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Very sensitive procedures were developed for the parullel determination of intestinal lactase (LPH) activity and the cognate mRNA. Between 14 
and 20 weeks of gestation, lactase activity is low and varies only slightly; at 37 weeks, a relatively high level of activity is observed. The amounts 
of LPH mRNA correlates with the enzymatic activity (r = 0.64). Culture of fetal jejunal explants for 5 days induces by itself a 2.fold increase in 
LPI-I mRNA, without any significant change in lactase enzymatic activity. This increase may reflect the loss ofa negative transcriptional regulation 
opcldtive in vivo, and suggests an additional post-transcriptional regulatory componenl, The addition of hydrocortisone (50 n&/ml) during culture 
induces a doubling of lactuse activity without variation in LHP mRNA, indicating a post-transcriptional modulation by hydrocortisone, The 
intestinal lysosomal ucid &guluctosidase activity wus shown to bc unaffected by hydrocortisone treatment. This observation clearly illustrates that 
the two intestinal P~galactosidascs are regulated differently. Our results suggests a complex developmental regulation of human intestinal lactase 

and [hut the perinatal increase in lactase activity could be modulated at a post-transcriptional level by hydrocortisone. 

Lactase-phloriein hydrolase; Intestine; Cicne regulation; Dcvclopment; Transcription 

I. INTRODUCTION 

Lactase-phlorizin hydrolase (LPH) (EC 3.2.1.23- 62) 
is a major integral glycoprotein of the small in- 
testinal brush border membrane of most mammals, in- 
cluding man. The complete primary structure of 
human, rabbit, and rat pre-pro-LPH, and hence of 
brush border LPH, has been elucidated via cDNA clon- 
ing [1,2]. The structure of the human chromosomal gene 
[3] and its chromosomal location [A] has also been re- 
ported. The LPH enzymatic complex consists of a single 
type of polypeptide chain carrying two separate cata- 
lytic sites, one splitting lactose (the ‘lactase’ proper) and 
the other splitting aryl- and alkyl-,&glycosides such as 
phlorizin and /Gglycosylceramides (‘phlorizin hydro- 
lase’) (for reviews see [5,6]). The ontogenetic profile of 
intestinal lactase is now well documented in mammals 
such as rat [7] and rabbit [8,9]. LPH activity is detecta- 
ble in late fetal life, attains maxima1 activity during the 
first 2 weeks after birth, and then declines 3-20.fold, 
reaching adult levels after about 4 weeks. In human, 
LPH activity is already present at 10 weeks of gestation. 
However, contrary to the other disaccharidases, lactase 

Correspon&nce oddmss: N. Mantei, Department of Biochemistry, 
Swiss Federal Institute of Technology, ETH Zcntrum, CWSOI)?., 
Zurich, Switzerland, 

remains very low until the last 4-6 weeks of gestation. 
At this time lactase activity increases markedly, leading 
to levels at term which are 2-4 times higher than those 
found in ,lormal infants 2-l 1 months of age [lo], Al- 
though a number of studies have explored the complex 
biosynthesis and regulation of intestinal LPH 
[5,6,1 I, 121, especially the mechanism(s) involved in the 
ontogeny of human LPH remain incompletely under- 
stood. 

The fact that in the human fetus the serum level of 
hydrocortisone doubles during the last 4-6 weeks of 
gestation has often been interpreted as an indication of 
a possible specific modulatory influence of glucocorti- 
coid hormones on human fetal intestine, specially in 
relation to the perinatal increase of lactase activity 
[lo, 131. The addition of hydrocortisone to cultured 
human fetal jejunum (12-14 weeks of gestation), at a 
concentration comparable to that found in vivo at 35- 
40 weeks of gestation, leads selectively to an increase in 
lactase activity 1141. These data represent the first 
experimental evidence directly implicating glucocorti- 
coid hormones in the regulation of human lactase ex- 
pression. 

In many human populations, lactase activity de- 
creases during chltdhood isading to adult-iype hypolac- 
tasia, the most frrquent geneticully based syndrome in 
man (for review see [15]). Hypolactasic subjects can 
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code for LPH identical to that of subjects with persis- 
tence of lactase [3]. Measurements of the rate of LPH 
biosynthesis in organ culture of intestinal biopsies sug- 
gests there are at least two phenotypes, one in which 
very little pro-LPH is produced and one in which slow 
processing of the precursor is the only defect [ 16,171. 
Sulqjects with the low levels of pro-LPH have been 
found to produce very little LPH mRNA [lS], and a 
single subject with the slow processing phenotype had 
a reduced amount of messenger. In another study, how- 
ever, no clear difference was found at the mRNA level 
between adults with hypolactasia and those with persist- 
ent high-lactase activity, therefore suggesting a post- 
transcriptional control of lactase expression [9]. 

Takrrlg advantage of the availability of human lactase 
cDNA and the possibility of culturing human fetal 
small intestine in serum-free medium in the presence of 
hormones [14,19], we investigated the mechanism(s) 
controlling lactase gene expression in man. In the pres- 
ent work we have applied very sensitive procedures for 
the precise determination of lactase enzymatic activity 
and the cognate mRNA levels between 14 and 37 weeks 
of gestation. We have also investigated and correlated 
the mRNA levels with those of lactase enzymatic activ- 
ity in cultured fetal jejunum with and without hydrocor- 
tisone in order to take the first step towards elucidating 
at what level the primary control of lactase gene expres- 
sion is established. 

2. MATERIALS AND METHODS 

Tissues from 10 fetuses varying from I4 to 20 weeks in age (posl- 
fertilization) were obtained after legal abortions, Studies were ap- 
proved by appropriate Jnsthutional Human Subjects Review Commit- 
tee. One specimen from a I day-old baby born alter 37 weeks of 
gestation was kindly provided by Prof. Stauffer, Kinderspital, Zurich. 

The small intestine was cleansed ofmesentcry. split longitudinally, 
washed in culture medium and cut into explants (3 x 7 mm). The 
jejunal explants were cultured in serum-free Lcibovitz L-15 medium 
according to the technique described earlier [19]. After a 3-h period 
of stabilization for the explants, hydrocortisone (Collaborative Re- 
search Inc., MA, USA) was added to lhc culture medium at a concen- 
tration of 50 n&/ml, which has been shown to be the most effective in 
stimulating lactase activity [l4]. Jejunal explants were cultured for 5 
days, and thG culturs medium was renlxed after day I and then every 
2 days, Then, tissues and media were frozen in liquid nitrogen until 
furlher processing. 

2.2. Assuy of en:yrttc ucfivifirs 
The method developed in this work for the precise determination 

of low LPH activities in crude homogenates is essentially a modifica- 
tion of the procedure first described by Asp and Dahlqvist [20]. 
Briefly, lactose is used as substrate, and the only other intestinal 
(enterocytic) activity known to cleave it at an appreciable rate, lyso- 
somal (acid) beta galactosidase, is detected with the specific substrate 
2.naphthyl;B-galactoside. The corrected enzymatic activity is then cal- 
culated with the aid of the following formulu: 

LPH (at pH G) = Lola1 lactase (pH 6) - 0.22 x (naphthyl-p-galactosi- 
dase, pH 4.5) 

The samples to bc analyzed were homo@scd (40 s, half maximal 
speed, with a Polylron mixer, (Brinkmann Instruments Inc,, West- 
bury, NY) at about 20 mg tissue per ml in ice-cold saline (0.9% sodium 
chloride). Rough protein estimates were first obtained by the method 
of Bradford 1211 using bovin serum albumin (BSA) as standard; the 
homogenates were then diluted to about 1 mg protein per ml wilh 
ice-cold saline and immediately used for the enzymatic asays and for 
more accurate protein determinalion by the method of Lowry et al. 
[22] as modified by Peterson et al. [23], using ESA (&20 yg) as refcr- 
ence. Enzymatic activities (see below) and protein concentration deter- 
minations were both performed in triplicate. 

The procedure described below for the total lactase determination 
represents the spectrophotomelric equivalent af the fluorimetric lac- 
tase detection assay devclopcd by Dahlqvist and Asp [24]. Crude 
homogenates were employed for the assay, Heat-inactivated (2 min at 
95°C) aliquots were used as sample blanks; calibration references (S 
nmol galactosc) as well as absolute blanks (water) were incubated and 
treated in the same way as the normal samples. 20~1 homogenate (or 
blank or standard) was added to 20~1 lactose solution (56 mM in 0.1 
M sodium maleatc pH 6.0) and incubated for 6G tnin a1 37%; the 
reaction was then terminated by heat inactivation (2 min at 95%). The 
galaclose deleclion was performed by the addition of 5 yl NAD solu- 
tion (IO mg/ml in water), 3Oyl 1 M ‘y’ris, pH 8,6,itr.d 2~1 Pseudornottas 
jhoresctws galactosc dehydrcgcnase suspension (Boehringer, 25 UI 
ml). The reaction mixture was incubated at room temprature for 
30-40 min and then centrifuged for S min at lO.OUO x g: 60 II super- 
natant was finally measured at 340 nm against the absolute blank in 
a spectrophotometer cquippcd with a IO0 ~1 microcuvette. 

The procedure dcscribcd here for the determination of the acid-/J- 
galactosidase activity is the spectrophotometrical adaptation of the 
fluorimelric method described by Asp and Dahlqvist [25]. Crude hw 
mogcnatcs were also used for the assay. Sample blanks were obmined 
by separaic incubation of the samples in the absence of the substrate; 
calibration standards (4 nmol2-naphtol) and absoluk blanks (water) 
were incubated and treated as the normal samples. 20 yl homogenate 
(or standard or nothing) was added to a freshly prepared mixture of 
20 ~1 100 mM sodium citrate, pH 4.5, and 5 ~12.naphthyl;B-galacto- 
side (IO mM in methanol, Aldrich) and incubated for 60 min at 37’C, 
the reaction was then blocked by the addition of 26 ~12 M glycinc. 
pH 12. Separately incubated homogenales (without substrate) were 
added at this point to the appropriate tubes. After ccntrifuwtion (I 5 
min at 10.000 x 8) about 60 ~1 supematant was finally read al 345 nm 
against the absolute blank in a spectrophotomelcrequipped wiih a 100 
PI microcuvctte. 

2.3. RNA unulysis 
Total RNA was purified by the urea-lithium chloride method [26] 

and assayed by an $-mapping procedure as described [9]. In most 
cases it was possible to perform two independent aswys wiih 1 and 
3 ~6 total RNA. 

3. RESULTS 

Lactase activity and the levels of lactase mRNA are 
given in Fig. 1 as a function of the gestational age. 
Lactase activity, as well as lactase mRNA, are present 
at 14 weeks of gestation and their levels do not signifi- 
cantly vary up to 20 weeks of gestation. However, much 
higher values are found at 37 weeks of gestation. The 
developmental profile of lactase activity corresponds to 
that reported by others [lo]. The correlation coefficients 
bitween the two parameters is relatively good (r = 0.64). 

In Fig. 2, jejunal lactase activity (A) and LPN mRNA 
levels (B) are depicted after 5 days af culture in unsup- 
plemented and hydrocortisone-supplemented medium. 
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Fig, I, Lcvcls of l~ct;~sc activity (@) snd of LPH mRNA (0) in devel- 
oping humon jejunum as a runction ofg~stntional aye in weeks. The 

correlution coelXcicnt between the two uuriubles is I’ = 0.64. 

In control cultures there was no significant variation in 
lactase activity, whereas a doubling of LPH mRNA 
level was recorded. The addition of 50 ndml hydrocor- 
tisone to the culture medium induced a significant in- 
crease in lactase activity (2.1-fold) without further in- 
creasing the LPH mRNA. Table I summarizes the sta- 
tistical analysis. In order to assess whether the increased 
tissue lactase acitivity could have been associated with 
a modification of the normal release of brush border 
enzymatic activities during culture [ 121, lactase activity 
was determined in the various culture media after 5 
days. No significant variation was observed between the 
control and hydrocortisone-supplemented cultures 
(data not shown). 

Finally, the developmental pattern of the acid+ga- 
lactosidase activity and the effect of hydrocortisone on 
this enzymatic activity in organ culture was simultane- 
ously studied (Fig. 3). Acid-P-galactosidase activity was 
present at 14 weeks of gestation and remained low up 
to 20 weeks. Higher enzymatic activity was noted at 36 
weeks (Fig. 3A). During organ culture, the enzymatic 
activity was maintained or slightly decreased after 5 
days and no significant effect of hydrocortisone was 
observed on acid+galactosidase activity (Fig. 36). 

LPH activity 
t 

Table I 

Stutisticai analysis or the elltcts of organ culture ulonc or with hydro- 
cortisone on levels of lactase enzymatic activity and LPH mRNA 

Condition I Condition 2 P value*, Condition 2 KY. I 
[fold efl&t] 

Lactase LPH mRNA 

No organ culture organ cullurc 0.455 0,002 [I .9 x] 
No organ culture organ culture + HC 0.023 [2.1 x] 0.004 [2.3 x] 
Orgilll culture organ culture + HC 0.007 Il.8 X] 0.198 

- 

Fetal jcjunum was analyzed without trcutnicnt or after 5 days of organ 
culture with or without 50 ng/ml hydrocortisonc (HC). *Conditions 
I and 2 were compared in it paired. two-tililed Student’s !-test with II 
= IO. In cuscs whcrc the two con&ions differed significantly, the 
magnitude of the cffcct is shown in square brackets (condition 2 results 

divided by condition I result). 

4. DISCUSSION 

Our observations have some implications for the reg- 
ulation of laaase expression during the development of 
the human inxstine. 

The relatively high level of lactase activity seen at 37 
weeks of gestation compared to 14-20 weeks is accom- 
panied by a correspondingly high level of LPH mRNA 
(Fig. I), suggesting that the developmental regulation of 
lactase during the fetal period is, at least in part, at the 
level of mRNA accumulation. This conclusion is sup- 
ported by the fact that even within the period of 14 to 
20 weeks. wherein activity varies only a little, the enzy- 
matic activity and the LPH mRNA levels are correlated 
(I’ = 0.64). However, culturing of explanted human fetal 
jejunum for 5 days induced by itself a 2-fold increase in 
LPH mRNA without any significant change in lactase 
enzymatic activity (Fig. 2). The increase in mRNA may 
reflect the loss in organ culture of a negative transcrip- 
tional regulation operating in vivo. The fact that the 
enzymatic activity did not increase in parallel implies an 
additional translational or post-translational regulatory 
component. 

We also examined the effect of hydrocortisone on 

oJ 1 

0 5 days 

Fig. 2. Effect of hydrocortisonc on the level of lactesc activity and LPH mRNA during orgiln culture. *SigniAcant (fQO.05) varialion bctwccn the 
cxplunts cultured for 5 days compared to control values without culture. **Significant vuriation bctwccn the hydrocortisonc-supplcmentcd cultures 

,(linc HC) and the 5.day control cultures (line C). 
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Fig. 3. (A) Acid-P-6;tlactosidasc activity in developing human jejunum as a function orgestational age in weeks, (B) Eff’ec~ or organ culture alone 
(lint C) or in the preacncc of hydracortisone (line HC) on the lcvcl of acid@galxtosidase. In all cases the measured activities have been corrected 

IO pH 6 to allow direct comparison with the lactase activities (see Materials and Methods). 

lactase expression. In the presence of 50 ngml hydro- 
cortisone during 5 days of organ culture, lactase activity 
doubled, in agreement with previous results [14]. How- 
ever, this increase was not accompanied by an increase 
of LPH mRNA beyond that seen during culture without 
hormone (Fig. 2). These results suggest that hydrocorti- 
sone modulates lactase expression at a step beyond 
mRNA accumulation, possibly post-translationally. Ir: 
this connection, it is noteworthy that no consensus 
binding site for glucocorticoid hormone receptor was 
found upstream of the human LPH gene. at least within 
the 1 kb segment sequenced [3]. However, the existence 
of a binding site elsewhere in the gene, e.g. in an intron. 
remains a possibility. Recently, it has been reported that 
the thyroxine-induced precocious decline in lactase ac- 
tivity in suckling rats was not correlated with any mod- 
ification of the mRNA levels, and the authors suggested 
a post-transcriptional regulation of Iactase expression 
by thyroxine in this animal model [27]. This modulation 
of lactase expression contrasts with that of another well- 
known brush border enzyme, namely sucrase-isomal- 
tase. Indeed, dexamethasone (a synthetic glucocorti- 
coid) elicited parallel increases in the levels of sucrase 
activity and of sucrase-isomaltase mRNA in suckling 
rabbits which would be, therefore, consistent with a 
purely transcriptional control [28], 

In parallel, we have studied the developmental profile 
and the effect of hydrocortisone on the intestinal acid- 
/?-galactosidase, a lysosomal enzyme also able to hydro- 
lyze lactose. The recorded profile illustrated in Fig. 3 is 
in agreement with that reported for many lysosomal 
enzymes, including acid-P-galactosidase, in developing 
human fetal jejunum [29]. Few data are available re- 
garding the modulators involved in the development of 
acid-b-galactosidase activity in rats [30] and none for 
human. Acid-P-galactosidase activity was found to have 
decreased after cortisone treatment in suckling rats [30]. 
In the present investigation, hydrocortisone did not af- 
fect the activity of acid+galactosidase, while lactase 

(neutral-P-galactosidase) activity was stimulated. The 
result clearly illustrates that the two intestinal/Sgalacto- 
sidases are regulated diffrently in developing human 
jejunum. 

The present observations, especially the dissociation 
of LPH mRNA levels and LPH enzymatic activity in 
organ culture, could therefore lead to the following sug- 
gestion for the interpretation of human LPH develop- 
ment: between 14-20 weeks of gestation there is a nega- 
tive t! dnscriptional regulation, possibly mediated by a 
factor which is either not present or is inactivated dur- 
ing culture. This factor declines during the course of 
gestation, leading to the accumulation of LPH messen- 
gers as observed at 37 weeks of gestation. Between 35 
and 40 weeks of gestation the doubling of the fetal 
serum hydrocortisone levels modulates LPH activity ex- 
pression at a post-transcriptional level. A post-tran- 
scriptional control of lactase expression is likely to be 
a regulatory mechanism for adult life [S]. 
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