often showed clusters of CPSI-positive crypts (figure 6). 
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Figure 5. Immunohistochemistry on healthy human duodenal (A, B) and jejunum 
sections (C, D). A and C, anti-CPSI polyclonal serum; B and D, anti-lactase monoclonal antibody 
on adjacent sections. Scale bars in A and C represent 100 and 50 urn, respectively. 
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Figure 6. CPSI immunodetection in a human duodenal biopsy section along the 
plane of the upper crypts. Scale bar 100 urn. 
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All Human Duodenal Enterocytes Contain Functional Mitochondria 
SDH enzyme activity was studied by enzyme histochemistry on frozen 

sections of human duodenum, as a hallmark for mitochondrial function. In contrast 
to the mosaic CPSI protein expression, all epithelial cells displayed similar SDH 
activity (figure 7). At higher resolution with transmission electron microscopy 
(TEM), all enterocytes were found to possess comparable numbers of 
morphologically identical mitochondria. By immunogold labelling, CPSI was found 
in the mitochondria of some but not all enterocytes. Many examples were found in 
which all mitochondria of an enterocyte were labelled for CPSI, whereas the 
mitochondria of a directly neighboring enterocyte were completely devoid of CPSI 
labelling (figure 8A). Using TEM, we also demonstrated that CPSI expression was 
absent from goblet cells (figure 8B). 
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Figure 7. SDH-activi ty in human duodenum. Succinate dehydrogenase activity detection by 
enzyme histochemistry, indicative for mitochondrial function. One representative duodenal section 
from one of seven patients is shown. Dark staining was extensive and continuous throughout the entire 
epithelium (e) and to a much lesser extent in the lamina propria (Lp). Scale bar = 100 urn. 
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Figure 8. CPSI in an ultrathin cryosection of human duodenum detected with 
protein-A gold. A shows two adjacent enterocytes of which the lower shows CPSI positive 
mitochondria (m). Enterocytes were identified by their brush-border membrane and the absence of 
significant amounts of secretory granules (outside of this frame). Panel B shows an enterocyte (e) and 
neighbouring goblet cell (g). Only the enterocyte contains CPSI. Arrowheads point to the delineating 
basolateral cell membranes of the cells. Scale bar 200 nm. 
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Figure 9. CPSI immunodetection in adult rat duodenum of the most proximal villi 
jus t distal Of the pylorus. Section A shows CPSI and an adjacent section (B) shows sucrase-
isomaltase. The arrow points at a small cluster of CPSI-positive enterocytes. Scale bar represents 100 
p.m. 
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Mosaic CPSI Distribution in Rat Duodenal Epithelium 
In rat we found a mosaic CPSI expression pattern similar to that of human 

duodenum (figure 9A). This mosaic expression pattern was not observed in fetal 
tissue and could be demonstrated at all postnatal stages examined. As expected, 
sucrase-isomaltase was uniformly present in the brush-borders of all duodenal villus 
enterocytes (figure 9B). With respect to the longitudinal distribution in the small 
intestine, CPSI protein appeared mosaic only within 1 cm directly distal to the 
pylorus. Beyond this small region, CPSI was uniformly expressed at high levels in 
all enterocytes. ISH studies showed uniform CPSI mRNA distribution among all 
duodenal crypt enterocytes, similar to the CPSI mRNA in jejunum (not shown). 

Levels of CPSI mRNA in Human Duodenum Increased with Age 
Among the duodenal biopsies studied, the expression patterns of CPSI 

protein or mRNA did not change at the histological level, as described above. 
However, in addition to histological examination, we performed a quantitative 
analysis of CPSI mRNA levels in duodenal RNA samples from 22 healthy 
Caucasian subjects. A Spearman rank correlation analysis revealed a significant 
increase in CPSI mRNA levels with age up to 12 years (n = 22, r = 0.43, p = 0.008). 
A similar analysis on biopsies from a more proximal location, from the bulbus 
duodeni, yielded comparable results (n = 24, r = 0.63, p = 0.0009). 

Discussion 

CPSI Expression during Development 
The earliest expression of CPSI mRNA and protein in rat intestine was at 18 

ED (i.e., 86% of gestation) and in liver at 20 ED (95% of gestation). These results 
are in agreement with findings on Northern blots by Ryall et al. (1986). Before and 
immediately after birth, there is complete coincidence between the intestinal cells 
expressing CPSI mRNA and protein. During later stages of postnatal development, 
CPSI mRNA was localized only in crypts, whereas the protein remained present in 
all villus enterocytes. This distribution is in accordance with the half-lives of the 
CPSI mRNA (4-6 h), compared to the CPSI protein (4-5 days) (Dingemanse and 
Lamers 1994a). 

In human, the first appearance of CPSI protein was relatively early in 
gestation compared to rat. We detected human CPSI protein in liver at 31-35 ED 
(12% of gestation) before detection in intestine at 59 ED (22% of gestation). This 
species difference may be due to the relatively long gestation in humans. This may 
already necessitate catabolic processes, including amino acid conversion through the 
urea cycle, before birth, whereas in rat anabolism may dominate until birth and the 
urea cycle is not needed until approximately the time of birth. 
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CPSI Protein, but not Its mRNA, Is Mosaically Distributed in the Duodenum 
A mosaic pattern of expression can be defined as a seemingly 

random distribution among cells for a certain phenotypic trait. The localization of 
CPSI protein in human and rat duodenum consistently appeared mosaic at the light 
and electron microscopic levels. The causal mechanism remains obscure, but three 
explanations could be excluded: (a). This phenomenon is very likely not correlated 
with the presence of different cell types within the epithelium: Neither numbers nor 
the localizations of goblet, Paneth, and enteroendocrine cells appear to correlate with 
CPSI-positive or negative areas. Moreover, enterocyte markers such as lactase and 
sucrase-isomaltase are expressed in a continuous fashion in the epithelium, whereas 
the CPSI protein is mosaically expressed by these cells, (b). The SDH activity and 
TEM studies indicated that neither distribution, number, function nor morphology of 
mitochondria varied among human duodenal enterocytes. The absence of CPSI 
protein is therefore not due to absence of functional mitochondria, (c). Expression of 
CPSI protein in duodenum is independent of the position of the enterocytes along 
the crypt-villus axis. This strongly suggests that cellular differentiation along this 
axis does not determine CPSI protein expression, as opposed to that of many other 
intestinal proteins, such as lactase and sucrase-isomaltase (Van Beers et al, 1995b). 

For CPSI mRNA, we found no evidence of mosaic expression in either 
human or rat duodenum, suggesting a post-transcriptional mechanism causing the 
CPSI protein mosaicism. Because the mRNA appears to be expressed in all 
enterocytes, there are three possible explanations for the absence of CPSI protein in 
the mitochondria of some cells: (a). CPSI mRNA is not translated, (b). CPSI protein 
is not imported into mitochondria but degraded instead; or (c). CPSI protein is 
degraded rapidly and selectively after its import into mitochondria. At presently, we 
have no means to distinguish among these possibilities. 

Comparison with Other Duodenal Mosaicisms 
It is important to note that the region of the intestine at which the CPSI 

mosaicism occurs is relatively small. In most of the small intestine of rat and human 
the expression of CPSI protein and mRNA is continuous. Nevertheless, the 
phenomenon is very interesting from a cell biological point of view and may add to 
the insight into intestinal cell migration, stem cell hierarchy, and differentiation 
programs of enterocytes. 

The duodenal CPSI protein mosaicism was a novel finding. Earlier, we 
showed mosaicism for lactase and sucrase-isomaltase in developing rat intestine 
(Rings et al, 1994). This study strongly suggested that mosaic gene expression 
reflects a local phenomenon along the longitudinal axis, as a transition between 
regions with and without expression of a certain gene. The position of the mosaicism 
appears to be guided by the underlying stem cells, because these cells are the only 
epithelial cells to contain and perpetuate the necessary positional information with 
respect to the position of the enterocytes along the longitudinal axis. 

Maiuri et al. (1991; 1992; 1994) showed mosaic expression in the intestine 
for lactase in human, rat and rabbit. The mosaic expression of human lactase was 
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distinctly different from the CPSI mosaicism, because not only the protein but also 
the lactase mRNA appeared mosaic in the epithelium. These authors concluded that, 
for human lactase biosynthesis, a high degree of variation exists in transcriptional 
and post-transcriptional regulation among enterocytes within a single individual. An 
unrelated mosaicism in human intestine was found, displaying heterogeneity among 
enterocytes in the expression of a blood group antigen (Maiuri et al, 1993). 

We hypothesize that CPSI protein mosaicism is mainly explained by 
differences among intestinal stem cells that are reflected in their daughter cells. It 
has been shown unequivocally that mouse intestinal crypts become increasingly 
more homogeneous until only monoclonal crypts were detected at 7 days post 
partum (Hermiston and Gordon 1995). Interestingly, these studies indicated that 
even with exclusively but different monoclonal crypts mosaicisms still occur for any 
phenotypic trait on villi, owing to the fact that enterocytes derive from multiple 
crypts (up to 12 in mice) and together populate the same villus. This leads to 
stretches, or ribbons, of phenotypically different enterocytes on villi. Because only 
two-dimensional analyses were performed on duodenal CPSI patterns, our 
conclusions regarding the presence of interrupted or uninterrupted stretches of CPSI-
positive cells are somewhat limited. Nevertheless, we can limit our possible 
explanations for mosaic CPSI expression to two options: (a) the stem cells in the 
crypts of the duodenum remain polyclonal with respect to CPSI expression or (b) 
both CPSI-positive and CPSI-negative monoclonal crypts are present throughout the 
length of the duodenum, supporting the continuous generation of a mixture of CPSI 
positive and negative enterocytes on villi. 

The physiological relevance and the molecular mechanisms that cause these 
intestinal mosaicisms remain obscure. It is our opinion that these mosaicisms merely 
reflect transition zones along the cephalo-caudal axis between the presence and the 
absence of CPSI. We do not attempt to attribute intrinsic physiological meaning to 
these mosaicisms. 

Potential Physiological Significance of Intestinal CPSI 
Our results show that CPSI is highly expressed in most of the small 

intestine, most likely during the entire lifespan in human and rat. The physiological 
role of enterocytic CPSI was demonstrated in pig and rat and appears to be different 
from that of liver CPSI (Wu 1995; Blachier et al., 1991, 1993; Hoogenraad et 
al., 1985). Adult rat enterocytes produce and release citrullme, whereas the action of 
liver CPSI leads to conversion of ammonia into urea and no intermediates are 
released from hepatocytes in significant amounts (Hoogenraad et al., 1985). In 
humans, enterocytic CPSI could also have a role in the total body nitrogen balance, 
especially through the consumption of ammonia and its contribution to the intestinal 
formation of citrulline. The role of intestinal CPSI in the systemic nitrogen balance 
may be underestimated compared to hepatocyte CPSI. It is conceivable that 
intestinal and hepatic CPSI work in a concerted fashion to regulate serum ammonia 
levels, although intestinal CPSI has not previously been proposed for this role. 
Consequently, in patients with fatal hyperammonemia, a condition that shows peak 
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incidence around birth and adolescence or at 51 years in one case (Johnson et 
al, 1972; Wong et al, 1994; Zimmer et al, 1995; Lo et al, 1993; Lichtenstem et 
al, 1997), it would be highly interesting to measure enterocytic CPSI in addition to 
hepatic CPSI activity rather than evaluating liver biopsies alone. More close studies 
of the differences between the regulation of liver and intestinal CPSI, or the extent 
of damage in surgery or disease in either organ, would allow better understanding of 
the causes of hyperammonemia. More suggestive evidence that intestinal CPSI may 
significantly contribute to the regulation of serum ammonia homeostasis comes from 
findings in patients treated with cytostatic drugs, resulting in hyperammonaemia in 
several cases (Fine et al, 1989; Liaw et al, 1993). Unfortunately, in none of these 
cases was intestinal mucosal damage or CPSI activity assessed, and the intestine is 
much more prone to damage by cytostatic treatment compared to liver. We would 
believe that more attention is warranted to elucidate possible vital roles of the 
intestine in ammonia metabolism. 
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General Discussion and Future Perspectives 

The human intestine plays a major role in digestion and absorption of food 
components. This important intestinal function however, is quite contradictory to its 
protective role to shield the body from exposure to, and uptake of harmful substances 
from the external milieu. The intestinal barrier is formed by a single cell layer 
epithelium that enables fast but highly selective passage of e.g. ions, vitamins and 
nutrients. This epithelium with its vast surface area and close contact with undigested 
and potential antigenic substances in the lumen is the site of action of the digestive 
enzymes, which are involved in the degradation of saccharides, peptides and lipids. Our 
focus was to study the digestive enzymes lactase and sucrase-isomaltase at the level of 
the enterocyte, but also in individual children to establish their expression in different 
segments of the duodenum and possibly find relations between disaccharidase gene 
expression and age or disease. 

Regulation of lactase and sucrase-isomaltase 
There is very little, if any, effect of changes in the consumption of 

disaccharides and levels of their respective digestive enzymes in the small intestine 
in mammals as reviewed in chapter 3. In other words, the intake of e.g. lactose or 
sucrose does not significantly influence the intestinal lactase or sucrase levels, 
respectively. Therefore, the levels of lactase and sucrase-isomaltase are regarded 
genetically imprinted, or 'hard-wired'. In chapter 4 of this thesis we present results of 
lactase and sucrase regulation obtained from examination of the intestinal cell line, 
Caco-2 during the process of cellular differentiation which had earlier been shown to 
adequately mimic normal enterocytic differentiation in vivo (Zweibaum et al, 1983; 
Pinto et al, 1983; Hauri et ai, 1985). We were the first to analyze levels of mRNA, 
enzyme and enzyme activity simultaneously in such a homogenenous population of 
human intestinal cells. The advantage of this cell line method is that no other cell 
types were present in the assays, as is the case in biopsy specimens or primary 
cultures. We realized that the contribution of multiple cell types would severely 
hamper interpretation of quantitative data. Our studies as in chapter 5, have clearly 
shown that the primary control of gene expression is at the level of the mRNA for 
both lactase and sucrase-isomaltase and hence is considered transcriptional. 
However, our results from Caco-2 cell tudies also convincingly showed that lactase 
is a fairly stable enzyme in these cells, which retains enzymatic activity long after its 
biosynthesis, compared to sucrase-isomaltase for which enzyme activity levels more 
closely followed the level of biosynthesis of the enzyme throughout the lifespan of 
the Caco-2 cells. Although our main conclusion that lactase and sucrase-isomaltase 
are transcriptionally regulated in Caco-2 cells during differentiation was drawn 
straightforward, indications were found for some additional regulation. We observed 
a 1-2 day delay in the detection of the biosynthesis of either glycohydrolase 
compared to the detection of their respective mRNAs. Before concluding that these 
differences in mRNA profiles and protein biosynthesis profiles are the result of post-
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transcriptional regulation, we need to address the possibility that our probes used for 
mRNA quantification represent exon sequences, which also detect nuclear pre-
mRNA in addition to spliced mRNA. We argue that this could explain part of the 
delay in protein biosynthesis compared to appearance of mRNA as splicing of pre-
mRNA also takes time. However, Krasinski (Krasinski et al., 1994) have not found a 
significant delay for lactase pre-mRNA splicing in vivo, in rat. By measuring the 
duration of splicing for lactase and sucrase-isomaltase specific mRNAs in Caco-2 
cells it should become clear whether the dynamics of mRNA processing in vitro in 
Caco-2 cells resemble that in vivo in rat intestine and might therefore explain part of 
the discrepancies found in our cell line study. An alternative explanation mentioned 
in chapter 4 to explain the time-lapse between the surge of lactase and sucrase-
isomaltase mRNA and the detection of the respective protein biosynthesis is that the 
former technique detects 'steady-state' mRNA levels at the time of cell harvest and 
the latter technique only detects de novo enzyme biosynthesis during 20 h 
immediately preceding harvest of the cells. It is unlikely that 20 h of continuous 
labelling is enough to label all proteins present in the cells. In spite of the 
methodological disadvantage, of being unable to precisely estimate 'steady state' 
protein levels, our figures indicate such a close correlation between production of 
mRNA and protein biosynthesis justifying our conclusions of transcriptional 
regulation of both lactase and sucrase-isomaltase during differentiation of this 
human intestinal epithelial cell line. 

Insight from studies in children 
The various studies that relate to duodenal enterocytes and their functions 

are described in chapter 5, 6 and 7. We have performed a large prospective study in 
children of various ages. It was our first goal to compare the morphology and the 
lactase and sucrase-isomaltase gene expression in the proximal duodenum to the 
distal duodenum. Although many detailed studies have been published that describe 
observations, e.g. for lactase, in biopsies from the duodenum, thus far no effort had 
been made to investigate possible differences between the proximal and distal 
sections of the duodenum. We assumed a functional difference between the 
proximal and distal duodenum due to the papilla of Vater which is positioned 
halfway the duodenum and which is the site of entry of bile and massive quantities 
of exocrine pancreatic enzymes into the small intestine. The study was designed to 
obtain 4 biopsies from each pediatric patient that visited the gastroenterology unit 
for upper gastro-intestinal endoscopy. Two 'distal duodenal' biopsies were taken in 
the distal duodenum, beyond the papilla of Vater and two 'proximal duodenal' 
biopsies were taken immediately distal of the stomach in the bulbus duodeni. These 
two locations had not been compared before with respect to the expression of 
digestive enzymes. Furthermore, the biopsies that were collected, enabled us to 
investigate lactase, sucrase-isomaltase and carbamoyl phosphate synthase I in 
relation to age and thus intestinal development as early as from newborns up to 18 
years old. Our results in pediatric patients are presented in chapters 5, 6 and 7. In 
chapter 5, we have presented an elaborate comparison between the two duodenal 
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segments. We have used a variety of scores for lactase protein immuno-detection in 
crypt enterocyte brush-border, villus enterocyte brush-border, intracellularly in crypt 
enterocytes, intracellularly in villus enterocytes, and similarly for sucrase-
isomaltase. Furthermore, we have scored mucosal morphology. Much to our 
surprise, the biopsies from both duodenal locations were very similar with respect to 
each criterium in all individuals studied (see chapter 5). This is important 
information for the practice of gastro-intestinal endoscopy and for the clinical 
diagnosis on biopsy sections. In contrast to Newcomer and McGill (Newcomer and 
McGill, 1975), who were the first to investigate lactase enzyme activity profiles 
throughout the entire small intestine, including the duodenum of healthy adult 
volunteers, but also different from Rings et al, who describe lactase gene expression 
along the rat small intestine during development (Rings et al, 1994), we did not find 
a steep decline of lactase expression towards the proximal duodenum. These studies 
have shown a pronounced increase in disaccaridase levels when duodenum is 
compared with jejunum in both human and rat (Newcomer and McGill, 1975; Rings 
et al, 1994). Our explanation is that the positions where we collected the biopsies 
are located both in the same end of the enzyme activity curve as described by 
Newcomer and McGill in human (1975) and by Rings et al in rat (1994). 
Obviously, when biopsies would be collected from sites further apart, e.g. from the 
jejunum, it is likely that the proximal to distal increase in lactase abundance would 
be clearly detected. However, that was not the goal of our investigation. 

Further studies should reveal whether the similarities between the proximal 
and distal duodenum with respect to lactase and sucrase-isomaltase expression can 
be extended to other duodenal genes. Nevertheless, duodenal biopsies alone offers 
significant and sufficient information for diagnosis of intestinal disaccharidase 
deficiencies. We were the first to have carefully examined potential disaccharidase 
'gradients in gene expression levels' along the length of the duodenum and 
concluded that any differences are essentially absent. 

Disaccharidase regulation in the pediatric duodenum 
The important findings described in chapter 5 enabled us to analyse lactase 

and sucrase-isomaltase gene expression with particular emphasis on changes in gene 
expression during childhood. The results are described in chapter 6. We restricted 
our analysis only to biopsies from the distal duodenum. Although we had shown 
before (cf. chapter 5) that proximal and distal duodenum were essentially the same, 
we had a larger number of distal biopsies representing a larger population of 
children. In this analysis we were able to describe the profiles for lactase and 
sucrase-isomaltase mRNA levels and their protein expression measured by 
immunohistochemistry in healthy Caucasian children of various ages during 
childhood. Our main finding was that neither lactase nor sucrase-isomaltase levels 
significantly changed during childhood with respect to their mRNA or protein 
levels. Lack of lactase decline during and after weaning in these children is most 
likely explained by the fact that only Caucasian individuals were analyzed who are 
known to retain high lactase levels throughout live (Van Beers et al, 1995b and 
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chapter 2). In addition to the healthy, Caucasian individuals described in chapters 5, 
6 and 7, we have also collected and analyzed a number of biopsies from 'non-
healthy' Caucasian children and from 14 non-caucasian children. These numbers 
however were too small for statistical analysis and have not been included in any of 
our conclusions. It would greatly add to the interpretation and diagnosis on duodenal 
disease and understanding of the regulation of disaccharidase enzyme expression 
when sufficient data became available from these children to describe these enzymes 
in other races than Caucasian. There is ample evidence to accept that lactase 
regulation in non-caucasians is indeed very different, however it still awaits final 
identification of the proper determinants and molecular mechanisms that cause these 
differences, possibly specific transcription factors (Troelsen et al.,1992, 1994; 
Traber et al.,1997). Further studies should thus aim at identifying and cloning those 
specific transcription factors that are necessary and sufficient to explain the variation 
in lactase enzyme expression seen among individual human adults. 

Duodenal carbamoyl phosphate synthase I, lessons of cell differentiation 
CPSI represents a nuclear-encoded mitochondrial enzyme that catalyzes the 

turnover of ammonia into carbamoyl phosphate as part of the urea cycle. We decided to 
study CPSI since it represents another class of enzymes than the digestive 
disaccharidases, but has in common with the disaccharidases its specific expression in 
enterocytes. We aimed to obtain information of CPSI that would reveal its expression 
in human duodenum. We also studied CPSI because its activity is localized in the 
mitochondrial membrane and therefore not co-localized with the brush-border and thus 
seemed a valuable control in immunohistochemistry for the identification of 
enterocytes. 

Moreover, in contrast to liver, little was known about the function of CPSI in 
intestine. Only a few studies have suggested an important physiological role for 
enterocytic CPSI (e.g. De Jonge et al, 1998; McCauley et al, 1998) but have still not 
firmly established its potential clinical significance. However, it appeared that, although 
intestinal CPSI detection was restricted to enterocytes, not all enterocytes contained 
CPSI. In other words, enterocytes were heterogeneous with respect to CPSI. In addition 
to its physiological relevance to the intestine, also the nature of this heterogeneity is the 
subject of chapter 7. In recent years, various models of intestinal growth, stem cell 
division and tissue renewal, both experimental and mathematical, have explained much 
of the biology of epithelial proliferation and differentiation if the intestine (Bjerkness, 
1997; Loeffler, 1997; Chandrasekaran, 1997; Wong, 1998; Gutierrez, 1995; Lorentz, 
1997). We have compared the existing models with the immunostaming patterns for 
CPSI in the human duodenum and concluded that two models can explain our findings. 
First, the mosaic distribution of CPSI, in this region of the intestine reflects a 
heterogeneous stem cell population. This possibility is supported by mathematical 
models of intestinal growth and cell division (Loeffler, 1997). A way to falsify this 
hypothesis would be to visualize 'whole-mount' intestinal crypt-villus units and identify 
high frequency of discontinuous patches of CPSI-positive enterocytes. Such a finding 
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would indicate that cells derived from the same stem cell can exhibit different CPSI 
phenotypes. We have used a similar strategy as whole mount fixation by computer-
aided reconstruction of a series of up to forty consecutive sections stained for CPSI 
expression. However, inability to align the serial sections to reconstruct the tissue, 
leaves two alternative explanations. Namely, that CPSI expression is a clonal 
characteristic (i.e. a common feature of all enterocytes produced by a single stem cell), 
or CPSI gene regulation is determined during the process of enterocyte cell 
specification and thus essentially stem cell independent. Future experiments should 
rapidly solve this question by performing whole mount immunohistochemistry. If CPSI 
expression status is indeed determined after stem cell division due to some, yet 
unidentified, signal during the migration of the enterocyte along the crypt-villus axis, 
then CPSI mosaic expression would represent an extreme example of an on/off switch 
during cellular differentiation resulting in either high or no CPSI expression. 
Elucidation of the pathways governing this specific gene regulation will greatly 
enhance our understanding of intestinal gene regulation and potentially aid in designing 
transient or permanent gene-therapy in the intestine. 
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Samenvatting 

Biologisch onderzoek op het terrein van de gastroenterologie heeft steeds in 
belangrijke mate bijgedragen aan de behandelingswijze van patiënten met maag
darm klachten. Of dit nu voedsel overgevoeligheid, intolerantie, chronische 
ontsteking, reflux, maagzweren, obstipatie of kanker betrof. Desondanks is nog veel 
onduidelijk en worden veel van de afwijkingen aan het maag-darmkanaal worden 
nog steeds niet geheel begrepen en helaas dus vaak nog met geheel genezen. 

In het laboratorium voor 'kindergastroenterologie en voeding' hebben wij in 
de afgelopen jaren onder andere getracht om specifieke kennis te vergaren over de 
'biologie' van het meest prominente celtype, de enterocyten van het dunne darm 
epitheel. Met name de ruimtelijke en temporale regulatie van genexpressie door 
enterocyten interesseerde ons. De titel van dit proefschrift bevat namen van drie 
enzymen waarvan we de regulatie in de darm hebben bestudeerd: Lactase, Sucrase-
isomaltase en Carbamoyl Phosphate Synthase I (CPSI). Lactase en Sucrase-
isomaltase zijn voor het normaal functioneren van de spijsvertering belangrijk 
terwijl CPSI een functie vervult die niet alleen spijsverterings gericht is, maar 
betrekking heeft op de systemische fysiologie. Dit laatste wordt mede geïllustreerd 
door het feit dat hetzelfde enzym een identieke enzymatische rol vervult in de 
hepatocyten van de lever. 

Hieronder volgt voor de genen die voor deze drie enzymen coderen eerst 
een beschrijving van hetgeen we al wisten toen we onze studie begonnen gevolgd 
door een uiteenzetting van onze belangrijkste vraagstellingen en een verantwoording 
voor de gevolgde methodiek. 

Lactase 

Het dunne darm enzym 'lactase' is noodzakelijk voor de vertering van 
lactose, ook wel 'melksuiker' genoemd omdat het nergens anders voorkomt dan in 
melk. Dit is een essentiële constatering die illustreert hoe belangrijk een adequate 
lactase enzym activiteit is voor alle jonge zoogdieren omdat voor hen melk het enige 
voedsel is waarin bovendien lactose borg staat voor een hoge calorische waarde. Een 
uitzondering betreft de zeezoogdier (moeder-) melk die nauwelijks lactose bevat 
maar waarin vet de calorische waarde vertegenwoordigt (zie hoofdstuk 3). 

Lactase is een van de vier darm specifieke brush-border disaccharidases in 
zoogdieren. Dat wil zeggen dat het lactase enzym zodanig in de membraan van de 
enterocyt (brush-border) verankerd zit, dat het actieve gedeelte zich buiten de cel en 
dus in het darmlumen bevindt waar het voedsel passeert. Het lactase heeft een 
specifieke activiteit om de disaccharide lactose te hydrolyseren resulterend in de 
vorming van 1 molecuul glucose en 1 molecuul galactose. Beide monosaccharides 
kunnen zonder verdere modificaties via de darm worden opgenomen in het bloed. 
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Een gebrek aan (voldoende) lactase leidt bij onverminderde inname van lactose, 
makkelijk tot een 'opgeblazen gevoel', winderigheid, diahree en daardoor vaak 
overmatig vochtverlies. Deze symptomen zijn zonder ingrijpen middels speciale 
lactose-vrije (baby-) voeding nauwelijks te verhelpen. Het moge duidelijk zijn dat 
lactase-deficiënte zuigelingen zonder lactose-vrije voeding geen hoge 
overlevingskans hebben. Dit in tegenstelling tot volwassenen die 'van nature' geen 
melk in hun dieet hebben of in elk geval melk kunnen vermijden zonder aan 
kwaliteit van hun dieet in te hoeven boeten. 

Melksuiker vertering 
Hoewel reeds in het begin van deze eeuw werd aangetoond en sinsdien 

menigmaal bevestigd, is nog niet iedereen bekend met het feit dat de meerderheid 
van de gezonde volwassen wereldbevolking geen lactose in voedsel verdraagt en 
daarom geen (grote hoeveelheden) melk consumeert. Het blijkt dat alle zuigelingen 
hoge niveaus lactase hebben omdat melk de enige voedingsbron is en lactase dus 
essentieel om te overleven. Echter, na het 'spenen' of discontinueren van 
moedermelk zal bij de meeste mensen, maar ook bij alle andere zoogdieren het 
enzym nooit meer in zodanige mate worden aangemaakt dat normale 
melkconsumptie mogenlijk is. De enig bekende uitzondering op deze regel zijn 
Caucasische volwassenen. Zij beschikken over voldoende lactase om melk te 
kunnen blijven drinken op volwassen leeftijd. Het feit dat de levenslange tolerantie 
voor melk wordt bepaald door ras, duidde er al vroeg op dat deze eigenschap een 
sterke genetische component heeft, en niet wordt bepaald door het dieet. De 
volgende vraag die moet worden beantwoord, is of de genetische variatie die 
verantwoordelijk is voor de verschillende lactase phenotypen, gekoppeld is met het 
structurele lactase gen of onafhankelijk daarvan overerft. Bij het formuleren van een 
hypothese omtrent het genetische mechanisme, moet worden bedacht dat ieder 
(zoogdier) individu op zeker moment (hetzij als zuigeling, hetzij levenslang) een 
actief lactase enzym produceert, hetgeen betekent dat het gen geen defect vertoont. 
De vraag spitst zich dus toe op genetische variatie in de promoter (cis-acting factor) 
en in transcriptiefactoren (trans-acting factors). Een recent lactase allel-specifieke 
analyse in kinderen suggereert dat een belangrijk deel van de regulatie intrinsiek is 
aan het betreffende structurele lactase-allel. Die bevinding past goed bij de vondst 
van volwassen individuen met lage (homozygoot laag), intermediare (heterozygoot) 
en hoge (homozygoot hoog) lactase niveaus. De oorsprong van deze genetische 
variatie die blijkbaar verschillen in lactase niveaus veroorzaakt is niet geheel 
duidelijk. De meest plausibele verklaring voor de uitzonderingspositie van 
Caucasische adult-type lactase niveaus is de 'lifestock-domestication' hypothese. 
Deze hypothese veronderstelt een toegenomen beschikbaarheid van lactose in het 
dieet voor Caucasische volkeren die er sedert circa 10.000 jaar een gewoonte van 
hebben gemaakt dieren te melken, en daardoor zijn 'geselecteerd' voor het adult-type 
hypolactasia. Een belangrijke aanname hierbij is dat het cultiveren van melkvee 
voorafging aan deze genetische selektie. Inderdaad lijkt er aanwijzing te bestaan dat 
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deze 'gunstige' eigenschap een gevolg is van de veranderde agrarische samenleving 
(zie hoofdstuk 1). 

Moleculaire biologie van Spijsverteringsenzymen 
Onze studies zoals beschreven in de hoofdstukken 4, 5 en 6, waren er op gericht om de 
regulatie van lactase in humane enterocyten te bestuderen. We zijn onze analyse van 
lactase expressie begonnen door lactase messengerRNA (mRNA), lactase 
eiwitsynthese en lactase enzym activiteit te meten in Caco-2 cellen. Deze cellijn wordt 
algemeen beschouwd als een vrij goed model voor dunne darm enterocyten van 
humane afkomst. Ons inziens bood alleen deze cellijn de mogenlijkheid om zowel 
lactase als sucrase-isomaltase te bestuderen in afwezigheid van invloeden van andere 
celtypen. Onze keuze om de produktie van beide enzymen ieder op drie niveaus te 
kwantificeren - mRNA, eiwit en enzym activiteit - bood ons de mogenlijkheid te 
beargumenteren dat de voornaamst regulatie in humane darmcellen plaastvmdt op het 
niveau van transcriptie. Met andere woorden, de transcriptie van lactase en/of sucrase-
isomaltase in deze cellen is de beperkende factor voor de uiteindelijke hoeveelheid 
(meetbare) enzymactiviteit. De literatuur beschrijft dat dit tevens de regulatie van 
lactase in de volwassen humane dunne darm (biopten) karakteriseert. De regulatie van 
lactase m zuigelingen en oudere kinderen, maar ook die van sucrase-isomaltase was 
echter nog met voldoende beschreven. Belangrijke vragen ten aanzien van het niveau 
van regulatie, mogenlijke plaatsgebonden variaties in hoeveelheden (van proximaal 
naar distaal) en veranderingen met toenemende lijftijd waren nog onvoldoende 
beantwoord. Wij geven op deze vragen antwoorden in de hoofdstuken 5 en 6. 

Spijsverteringsenzymen in de menselijke darm 
De belangrijkste bevindingen zoals beschreven in de hoofstukken 5 en 6 waren dat 
lactase ook in jonge kinderen al voornamelijk transcnptioneel gereguleerd wordt, 
vergelijkbaar dus o.a. met de situatie in volwassen mensen, rat, varken en humane 
Caco-2 cel-culture. Vervolgens werd er verrassend vastgesteld dat er geen duidelijke 
afhankelijkheid van de leeftijd werd gevonden met betrekking tot lactase niveaus. Een 
waarschijnlijke verklaring hiervoor is dat de onderzochte populatie grotendeeld bestond 
uit Caucasische kinderen waarvan verwacht mocht worden dat de lactase niveaus niet 
sterk afnemen met toenemende leeftijd. In dit opzicht is het van belang te argumenteren 
dat ondanks het feit dat we geen 'longitudinale' studie deden waarbij een 'cohort' van 
individuen op verschillende momenten van hun ontwikkeling is bestudeerd, we toch 
met voldoende overtuiging tot de conclusie kwamen dat er geen duidelijke verandering 
is van lactase expressie over de leeftijd. Immers, onafhankelijk van de grote spreiding 
in lactase niveaus die we vonden, zou er een meetbare 'tendens' m de puntenwolk 
moeten gevonden kunnen worden indien er sprake is van significante veranderingen m 
lactase niveau. Die tendens was er niet (zie hoofdstuk 6). 
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Sucrase-Isomaltase 

Sucrase-isomaltase (SI) is naast lactase het tweede disacchandase dat we 
bestudeerden. Het betreft in feite een 'enzymcomplex', dat wordt gekenmerkt door 
de aanwezigheid verschillende enzymatische specificiteiten, waaronder die ten 
opzichte van de disaccarides sucrose, maltose en isomaltose, maar ook ten opzichte 
van de zogenaamde 'limit-dextrins', een mengsel van half-produkten van zetmeel 
vertering (zie tevens hoofdstuk 3). Hoewel enkele van deze specificiteiten in de 
darm ook aanwezig zijn in het maltase-glucoamylase multi-enzym complex, is SI als 
enige enzym verantwoordelijk voor de hydrolyse -vertering- van sucrose en 
daardoor essentieel. Dit wordt het best geïllustreerd door het bestaan van ten minste 
twee verschillende vormen van congenitale sucrase-deficienties (CSID), overigens 
vrij zeldzaam, en het gevolg zijn van overerving van twee recessieve defecte SI 
allelen. 

Met het doel om een goed inzicht te krijgen in de expressie regulatie van SI, 
zijn het tijdstip en de plaats van Si-expressie in de cellen van het darmepitheel 
uitgebreid in kaart gebracht. We weten inmiddels dat voor verscheidene 
zoogdiersoorten geldt dat de SI niveaus toenemen vlak na de geboorte tot maximale 
niveaus vanaf het 'spenen'. In dit opzicht dus precies tegenovergesteld aan het 
patroon zoals dat voor lactase werd waargenomen. Tevens weten we dat de 
verdeling van SI over de lengte-as van de darm zeer specifiek is. Hoge SI niveaus 
worden eerst aangetroffen in het centrale deel van de dunne darm waarna de 
expressie zich met de post-natale ontwikkeling verder uitbreidt over de gehele dunne 
darm. 

Sucrase-isomaltase in kinderen 
Gezien het voorkomen van congenitale SI (primaire) deficiënties en 

(secundaire) SI deficiënties die beide tot ernstige klinisch sucrose intolerantie 
kunnen leiden, is het met name belangrijk om het 'normale' expressiepatroon van SI 
m de dunnen darm van kinderen te leren kennen. In de studies zoals beschreven in 
hoofdstuk vijf en zes, hebben we ons erop toegelegd om dit te verduidelijken. 
Aangezien het grootse deel van de door ons onderzochte populatie uit Caucasische 
kinderen bestond, zijn onze bevindingen alleen van toepassing op deze groep. Het is 
erg interessant om verschillende rassen met elkaar te vergelijken zodra daarvoor 
voldoende data voorhanden zijn. De belangrijkste bevindingen van onze studies 
waren dat er in Caucasische kinderen geen significante toename van specifieke SI 
activiteit werd gevonden met toenemen van de leeftijd van ca 3 maanden tot 18 jaar. 
Voorts bleek er geen sprake te zijn van een quantitatieve gradient langs de 
horizontale as van de darm. Met andere woorden, als we meten vlak na de maag, in 
het eerste segment van de dunnen darm, dan meten we vergelijkbare SI waarden als 
wanneer we onze metingen verderop verrichtten, halverwege de twaalf vingerige 
darm (duodenum). Deze bevindingen zijn onder andere belangrijk voor de praktijk 
van de duodenoscopie, waarbij biopten 'representatief dienen te zijn voor het gehele 
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dunne darmweefsel en daardoor een afspiegeling geven van de functionele status 
van het darmweefsel en de status van de spijsvertering van het individu. 

Op de functie, tijdstip van expressie en de verdeling over de darm na, heeft 
sucrase-isomaltase ook een aantal overeenkomsten met lactase. In het bijzonder de 
lokatie in de brush-border van de enterocyt brengt ook sucrase-isomaltase in contact 
met het voedsel en dus substraat. Met name, sucrose, maltose en ïso-maltose. 
Omzetting van deze substraten levert glucose en fructose op die door de enterocyten 
kunnen worden opgenomen uit de darm en worden afgestaan aan het bloed. In grote 
tegenstelling tot lactose zijn sucrose, maltose, iso-maltose en maltotriose in ruime 
mate aanwezig in vrijwel ieder dieet, hetzij als (geraffineerde) suiker of stroop in de 
voeding, hetzij als 'half-fabrikaat' van vertering van zetmeel. Sucrase-isomaltase is 
dus voor iedere volwassene van groot belang. 

Carbamoyl Phosphate Synthase I 

CPSI is een essentieel enzym in de ureum-cyclus. Zonder CPSI stijgt de 
concentratie van het toxische ammonia in het bloed tot ontoelaatbare hoogte waarbij 
hersenbeschadigingen optreden of waarbij de patient zelfs overlijdt. CPSI enzym 
wordt slechts in twee celtypen geproduceerd, namelijk in hepatocyten van de lever 
en in enterocyten van de darm. Over het preciese tijdstip en lokalisatie van CPSI 
expressie in de darm is veel minder dan in lever bekend. Het is zeer waaschijnlijk 
dat de darm een significante bijdrage levert aan de vorming van caramoyl phosphate 
ook al is daar nauwelijks bewijs voor op dit moment. Anderzijds hebben we gekozen 
voor de gelijktijdige bestudering van CPSI in de darm om de intracellulaire 
lokalisatie te vergelijken met de localisatie van lactase en sucrase-isomaltase als 
intrinsieke controle. Het bleek een belangrijke controle in onze serie histologische 
bepalingen zoals uitgebreid beschreven in de hoofdstukken 5 en 6 terwijl CPSI 
expressie voorts het hoofdonderwerp werd van hoofdstuk 7. 
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Dankwoord 

Deze pagina van mijn proefschrift is gewijd aan allen die hebben bijgedragen 
aan de totstandkoming ervan. Het is onmogenlijk om al diegenen waaraan ik in dit 
opzicht dank ben verschuldigd, hier persoonlijk te noemen maar een aantal van hen 
wil ik in het bijzonder bedanken. 

Geachte Prof. Büller, beste Hans, jij was vanaf de allereerste dag mijn leraar. 
Ik heb zowel door, als tussen jouw regels door, zo'n beetje alles van je geleerd wat 
echt belangrijk voor een onderzoeker is. Je hebt me ook laten zien hoe goed onderzoek 
met plezier gepaard kan gaan. Ik heb grote bewondering voor je betrokkenheid, je 
geduld - dat ik persoonlijk heb getest - en je persoonlijke belangstelling voor 'ons' 
onderzoek. Ik ben er trots op dat ik nu een proefschrift mag afleveren dat onder andere 
voor een belangrijk deel tot stand kwam aan de hand van patiënten weefsel, iets waar 
niet iedere bioloog zomaar "bij kan komen'. Jouw aandeel in mijn onderzoek was 
zowel praktisch, financieel, theoretisch, persoonlijk, inhoudelijk en aanhoudend, 
kortom onmisbaar! Ik ben je voor al je werk zeer erkentelijk. Tevens wil ik Anneke 
Johnson-Hoekzema hartelijk bedanken voor het zeer accurate secretariële werk. Door 
jou inbreng werkte de communicatie met Hans ook op grote afstand. 

Geachte Prof. Heymans, beste Hugo, Jij kwam en ik ging. Daar leek het 
tenminste op. Desondanks heb jij een hele grote bijdrage geleverd aan mijn laatste drie 
gepubliceerde artikelen en daardoor aan een erg belangrijk deel van mijn proefschrift. 
Ik denk met veel plezier terug aan onze ontmoetingen in het AMC in jouw 'room with 
a view', onder andere de jouwe. Wat ik bij jou leerde, probeerde ik zo goed als mijn 
vluchtige aantekeningen het toelieten, in mijn manuscripten te verwerken. Ik ben je 
zeer dankbaar voor al het ongeloofelijk snelle nakijkwerk en de bijbehorende 
aanmoediging om toch vooral snel een 'datum te prikken'. Tenslotte dank ik je voor je 
enthousiasme waarmee je me aamoedigde tot deze afronding. Heel veel dank ben ik 
ook verschuldigd aan Liesbeth Osterop. Jij wist altijd exact wie er op welk moment 
van het 'proces' wat moetst doen, en wat de stand van zaken was. Dank voor de 
adequate emails en immer juist geplande afspraken met Hugo! Christel Evertsen, ik 
dank je voor de uren dat je samen met mij grafieken en dia's maakte voor alle 
presentaties. Het kwam altijd aan op het laatste moment, en het kwam altijd goed! 

Dr Dekker, beste Jan, bijna niemand weet hoe wij samenwerkten. Tot de 
allerbeste momenten reken ik onze constructie werkzaamheden in het Boston Museum 
of Science, onze treinreis naar Hannover, onze tocht langs de dierentuinen en aquaria 
van de VS maar ook die paar duizend lunches samen. Het 'echte' werk bestond uit 
dagen lezen en discussieren, weken proeven doen, maanden staren door de 
microscoop, onafwendbaar gevolgd door jaren schrijven en verbeteren. In een aantal 
opzichten was ik bijna een kloon van jou geworden, maar gelukkig raakten we 'slechts' 
persoonlijk bevriend. Sandra Einerhand, jij was vaak degene die met oplossingen voor 
problemen kwam. Jij had alle moleculair biologische technieken onder de knie en kon 
me ook steeds helpen met de Apple. Dank voor al je hulp en entousiasme! Edmond 
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Rings, jij hebt me alles laten zien, alles uitgelegd, alles voorgedaan, en mijn onderzoek 
met interesse gevolgd toen je zelf reeds lang heel druk was in de kliniek. Ik bewonder 
de wijze waarop je velen stimuleert om zo ver te komen. Ik weet datje binnenkort in 
Philadelphia gaat wonen om je verder in het onderzoek te storten. Ik ben erg 
nieuwsgierig wat je gaat ontdekken, het zal allicht mooi zijn. Ik wens je heel veel 
succes en ben dankbaar dat we in het AMC een tijd mochten samenwerken. Kristien 
Tytgat, lieve Kristien, naast het delen van dezelfde kamer in het AMC, hebben we ook 
buiten werktijd veel samen gedaan. Ik bewaar fantastische herinneringen aan jouw 
oud-en-meuw vieringen, de keren dat we muziek beluisterden met Bert en David, dat 
we gingen schaatsen als het ijs op z'n best was, wellicht meer dan tweehonderdvijftig 
maal drie ronjes hardlopen in het Vondelpark (equivalent aan circa 500mm neerslag 
en 250 liter chocolademelk, per persoon), rennen op de ochtend van jouw promotie 
etcetera. Ik bewaar dierbare herinneringen aan al die momenten, waarvoor dank. Pieter 
Bijlsma, met plezier denk ik terug aan onze theoretische verhandelingen om de 
resultaten van je proeven met betrekking tot de porie-grootte van de tight-junctions te 
kunnen verklaren. Ik wens je veel succes met het schrijven van je eigen proefschrift en 
het verder ontwikkelen van je onderzoek. Ik dank in het bijzonder de studenten Diana 
Neele, Ronald Al, Gajja Salomons, Carlijn Voermans, en Maykel Stulp die allen voor 
kortere of langere tijd aan mijn onderzoek meewerkten. Behalve lichter, maakten jullie 
mijn werk bovendien leuker en succesvoller. 

De rest van 'het lab' en het AMC was voor al het overige onmisbaar! Ik noem 
o.a. Carin, Rob, Ruud, Helen M, Helen K, Nico, Hennie, Linda, Truus, Marianne, 
Marcel, Rutger, Fredoen, Carelle, Frank O, Nicole S, Jan-Johan, Floris-Jan, Esmée, 
Roos, David, Bert, Carrie, Sacha, en ook Jannie Maathuis voor protocollen en 
gastvrijheid. Mooie tijden heb ik beleefd tijdens de AIO-'klaagavonden', mijn dank 
daarvoor gaat uit naar het gehele cohort (geheim)! Verder dank ik de AMC BigBand 
met Janto Surachno, en de vele, vele anderen in het AMC  

Ik richt hier het woord aan mijn Paranimfen Diana Neele en Jan-Willem van 
Klinken die mij erg veel werk uit handen hebben genomen bij het organiseren van 
mijn promotie. Beste Jan-Willem, bedankt voor de zeer gedetailleerde informatie en 
vooral adviezen met betrekking tot het produceren van mijn boekje. Je 'dwong' mij 
soms verstandig te zijn, waarvoor dank. Ik wens jou veel plezier en succes met je 
opleiding tot kinderarts! Lieve Diana, ik ervaar het als voorrecht jou tot paranimf te 
hebben. In de loop van de tijd zijn we hele goede vrienden geworden. Met jou aan het 
stuur, weet ik, kan er niets mis gaan. Jij was al met bands en zalen aan de gang toen ik 
de drukker nog moest gaan bellen... Mijn tweelingzus, Karin dank ik voor het 
professioneel 'namaken' van alle lijnfiguren omdat mijn lijnen te 'dun' bleken voor een 
adequate verkleining. En tenslotte, lieve Donjah, heel veel dank voor je aandacht, 
interesse, het schier eindeloze nakijkwerk, liefde, geduld en aanmoediging tijdens alle 
uren van het afgelopen jaar! We beleefden de temperatuur en werkdruk van een 
tropenjaar in Atlanta. 
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