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The migration of intestinal epithelial cells from the crypts to the tips of villi is associated with progressive cell
differentiation. The changes in Ca’*-ATPase activity and ATP-dependent Ca’*-transport rates in basolateral
membranes from rat duodenum were measured during migration along the crypt-villus axis. In addition,
vitamin D-dependent calcium-binding protein and calmodulin content were measured in homogenates of six
cell populations which were sequentially derived from villus tip to crypt base. Alkaline phosphatase activity
was highest at the tip of the villus (fraction I) and decreased more than 20-fold towards the crypt base
(fraction VI). (Na™ + K *)-ATPase activity also decreased along the villus-crypt axis but in a less pronounced
manner than alkaline phosphatase. ATP-dependent Ca’*-transport in basolateral membranes was highest in
fraction II (8.2 + 0.3 nmol Ca’*/min per mg protein) and decreased slightly towards the villus tip and base
(fraction V). The youngest cells in the crypt had the lowest Ca”*-transport activity (0.9 + 0.1 nmol Ca?*/min
per mg protein). The distribution of high-affinity Ca?*-ATPase activity in basolateral membranes correlated
with the distribution of ATP-dependent Ca’*-transport. The activity of Na*/Ca’* exchange was equal in
villus and crypt basolateral membranes. Compared to the ATP-dependent Ca’*-transport system, the
Na*/Ca?* exchanger is of minor importance in villus cells but may play a more significant role in crypt cells.
Calcium-binding protein decreased from mid-villus towards the villus base and was undetectable in crypt cells.
Calmodulin levels were equal along the villus-crypt axis. Jt is concluded that vitamin D-dependent calcium
absorption takes primarily place in villus cells of rat duodenum.

Introduction ated crypt cells display a high mitotic activity [1,2],
and during maturation the villus cells acquire their

The biochemical and morphological properties characteristic enzyme composition, transport sys-
of enterocytes change during maturation and tems and morphology [3-7]. Villus cells have an
migration along the crypt-villus axis. Undifferenti- absorptive function, while crypt cells may be re-

sponsible for electrolyte secretion {8,9]). The
duodenum is the main site of active Ca?* absorp-

Abbreviations: PMSF, phenylmethanesulphonyl fluoride; ti : : . .
EGTA, ethylene glycol bis(B.aminocthyl ether)-N,N'tetra. ion and this process is regulated by the vitamin D

acetic acid; EDTA, ethylenediaminetetraacetic acid; HEDTA, metabolite 1“325(OH)2D3 [10_12]' Itis H_Ot known
N-(2-hydroxyethyl)ethylenediamine-N, N’, N'-triacetic  acid; at present which epithelial cells on the villus-crypt
Hepes, 4(2-hydroxyethyl)-1-piperazineethanesulphonic acid. axis absorb Ca** most avidly in the duodenum.
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Since there is no technique available which permits
in situ analysis of transcellular Ca?*-transport at
different levels of the villus, we decided to isolate
enterocytes from different positions along the vil-
lus-crypt axis. In these cell populations various
parameters were investigated which are thought to
be related to transcellular Ca®*-transport; e.g.
Ca’*-ATPase, ATP-dependent Ca’*-transport in
basolateral membranes and Ca’*-binding protein
in whole cells. Intracellular Ca’* may play a cru-
cial role in regulating absorptive and secretory
activities of enterocytes [9,13,14]. Since Ca®*-
ATPase and ATP-dependent Ca’*-transport in
basolateral membranes also have an important
role in the Ca’*-homeostasis of enterocytes it is
from this point of view of interest to know the
distribution along the villus-crypt axis.

Materials
Tris-ATP, oligomycin, theophylline, valinomy-

cin, EGTA, HEDTA and dithiothreitol were from
Sigma (St. Louis). Monensin was from Calbio-

chemicals (La Jolla). “CaCl, (20 mCi/mg) was

purchased from New England Nuclear (Dreieich,
F.R.G.). All other chemicals were of the purest
grade.

Methods

Isolation of enterocytes and basolateral plasma-
membranes

Different populations of villus and crypt cells
were isolated according to Harrison and Webster
[15]. Eight male wistar rats between 180 and 210 g,
fed ad libitum, were killed by a blow on the head.
The first 20 cm of small intestine were removed
and rinsed with ice-cold 150 mM NaCl, containing
1 mM dithiothreitol. Everted pieces were tied onto
metal rods and vibrated at 4°C in 150 mM NaC(l
with 1 mM dithiothreitol with low amplitude (2
mm) and high frequency (60 Hz). After the first
minute, shedded debris was discarded. The first
population of cells was collected after a 10 min
vibration period in the absence of EDTA (fraction
I). Subsequent periods of vibration in the presence
of 2.5 mM EDTA gave the following fractions: 10
min (fraction II); 10 min (fraction III); 15 min
(fraction IV); 20 to 25 min (fraction V). After a

275

total of 1 h vibration, crypt cells were harvested by
scraping. Cells collected in the presence of EDTA
were pelleted (800 X g for 10 min) and washed
with ice-cold 150 mM NaCl. Homogenization and
isolation of basolateral membrane vesicles were
carried out as previously described [16].

Enzyme assays

Protein was determined with a commercial
Coomassie blue kit (Bio-Rad) using y-globulin as
standard. (Na*+ K*)-ATPase and Ca’*-ATPase
assays and Ca’*-uptake studies were done on the
day of isolation. Ca®*-ATPase activity was mea-
sured at 37°C in a medium containing (mM): KCl,
150; NaN,, 1; ouabain, 4; theophylline, 5; Tris-
ATP, 3; Mg?*, 5; Tris-Hepes, 20 (pH 7.4). ATP-
hydrolysis stimulated by 1 uM free Ca’* was
considered to be the result of high-affinity Ca®*-
ATPase activity. Ca’*-ATPase was assayed only in
basolateral membrane fractions [17]. (Nat+K™)-
ATPase, alkaline phosphatase, sucrase, succinic
acid dehydrogenase, NADPH-dependent cyto-
chrome ¢ reductase and thiamine pyrophosphatase
were determined as before [16,17]). Latency in
(Na*+ K™*)-ATPase activity was studied by in-
cubating homogenates and basolateral membranes
with Triton X-100 at 37°C for 15 min. Triton
concentrations for optimal activation of (Na*+
K *)-ATPase were 0.05 mg Triton/mg protein for
homogenates and 0.5 mg Triton/mg protein for
basolateral membranes.

Ca’*-uptake studies

ATP-dependent Ca”*-uptake studies were done
at 37°C in an uptake medium containing (mM):
KCl, 150; MgCl,, 5; Tris-Hepes, 20 (pH 7.4) and
1 uM free Ca’* (0.47 mM total Ca’") buffered
with EGTA, 0.5, and HEDTA, 0.5. The free Ca’>™*
concentration was calculated as described in detail
by Van Heeswijk et al. [18]. ATP-dependent
Ca’*-uptake rates are defined as the differences
between Ca’*-uptake rates in the presence and in
the absence of 3 mM Tris-ATP. The uptake
medium contained 2 uCi/ml “Ca. The reaction
was started by adding membranes to the uptake
medium without ATP. After 1 min an aliquot was
taken and quenched in 1 ml ice-cold stop solution
(uptake medium + 0.5 mM LaCl;). Membranes
were collected on Schleicher and Schull filters
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(ME25, 0.45 pm). Filters with samples were washed
twice with 2 ml ice-cold stop solution. 2 min after
starting the reaction, 3 mM Tris-ATP was added
to the uptake mixture and 1 min later another
aliquot was taken and filtered as above. 1 min of
incubation in the presence of ATP gives initial-rate
values, while in the absence of ATP there is no
further increase in Ca’*-uptake after 1 min of
incubation [16,18). Ca’*-uptake studies were run
in triplicates.

Na*/Ca’* exchange activity was measured as
previously reported [19]. In the absence of ATP,
Ca’*-uptake via the Na*/Ca** exchanger is
studied with an outwardly directed Na* gradient.
For this, basolateral membrane vesicles were
loaded with 150 mM NaCl and diluted 20-fold
into an uptake medium containing 150 mM KCI, 5
pM free Ca’* (0.55 mM total Ca’*), 75 pCi
4Ca/ml and 10 pg/ml valinomycin. Short in-
cubations are carried out by mixing a droplet of
membrane vesicles pipetted against the wall of the
test tube, with the uptake medium. By activating
the vortex for mixing, an automatic pipettor is
triggered which quenches the uptake reaction with
a stop solution after a preset time (1-15 s) [18].

Assay of Ca’*-binding protein and calmodulin
Ca’*-binding protein content of the six cell
populations was determined by an equilibrated
chromatographic column procedure [20,21]. The
cells were homogenized and centrifuged at 100000
X g for 1 h. 8 mg of the lyophylized redissolved
supernatant were chromatographed on a Sephadex
G-50 (fine) column (100 X 0.6 cm) which was pre-
viously equilibrated with 0.02 M ammonium
acetate (pH 7.2) containing 10 pyM Ca(Cl, and
5000 cpm **Ca/nmol Ca. The area of the second
peak is proportional to the amount of Ca?*-bind-
ing protein loaded onto the column [21] (2 nmol
Cayoung = 1 nmol Ca’*-binding protein).
Calmodulin content of the six cell populations
was determined as follows: homogenates of the six
cell populations were centrifuged at 100000 X g
for 1 h. The supernatant was purified after Teo et
al. [22]. The pellet was dialyzed and treated as
described by Teo et al. [22]. The purified cytosolic
fraction and the membrane fraction were used for
gel electrophoresis and in a phosphodiesterase as-
say. SDS-polyacrylamide gel electrophoresis was

performed in 12% polyacrylamide slab gels [23]
that were silver-stained [24]. Samples were run in
the presence of 1 mM Ca’* or 1 mM EGTA, after
Gitelman and Witman [25]. Stimulation of
cAMP-dependent phosphodiesterase was de-
termined by a modification of the one-step proce-
dure of Teo et al. [22], described in detail by Flik
et al. [26]. Both methods, SDS-polyacrylamide gel
electrophoresis and the phosphodiesterase assay,
yielded similar calmodulin contents.

Results

The specific activities of alkaline phosphatase,
sucrase and (Na*+ K*)-ATPase in the six cell
fractions obtained from rat duodenum are shown
in Figs. 1, 2 and 3. The protein yield during the six
vibration periods is plotted cumulatively on the
x-axis. Despite longer vibration times the yield of
protein decreases after the third period, which
indicates that it becomes increasingly difficult to
shed cells further down the villus towards the
crypt area. The specific activity of alkaline phos-
phatase in homogenates decreases more than 20-
fold from fractions I to VI. A similar pattern of
alkaline phosphatase activity was reported to cor-
relate with a gradient of cell removal from villus
tip to crypt base [5,27]. Sucrase activity peaks in
the second fraction and then decreases as sharply
as alkaline phosphatase. An identical distribution
of sucrase along the villus crypt axis has been
reported before for rabbit small intestine [28] and
further supports our claim that fractions I to VI
represent cells that are sequentially derived from
villus tip to crypt base. It is of interest to note that
alkaline phosphatase is enriched 2-fold while
sucrase activity is decreased 2-fold in basolateral
membrane fractions. This result demonstrates that
alkaline phosphatase is native to basolateral mem-
branes in rat small intestine, as reported before by
Hanna et al. [29] and Ghijsen et al. [17].

In Fig. 3 specific activities of (Na™+ K™¥)-
ATPase in homogenates and basolateral mem-
branes are shown. Although less pronounced, there
is a gradient of (Na*+ K*)-ATPase activity along
the villus-crypt axis, which is of similar magnitude
to that reported by Rowling and Sepulveda [28] in
rabbit small intestine.

In Table I, purification data for four enzymes
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Fig. 1. Specific activities of alkaline phosphatase in homo-
genates (®) and basolateral membrane fractions (O) along the
villus (V)-crypt (C) axis. The fractions are expressed as per-
centage of the total yield in cell protein. Mean values are given
of eight experiments. S.E. values are within 10% of the mean
for all points.

measured in the six basolateral membrane frac-
tions are summarized. For (Na*+ K™)-ATPase
the purification factors are not significantly differ-
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ent from each other (tested with Student’s r-test,
P > 0.2). The purification of (Na*+ K*)-ATPase
is somewhat lower than previously published [16].
However, in the present study (Na*+ K*)-ATPase
assays were run in the presence of Triton X-100
and it has been demonstrated that (Na*+ K™)-
ATPase in basolateral membranes has a somewhat
lower latency than in homogenates. Therefore,
earlier purification factors tend to be somewhat
overestimated [18]. The basolateral membranes
from crypt cells are significantly more con-
taminated with mitochondrial membranes than the
villus fractions. For the smooth endoplasmic re-
ticulum marker, the opposite is observed. The
Golgi marker, thiamine pyrophosphatase, seems to
be present in equal amounts in villus and crypt
basolateral membrane fractions.

In basolateral membrane vesicles the initial rates
of ATP-dependent Ca’*-uptake were determined
and the results are shown in Fig. 4. Fraction II has
the highest transport capacity for Ca** and the
activity decreases towards the crypt area. Fraction
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Fig. 2. Specific activities of sucrase in homogenates (®) and
basolateral membrane fractions (O) along the villus-crypt axis.
Mean values of four experiments.

Fig. 3. Specific activities of (Na* +K™* )-ATPase in homo-
genates (®) and basolateral membrane fractions (O). Mean
values of eight experiments, measured in the presence of Triton
X-100. S.E. values are within 15% of the mean for all points.
Latency studies on (Na* + K* )-ATPase activity revealed that
the percentage resealed vesicles in fractions I-VI is 50, 51, 59,
62, 41 and 49%, respectively (n=4). These values are not
significantly different (2-sided Student’s t-test, P > 0.2).
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TABLE 1

PURIFICATION FACTORS OF FOUR MARKER ENZYMES IN BASOLATERAL MEMBRANE PREPARATIONS OF

ENTEROCYTES FROM VILLUS TIP TO CRYPT BASE

Purification factors are calculated as specific activities in BLM fractions divided by those in homogenates. n.d., not determined due to

lack of sufficient material.

Fraction (Na* +K™)-ATPase Succinic NADPH-dep. Thiamine
(n=28) dehydrogenase cyt. ¢ reductase pyrophosphatase
(n=28) (n=4) (n=3)
I 6.2 0.37 14 nd.
11 7.5 0.37 32 14
111 5.8 0.35 32 1.6
v 8.3 0.60 35 nd.
\% 9.5 0.40 23 n.d.
V1 6.4 0.82° 09° 2.0

# Significantly different from values I~V (P < 0.01) (Student’s r-test).

® Significantly different from values I-V (P < 0.005).

1, the oldest villus cells which are shedded in the
absenceo f EDTA, has a significantly lower trans-
port capacity than fraction II. The high-affinity
Ca?"-ATPase activity in BLM preparations is also
shown in Fig. 4. Again, highest activity is observed
in fraction 11, but the differences among fractions
I to V are not statistically significant.

In crypt basolateral membranes a significant
ATP-dependent Ca®*-uptake activity could be
measured despite the fact that no significant
Ca®*-ATPase activity was present. The ATP-de-
pendent Ca”*-uptake process in crypt preparations
was therefore studied in more detail and the result
is shown in Fig. 5. In the presence of ATP there is
a continuous uptake of Ca’* with time but the
transported Ca’* cannot be released with the
Ca’*-ionophore A23187. This is in striking con-
trast with the ATP-dependent Ca’*-transport in
villus basolateral membrane vesicles where trans-
ported Ca’* is readily released by A23187 (Fig. 6).
The data suggest that in crypt basolateral mem-
branes ATP induces Ca’* transport and Ca’* is
not accumulated in the intravesicular space but
probably bound, hence A23187 cannot release
transported Ca’*. The difference in Ca’*-content
of villus and crypt basolateral membranes after 30
min of incubation in the presence of A 23187 also
suggests that there are more Ca’* binding sites on
crypt than on villus basolateral membranes.

Comparison of ATP-dependent Ca’™ transport

rates in different membrane populations is only
justified when these membranes have the same
percentage of resealed inside-out oriented vesicles.
The degree of resealing, judged on the basis of
latency in (Na*+ K *)-ATPase activity, is similar
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Fig. 4. Specific activities of ATP-dependent Ca**-transport (®)
and Ca?*-ATPase (O) in basolateral membrane fractions along
the villus-crypt axis. ATP—deb.endem Ca®*-transport is cor-
rected for aspecific Ca®*-binding observed in the absence of
ATP. Mean values of eight experiments. S.E. values are within
10% of the mean for ATP-dependent Ca?*-transport and within
20% of the mean for Ca?*-ATPase.



nmol Ca2*/mg prot.

154 A23187
g _
\ .
10
] L]

- ° °

O T T T
(0] 10 20 30
time min

Fig. 5. Effect of ATP on Ca**-uptake in basolateral mem-
branes from crypt cells (fraction VI). W, Ca?*-uptake in the
presence of ATP. Arrow indicates addition of ionophore
A23187; @, Ca? *.uptake in the presence of ATP and A23187;
O, Ca’*-uptake in the absence of ATP. Free Ca?* concentra-
tion is 1 pM. A23187 concentration is 10 pg/ml.

for the six populations (legend of Fig. 3). Another
test for leakiness of the vesicles is the rate at
which, for example, mannitol equilibrates across
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Fig. 6. Effect of ATP on Ca®*-uptake in basolateral mem-
branes from villus cells (pooled fractions 1-V). B, Ca®*-uptake
in the presence of ATP. Arrow indicates addition of ionophore
A23187; @, Ca“-uptake in the presence of ATP and A23187;
O, Ca’*-uptake in the absence of ATP. Ca®* and A23187
concentrations as for Fig. 5.
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the membrane. Mannitol-uptake studies were done
in pooled villus fractions I to V and in the crypt
fraction VI. The results are shown in Fig. 7. Al-
though the vesicular space of crypt basolaterals is
smaller than that of villus material (1.5 vs. 2.2
pl/protein), it is clear that this small difference in
size cannot explain the 10-fold difference in Ca?*-
transport rates observed between villus fraction 11
and crypt fraction V1.

The basolateral preparations I to VI are con-
taminated with membrane fragments from endo-
plasmic reticulum (Table I). To test whether this
contamination contributes to ATP-dependent
Ca®*-uptake, the effect of oxalate on Ca’*-trans-
port was studied. In a combined villus fraction
(I-V), the ATP-dependent Ca’*-uptake in the
presence and absence of 15 mM oxalate was 23.4
+4.2 and 26.2 + 3.8 (n = 3) nmol Ca’*/mg pro-
tein, respectively, after 30 min of incubation with
10 mM ATP (free Ca** was 1 uM). In crypt
basolateral membranes these values were 12.5 + 2.9
and 10.5 + 3.0 (n = 3) nmol Ca®*/mg protein, re-
spectively. We conclude that oxalate does not in-
crease ATP-driven Ca’ *-uptake in villus or in crypt
membranes, which makes a contribution of endo-
plasmic reticulum unlikely [32-35]. Oligomycin (10

nmol Mannitol/
mg protein
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‘ BLM
—

0.2+
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T L | T ‘I;Ii 1

1 2 60 min
Fig. 7. Time course of mannitol uptake in basolateral mem-
brane vesicles from villus (pooled fractions I-V) and crypt cells
(fraction VI). Mannitol concentration is 0.1 mM. Data points
are mean values (S.E. presented as bars) of 4 and 3 experiments
with villus and crypt material, respectively. Uptake experiments
were done as published previously [30,31].
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TABLE 11

Na*/Ca’* EXCHANGE ACTIVITIES IN BASOLATERAL MEMBRANES FROM VILLUS AND CRYPT CELLS

Villus is the combined fractions I1-V, crypt is fraction VI. Membrane vesicles were preloaded with 150 mM NaCl (1 h on ice) and
diluted 20-fold in equimolar NaCl (Naj/Nag§) or KCl medium (Na}/K{). Membranes were preincubated with 10 pg/ml
valinomycin (Val) or with 10 pg/ml valinomycin and 2 uM monensin (Val + Mon). One experiment consists of triplicate incubations
of 15 s at 5 uM free Ca?™. This represents initial rates of uptake [18,19]. Mean values plus S.E. are given with numbers of experiments

in parentheses.

(Ca**-uptake in nmol/mg protein per 15 s)

Na} /Na} Naj /K§ +Val Naj /K + Val+Mon
Villus 0.77+0.05 0.96 +0.08 0.794+0.06 (n=8)
Crypt 1.1440.14 1.3640.19 1.1840.13 (n =8)

pg/ml) was tested on ATP-dependent Ca’*-up-
take in fractions I- VI but had no effect, ruling out
a mitochondrial contribution [16].

In basolateral membranes of crypt cells the
ATP-dependent Ca**-transport rate is low and it
is therefore of interest to measure the activity of
the Na*/Ca’* exchange system which has previ-
ously been shown to be present in villus cells [19].
In Table II, Na*-gradient-dependent Ca’*-uptake
in the absence of ATP is given for basolateral
membranes of villus and crypt cells. About half of
the vesicles are leaky (legend Fig. 3) and inside-out

CaBP_ _,

nmol Ca?’bound /
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0.6 7 (e—o)

g calmodulin /
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Fig. 8. Distribution of vitamin D-dependent calcium-binding
protein (CaBP) and calmodulin along the villus-crypt axis.
Calmodulin was 95% membrane-bound in all fractions. Mean
values of two experiments are given.

as well as rightside-out vesicles contribute to
Na'-gradient-dependent Ca’*-uptake [18,37].
Therefore, the capacity of Na*/Ca?* exchange
amounts to 1.5 and 1.8 nmol Ca’*/min per mg
protein in villus and in crypt basolateral mem-
branes, respectively. Compared to the ATP-depen-
dent Ca®*-transport system the Na*/Ca’* ex-
changer is of minor importance in villus cells but
may play a more significant role in the Ca®*-
homeostasis of crypt cells.

The distribution of vitamin D-dependent Ca®*-
binding protein and of calmodulin along the villus
crypt axis is given in Fig. 8. Ca?*-binding protein
content decreases toward the crypt area but
calmodulin levels are constant. A similar dissoci-
ation between Ca’*-binding protein and calmodu-
lin has been reported to occur longitudinally in the
small intestine [38].

Discussion

The distribution of alkaline phosphatase,
sucrase and (Na*+ K*)-ATPase among the six
fractions obtained in this study by a slightly mod-
ified method of Harrison and Webster [15] is
similar to that reported by other investigators
[5,27,28]. This particular result strongly suggests
that fractions I-VI represent cells that are sequen-
tially released from the villus tip to the crypt base.
The purification factors for the basolateral mem-
brane marker, (Na*+ K. )-ATPase, are not sig-
nificantly different for the six cell fractions. The
rate of ATP-dependent Ca’*-uptake in basolateral
membrane vesicles did not correlate with alkaline
phosphatase and (Na*+ K *)-ATPase activities in



these fractions, since the decrease in alkaline phos-
phatase was more pronounced and the decrease in
(Na*+ K*)-ATPase was less pronounced towards
the crypt area. Active Ca’*-transport was also
dissociated from mitochondrial and Golgi mem-
brane markers because crypt basolateral mem-
branes were relatively more contaminated with
succinic dehydrogenase than villus fractions and
thiamine pyrophosphatase activity was equal in all
fractions. Contamination with smooth endo-
plasmic reticulum deserves attention in view of the
evidence that in a variety of cells endoplasmic
reticulum is involved in ATP-dependent Ca®*-
sequestration, as for example in exocrine cells
[32,33,35], hepatocytes [34,39], brain tissue [40],
platelets [41], neutrophils [42] and insuloma cells
[43]. Ca’*-transport in endoplasmic reticulum is
stimulated by oxalate [32-35,39]. In the present
basolateral membrane preparations of small in-
testinal cells oxalate had no effect on ATP-depen-
dent Ca®*-transport. This result suggests that frag-
ments derived from endoplasmic reticulum do not
contribute to Ca? *-uptake in this crude basolateral
membrane preparation. At the moment there is no
information about possible Ca?*-pumps in endo-
plasmic reticulum of enterocytes but this point
deserves further investigation. It may be that
Ca’*-uptake in endoplasmic reticulum is more
sensitive to mechanical damage during centrifuga-
tion than the plasma membrane Ca’*-transport
system. Oxalate-stimulated Ca’*-transport in en-
doplasmic reticulum from smooth muscle was re-
duced dramatically by centrifugation, while the
oxalate-independent Ca?*-uptake in plasma mem-
branes was hardly reduced [44]. On density gradi-
ents no further separation between endoplasmic
reticulum and basolateral membranes can be ob-
tained, since their marker enzymes have an overlap
in the same density regions [45]. Other more
elaborate methods such as partitioning in aqueous
polymer two-phase systems give a good resolution
of marker enzymes but destroy the ATP-depen-
dent Ca**-transport (Ref. 45; and unpublished
observation).

Vitamin D-dependent Ca’*-binding protein is
perhaps the best-defined molecular expression of
vitamin D action [47]. Ca*>*-binding protein levels
in the intestine correlate directly with the effi-
ciency of vitamin D-dependent calcium absorption
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[47]. In the rat, Ca’*-binding protein is abun-
dantly present in the duodenum and hardly detec-
table in the ileum, which has been shown indepen-
dently by radioimmunoassay and by the chro-
matographic procedure used in the present study
[38,48]. Our study indicates that Ca®*-binding pro-
tein is more or less confined to the absorbing cells
in the villus region. A recent immunocytochemical
study on Ca’*-binding protein in rat duodenum
also reveals a gradient of Ca’*-binding protein
from villus tip to the upper crypt region, in agree-
ment with our findings [49]. The fact that Ca**-
binding protein and ATP-dependent Ca”*-trans-
port are most prominent in absorbing villus cells
justifies the conclusion that vitamin D-dependent
calcium absorption takes place primarily in villus
cells. Apparently, calmodulin is of minor impor-
tance, since its distribution along the villus-crypt
axis and along the small intestine is dissociated
from Ca’*-binding protein and Ca’*-ATPase
[38,50].

Although we have measured the Ca’*-ATPase
activity along the villus crypt axis, it remains
entirely possible that this activity does not reflect
the transcellular absorptive Ca?”-transport rate.
The entry step into the cell across the brush-border
membrane might be rate-limiting in transcellular
Ca**-transport. We have not attempted to mea-
sure the Ca’*-permeability of the brush-border
membrane for several reasons. Firstly, the luminal
membrane of crypt cells lacks a brush border and
methods for isolation of this membrane have not
yet been described. Secondly, information on the
real Ca**-permeability of brush-border membrane
vesicles is difficult to obtain, since Ca? *-binding to
membrane sites obscures the transmembrane flux
(Ref. 51; and our unpublished observations). Nev-
ertheless, in view of the close correlation between
the Ca?*-binding protein content and the rate of
transcellular Ca**-transport [48], we have confi-
dence in our conclusion that Ca**-absorption takes
place primarily in the mid- to upper villus region.
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