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1. Introduction

While the absorption of calcium by the intestine
is a major component of the body overall calcium
homeostatic system, the mechanism of the process
itself remains poorly understood. One of the most
important cytoplasmic calcium receptors is calmodu-
lin, an ubiquitous calcium-binding protein that regu-
lates the activity of several calcium-dependent
enzymes, including cyclic nucleotide phosphodiester-
ase, adenylate cyclase, Ca®* Mg?*-ATPase, and myo-
sin lightchain kinase (reviews [1-3]). Calmodulin has
been located in brush borders isclated from intestinal
epithelial cells in the rat [4]. Although some studies
support the hypothesis that calmodulin is involved in
microvillus motility , its exact function in the intesti-
nal brush border is not yet established [4,5]. There is
evidence indicating that calmodulin acts as a modula-
tor for the transmembrane transport of calcium in
sarcoplasmic reticulum [6] and the erythrocyte mem-
brane [7]. To date, however, there has been no report
of its involvement in intestinal calcium transport,

Another calcium-binding protein (CaBP), vitamin
D-dependent CaBP, is also found in the small intestine,
and its appearance has been associated with vitamin
D-dependent calcium absorption [8 9]. Like calmodu-
lin, CaBP is a small (11 000 M), acidic protein, and
seems to be associated with the activation of at least
one enzyme [10]. The calcium-binding constants for

Abbreviations: CaBP, calcrum binding protein; 1,25(0H),D,,
1,25 dihydroxy vitamin D,
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the 2 proteins are remarkably similar (K, >~ 10° M)
and they share a number of other physicochemical
features [11]. They are indeed derived from a com-
mon evolutionary ancestor [12]. However, vitamin
D-dependent CaBP is not restricted to the brush
border of the enterocyte, [13] but is distributed
throughout the cell with a reported concentration in
the terminal web region [14]. As the 2 calcium-bind-
ing proteins have been located in the gut we under-
took this study of the distribution of calmodulin and
CaBP along the length of the rat small intestine. Fur-
thermore, because the vitamin D status is of great
importance in the regulation of intestinal calcium
absorption [15], the concentration of the proteins
was also determined under varying conditions of vita-
min D deficiency and repletion. The acute response to
changes in vitamin D-steroid level was followed after
administration of 1,25(OH), D3, the hormonal form
of vitamin D [15].

2. Materials and methods

2.1. Animals and diets

Sprague-Dawley rats (Charles River, France) were
used throughout the experiments. They were raised in
the dark and had free access to deionized water. Vita-
min D-deficient rats (—D) were obtained from females
fed a vitamin D-free diet from weaning for 6 months.
Diets contained 0.50% calcium, 0.36% phosphorus
except for the gestation and lactation periods when
both calcium and phosphorus levels were increased to
0.90%. After weaning the —D rats were fed a vitamin
D-free diet containing 0.50% calcium, 0.36% phos-
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phorus. Half of the —D animals were injected intra-
peritoneally with 1,25(0OH),D; in 10 ul 95% ethanol
(100 ng/100 g body wt) 48 h and 24 h before sacrifice
(—D + 1,25(0H),D3). Vitamin D-supplemented rats
(+D) were obtained by the same protocol, but mothers
and the small rats after weaning received vitamin Dj-
supplemented diets (4000 and 2000 [U/kg diet, respec-
tively). All the animals in the 3 groups (-D, —D +
1.25(0H),Ds, +D) were sacrificed by exsanguination
9 days after weaning. Blood was collected and the
serum analyzed for calcium by atomic absorption
spectrophotometry.

2.2. Preparation of tissue

The whole duodenum from the pyloric sphincter
to the angle of Treitz (5 cm), 8 cm of mid-jejunum
and 8 cm of distal ileum from each animal were excised
and everted. The mucosal tissue, obtained by scraping
with a glass slide at 4°C, was divided into 2 for CaBP
and calmodulin analyses, respectively.

2.3. CaBP determinations

The mucosal tissue was homogenized in 4 vol. Tris
buffer (0.12 M NaCl, 3 mM KCI, 13 mM Tris—HCI
(pH 7.4)) centrifuged at 100 000 X g for 1 h at 4°C
and the supernatant fraction stored at —30°C. CaBP
was quantified directly by radioimmunoassay accord-
ing to [16], using a final antiserum dilution of
1/60000. The CaBP content was expressed as umol/kg
fresh mucosa assuming for CaBP, M, = 10 000 [17].
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2.4. Calmodulin determinations

The lyophilized mucosal tissue was homogenized
in 3 ml buffer (1 mM Mg-acetate, 20 uM CaCl,, 10 mM
Tris—HCL (pH 7.5)) and centrifuged at 24 000 X g for
S min at 4°C. The resulting supernatant was heated at
60°C for 5 min, cooled to 4°C and centrifuged at
24 000 X g for 10 min. The final supernatant was
stored at —30°C for calmodulin determination. Cal-
modulin was assayed by the activation of calcium—
calmodulin-dependent myosin light chain kinase, fol-
lowing the procedure in [18], as modified [19]. The
final dilution of the extract in the assay was 320-fold
and was found sufficient to obtain the maximal specific
activity. Apparent K4 of the kinase for calmodulin
was 32 nM. Calmodulin concentration was expressed
as umol/kg fresh mucosa.

3. Results

The average plasma calcium level of the control,
vitamin Ds-supplemented rats was found to be
10.8 = 0.1 mg/dl and that for the 1,25(0OH),Ds-dosed
animals was similar at 11.2 £ 0.2 mg/dl. The plasma
calcium levels of the vitamin D-deficient rats were,
however, considerably lower at 6.7 = 0.3 mg/dl.

The distribution of immunoreactive CaBP along
the intestine is presented in table 1. The major con-
centration is in the duodenum, which contains up to
40-times more protein than the other 2 regions. The

Table 1
Calcium-binding protein (CaBP) concentrations (umol/kg fresh mucosa) in duodenum, jejunum
and ileum
Diet Duodenum Jejunum fleum Statistical analysis
(Dd) Wy I Dd vs Jj Jjvs Il
and
Ddvs Il
-D 166+ 32 0.6+0.10 0.1 £0.02 P <0.001 P<001
N 4) (4)
-D +1,25(0H),D, 890+ 157 31:04 46+1.1 P <0.001 n.s
(6) 3 (3)
+D 62.4+149 2005 5119 P <0.001 n.s
(8) ) (4)
Statistical analysis
-Dys+ D P<0.02 P <0.05 P <0.05
-Dys —D +1,25(0H),D, P <0.02 P <0.01 P <0.02

The results are the mean + SEM. The figures in parentheses represent the number of rats. Analysis for
statistical significance was performed by Student’s f-test; n.s., not significant

14



Volume 127, number 1

FEBS LETTERS

Table 2
Calmodulin concentrations (umol/kg fresh mucosa) in duodenum, jelunum and ileum
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Diet Duodenum Jejunum Tteum Statistical analysis
(Dd) an an (Dd/Ij DA/
-D 101 £47 137+ 14,0 B0+ 59 n.s. P<00S
Q] 3 3
~D+ 1,25(0H),D, 90+ 6.8 122+ 124 91+ 120 P <001 n.s.
(5} (3) (3
+D 120+ 7.7 112219 87+ 3.7 ns. P <0.02
(8) €Y 4
Statistical analysis
-Dvs+D n.s. n.s. n.s.
~Dvs —D + 1 .25(0H),D, n.s. n.s. ns.

The results are the mean + SEM, The figures in parentheses represent the number of rats. Analysis for
statistical significance was performed by Student’s #-test; n.s., not significant

CaBP content of all 3 regions of small intestine is not
significantly different between animals raised on a
vitamin D ysupplemented diet and those given an acute
1.25(0H),D; treatment. In vitamin D-deficient ani-
mals the ileal and jejunal concentrations dropped close
to zero, but the duodenum contained a reduced but
still significant quantity of the protemn (~20% of the
vitamin D-replete value).

Calmodulin, as shown in table 2, is found in even
greater molar concentration than CaBP, The levels in
all 3 sections of the small intestine are similar at
~100 umol/kg mucosa. The only area with a slightly
reduced concentration is the ileum. The concentration
of calmodulin under all 3 of the dietary conditions
studied (—D, +D, —D + 1,25(0H),D3) remained
unchanged, both in the duodenum and in the other
2 regions of the small intestine,

4, Discussion

Whereas [4,5] established the presence of calmo-
dulin in the intestinal epithelium, this is the first time
that the protein has been quantitatively studied in this
tissue. The concentration of calmodulin throughout
the length of the small intestine is remarkably high.
Such values could only be measured at high sample
dilutions, up to constant specific activity [19]. They
appear to be even greater than those of amphibian
oocytes exposed to progesterone (44—59 umol/kg in
[19]) or of brain and smooth muscle, measured by
Coomassie blue binding {40 and 24 umol/kg, respec-

tively [20}). This is in line with the finding that cal-
modulin is one of the major proteins of the microviltus
core [4].

The level of the other calcium-binding protein,
CaBP, is similar in the duodenum of 1,25(0H),D3-
treated rats, so that, between them, these 2 proteins
account for ~5% of the soluble protein in duodenal
mucosa. The concentrations of the 2 proteins are only
similar in the duodenum, however. In the other
2 regions of the small intestine there is little change in
calmodulin while CaBP is reduced to 2% of its duode-
nal level. The differential distribution of CaBP corre-
lates quite readily with the reported active transport
of calcium, which is also highest in the duodenum
[21]. However, both the ileum and jejunum are
involved in calcium absorption and in them the level
of calmodulin remains high.

When tritiated-1,25(0OH), D3 is given to vitamin D-
deficient rats it was found that the steroid is most
concentrated in the duodenum [22] with lesser
amounts in the other 2 regions of the small intestine.
Our measurements of CaBP levels correlate very closely
with this observation in that the maximum vitamin D-
dependent synthesis of CaBP occursin the duodenum.
Nevertheless, the ileal and jejunal levels of CaBP are
influenced, suggesting that vitamin D-dependent cal-
cium absorption is not confined to the duodenum,
Neither is CaBP the only protein which is vitamin D-
dependent. A 1,25(0H),Dastimulated actin-like pro-
tein of the brush border was found [23] and the activ-
ities of 2 enzymes, alkaline phosphatase and Ca**-
dependent ATPase are also vitamin D-dependent [24].
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The interrelationship of these proteins remains to be
defined.

The intestinal level of calmodulin, on the other
hand, appears to be quite independent of vitamin D.
A similar lack of sensitivity of the erythrocyte calmo-
dulin concentration to the vitamin D status was
reported [25].

The fact that calmodulin is almost equally distrib-
uted in all portions of the small intestine and that its
concentration is not modified upon vitamin D with-
drawal or repletion argues in favor of different phys-
iological roles for CaBP and calmodulin. The latter
was recently proposed to serve as a calcium buffer
modulating the free calcium concentration of micro-
villi [26]. Also. calmodulin-dependent myosin light
chain kinase was found to be present in intestinal epi-
thelial cells (Le Peuch, D. A. M., Le Peuch, C. J. and
J.G.D..unpublished) where it is presumably involved
in the control of the interaction of actin and myosin,
the latter being mostly present in the terminal web
[27]. Calmodulin may also be involved in the regula-
tion of Ca®* fluxes through membranes, even though
there is as yet no evidence for such regulation.
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