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AIISTRACT Intestinal Ca2+ transport was studied in
membrane vesicles isolated from microvillus, Golgi, and lat-
eral-basal membrane preparations. Ca + uptake by these ves-
icles was measured by determination of 45Ca2+ associated with
these membranes after collection by micropore filtration. Golgi
membranes showed the highest initial rate and equilibration
level of Ca2+ uptake. Approximately 90% of this Ca2+ uptake
was into an osmotically responsive space, suggesting that what
was measured was predominantly CaS+ translocation. Vitamin
D-deficient ratsshowed a markedly diminished rate of uptake
.And level of equilibration. These data indicate that a Ca2+_
translocating process was associated with Golgi membranes to
a greater extent than with surface membranes and that this
process was markedly decreased in vitamin D-deficient rats.
The results suggest that the Golgi apparatus participates in in-
testinal Ca2+ absorption.
A vitamin D-dependent Ca2+ transport process is an important
property of the small intestine epithelium, but the molecular
mechanisms of Ca2+ transport and vitamin D-dependent steps
are not well-defined (1, 2). Some studies have suggested that
the microvillus membrane is the locus of the active transport
and/or vitamin D-dependent step (3-7), whereas others have
implicated the lateral-basal membrane (8, 9). Still other in-
vestigators have emphasized intracellular factors in intestinal
Ca2+ transport, particularly a vitamin D-dependent Ca2 -
binding protein (CaBP) (10, 11) or mitochondrial Ca2+ se-
questration (12). The Golgi apparatus is a cellular organelle
known to sequester various substances in preparation for se-
cretion (13) or transcellular transport, as in intestinal fat ab-
sorption (14). Warner and Coleman (15) studied Ca2+ local-
ization within the intestine with an electron probe x-ray mi-
croanalyzer and found discrete Ca2+ sequestrations in the su-
pranuclear and lateral-basal membrane areas of the cell, which
correspond to the distribution of Golgi membranes.
The present study analyzes the Ca2+-translocation properties

of Golgi, lateral-basal, and microvillus membranes, all of which
were isolated from intestinal epithelium as vesicle preparations.
Vesicles derived from Golgi membranes were found to be more
active in Ca2+ translocation than surface membranes and this
Ca2+ translocation was markedly decreased in vitamin D-
deficient animals.

MATERIALS AND METHODS
Animals. Weanling male albino rats were obtained from

Holtzman Co. (Madison, WI). To make rats vitamin D defi-
cient, they were fed a purified low-calcium diet containing
0.02% calcium and 0.30% phosphorus with no vitamin D and

housed under incandescent light. The animals were sacrificed
after 2-3 weeks (weight, 50-60 g) on this regimen.

Tissue Preparation. The animals were stunned and then
killed by cervical dislocation. The small intestine was removed,
washed with 0.154 M NaCl, and slit open longitudinally and
the mucosa was obtained by scraping. A purified microvillus
membrane was prepared by the method of Hopfer et al. (16).
Lateral-basal membranes were prepared by a modification of
methods described by Mircheff and Wright (17). The intestinal
scrapings were diluted in 5 mM NaEDTA (pH 7.0), 15 ml per
rat at 00, and homogenized with 10 strokes of a loose-fitting-
pestle Dounce homogenizer. All subsequent procedures were
done at 0-40. The homogenate was then centrifuged for 20 min
at 55,000 X g, and the pellet was resuspended in buffer A (0.25
M sorbitol/12.5 mM NaCI/0.5 mM NaEDTA/5 mM histi-
dine-imidazole buffer, pH 7.5), 15 ml per rat, and further
homogenized with 75 strokes in the Dounce homogenizer. This
homogenate was diluted with buffer A (100 ml per rat) and
centrifuged at 1400 X g for 15 min in a Beckman 30 rotor. The
supernatant was then centrifuged at 55,000 X g for 45 min. The
pellet was resuspended in sorbitol (60 g/100 ml) in 5 mM his-
tidine-imidazole buffer (pH 7.5), 15 mlper rat, by 10 strokes
with a motor-driven Potter-Elvehjem homogenizer. The sus-
pension (2.4 ml) was put into an SW-41 tube (Beckman no.
31411) and overlayed with 3, 4, and 3 ml each of sorbitol (40,
30, and 20 g/100 ml, respectively) in 5 mM histidine-imidazole
buffer, pH 7.5. The discontinuous density gradients were placed
in a Beckman.SW-41 rotor and centrifuged at 200,000 X g for
2 hr. Fractions were collected beginning from the top of the
gradient. Each fraction was diluted with 100 mM sodium N-
2-hydroxyethylpiperazine-N'-2-ethanesulfonate (Na-Hepes)
buffer, pH 7.0, and centrifuged at 78,0_)0 X g for 2 hr. and the
resultant pellet was resuspended in 0.5-1.0 ml of 100 mM
NaCI/20mM Na-Hepes, pH 7.0/1 mM MgCl2.
Enzyme Assays. Sucrase (f3-fructofuranoside, f3-D-fructo-

furanoside fructohydrolase, EC 3.2.1.26) was determined by
the method of Messer and Dahlqvist (18). Alkaline phosphatase
[orthophosphoric-monoester phosphohydrolase (alkaline op-
timum), EC 3.1.3.1] was determined as described by Weiser
(19). Na+,K+-ATPase (ATP phosphohydrolase, EC 3.6.1.3) was
determined according to Quigley and Gotterer (20).
NADPH-cytochrome c reductase (NADPH-cytochrome re-
ductase, NADPH:ferricytochrome oxidoreductase, EC 1.6.2.4)
was assayed by the method of De Duve et al. (21) and cyto-
chrome oxidase (cytochrome c oxidase, ferrocytochrome c:
oxygen oxidoreductase, EC 1.9.3.1) was assayed according to
Cooperstein and Lazarow (22). Galactosyltransferase activity
was measured as described (23). The exogenous glycoprotein

Abbreviations: CaBP, Ca2+-binding protein; Hepes, N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid.
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Table 1. Marker enzyme specific activities of sorbitol density-gradient fractions from normal and vitamin D-deficient rats

Galactosyltransferase activity, Na+,K+-ATPase activity, Sucrase activity,
cpm X 10-3/mg protein per 60 min gmol/mg protein per 15 min nmol/mg protein per 15 min

Fraction Control D-deficient Control D-deficient Control D-deficient

20/30 52 53 <0.01 0.06 <0.01 <0.01
30/40 18 18 1.80 1.85 <0.01 <0.01
40 8 8 1.18 1.13 <0.01 0.40
40/50 6 5 0.31 0.09 4.03 4.90
50 2 2 0.29 0.10 5.13 5.65

acceptor for galactosyltransferase was fetuin from which the
terminal sialic acid and penultimate galactose had been re-
moved (24).
Ca2+-Uptake Assay. Ca2+ uptake was usually measured

within 24 hr of completion of the membrane preparation.
Membranes (final protein concentration, 0.03-0.10 mg/ml)
were incubated at 250 in 4.2 ml of buffer B (20mM Na-Hepes
buffer, pH 8.0/2.5 mM MgCI2/100 mM NaCl) and, unless
otherwise noted, 0.5 mM 45CaCl2 (0.88,MCi/mol). At various
time intervals, 1.0-ml aliquots were removed and immediately
filtered through nitrocellulose filters (Schleicher and Schuell
no. BA85, 0.45 ,um) that had been presoaked in 10mM CaCl2.
The filters were dissolved in 10 ml of a Triton X-100 scintillation
solution (Triton X-100, 1000 ml; toluene, 1834 ml; Liquifluor;
166 ml) and assayed in a liquid scintillation counter. Radioac-
tivity nonspecifically bound to the nitrocellulose filters was
determined by filtering incubation medium free of membranes
and this value was subtracted from all experimental values.

All radioactive materials and Liquifluor were purchased
from New England Nuclear Corp. Unlabeled UDP-galactose
was obtained from Sigma Chemical Co. Protein was deter-
mined by the method of Lowry et al. (25).

RESULTS
Membranes isolated by density-gradient centrifugation by
methods similar to those used here are known to form vesicles
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FIG. 1. Electron microscopic appearance ofmembrane fractions.
(A) Normal rat, 20/30 fraction (Golgi membrane). (B) Normal rat,
40 fraction (lateral-basal membrane). (C) Vitamin D-deficient rat,
20/30 fraction (Golgi membrane). (D) Vitamin D-deficient rat, 40
fraction (lateral-basal membrane). (X10,000.)

spontaneously, as are purified brush border membranes (16).
Electron micrographs of the density-gradient membrane
fractions confirmed their vesicular conformation (Fig. 1).

Galactosyltransferase, Na+,K+-ATPase, and sucrase were
used as marker enzymes for Golgi, lateral-basal, and microvillus
membranes, respectively. Specific activities of these enzymes
were measured in the density-gradient fractions and in the
purified brush border membranes from both normal and vi-
tamin D-deficient rats. The marker enzyme distribution of the
preparations used in this study are summarized in Table 1 and
are similar to that found with isolated cells and a sucrose gra-
dient by M. M. Weiser, M. Neumeier, A. Quaroni, and K. Kirsch
(unpublished data). There was no difference in enzyme dis-
tributions between membranes isolated from normal and vi-
tamin D-deficient rats. The relative enrichment of galacto-
syltransferase and the very low Na+,K+-ATPase in the 20/30
fraction identified this fraction as being rich in membranes
derived from the Golgi apparatus. Similarly, the 40 fraction was
identified as lateral-basal membranes on the basis of Na+,K+-
ATPase enrichment; the microvillus fraction was enriched in
sucrase activity. Contamination by endoplasmic reticulum and
mitochondria was insignificant.
When the membrane fractions obtained from the sorbitol

density gradient were tested for Ca2+ uptake, the Golgi-rich
20/30 membrane fraction showed the greatest initial rate of
uptake as well as the greatest equilibrium level (Fig. 2). Mi-
crovillus membrane vesicles prepared separately by the method
of Hopfer et al. (16) showed low initial rates and equilibrium
levels of Ca2+ uptake.
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FIG. 2. Ca2+ uptake by various membrane fractions from the
intestinal epithelial cell. 0, Microvillus membranes (M.M.) obtained
by the method of Hopfer et al. (16). The other membrane fractions
were obtained from sorbitol density-gradient centrifugation (see
Materials and Methods). 0, Golgi-rich 20/30 fraction; *, lateral-basal
30/40 fraction; 0, lateral-basal 40 fraction; and A, 40/50 fraction.
Membrane protein concentration in all incubations was 0.03 mg/
ml.
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FIG. 3. Ca2+ uptake by the Golgi-rich 20/30 fraction at several
membrane protein concentrations. (A) Time course of uptake.
Membrane protein concentration: 0, 0.03 mg/ml; *, 0.05 mg/ml; A,
0.10 mg/ml. (B) Same data plotted as a function of membrane protein
concentration which shows that the uptake is directly proportional
to protein concentration at all time points.

Ca2+ uptake by the Golgi-rich 20/30 fraction was studied
with three different concentrations of membrane protein in the
incubation medium. Fig. 3A indicates that equilibration of
uptake was reached by 20 min- at all three concentrations. Be-
cause the rate of uptake was greatest in the first 15 sec, this was
taken as an approximation of the initial rate of uptake. Fig. 3B
shows that the amount of uptake at all time points was pro-
portional to the membrane protein concentration in the incu-
bation medium. Ca2+ uptake was also measured over a range
of Ca2+ concentrations (Fig. 4). The initial rate of Ca2+ uptake
by membrane vesicles from the Golgi-rich 20/30 fraction
showed saturation kinetics with half-maximal activity at a Ca2+
concentration of approximately 0.5 mM.

Uptake by membrane vesicles as determined by this micro-
pore filtration technique measures both transport into the in-
travesicular space and binding to the membrane (26). The
method of Hopfer et al. (16) was used to distinguish transport
from binding by measuring Ca2+ uptake in the presence of
increasing amounts of impermeable osmotically active cello-
biose at concentrations that shrink the available intravesicular
space. When Ca2+ uptake was plotted against the reciprocal
of the total external osmolarity (Fig. 5), the slope was indicative
of translocation into an osmotically responsive space. Extrap-
olation to infinite medium osmolarity (Y-intercept) yielded an
approximation of the amount of membrane-bound Ca2+, which
was only 10% of the 20-min uptake.
When Ca2+ uptake by membrane vesicles obtained from
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FIG. 5. Effect of medium osmolarity on Ca2+ uptake. Uptake by
Golgi-rich 20/30 membrane fractions was measured at 5 min (A&) and
20 min (A) from media containing 25 mM NaCi, 20 mM Na*Hepes
(pH 8.0), 2.5 mM MgCl2, 0.5 mM 45CaC12, and enough cellobiose to
give the indicated osmolarity (shown as inverse osmolarity). The os-
molarity was calculated as the sum of contributions from all solutes,
assuming ideal behavior. Membrane protein concentration in the
incubation media was 0.03 mg/ml.

vitamin D-deficient rats was measured, significant decreases
in uptake were observed. This is shown in Fig. 6A in which the
time course of Ca2+ uptake by Golgi-rich 20/30 vesicles from
vitamin D-deficient rats is compared to that from normal rats.
Decreases in both the initial rate (94% decrease) and the equi-
librium level (81% decrease) of uptake were observed in vesicles
from vitamin D-deficient rats. Lateral-basal membrane vesicles
from vitamin D-deficient rats showed similar but less marked
decreases in initial rate and equilibrium level of uptake (Fig.
6B). Lineweaver-Burk plots showed that half-maximal veloc-
ities were reached at similar Ca2+ concentrations for normal
and vitamin D-deficient animals; however, the maximal ve-
locity was decreased in vesicles from vitamin D-deficient ani-
mals.

DISCUSSION
Transport of Ca2+ across the intestinal epithelial cell requires
entry into the cell through the microvillus membrane, passage
through the cell, and exit across the lateral-basal membrane.
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FIG. 4. The effect of Ca2+ concentration on the initial rate of Ca2+
uptake by Golgi-rich 20/30 membrane vesicles. Membrane protein
concentration was 0.03 mg/ml.
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FIG. 6. Effect of vitamin D deficiency on Ca2+ uptake by intes-
tinal membrane vesicles. (A) Calcium uptake by Golgi-rich 20/30
fractions from normal (O) and vitamin D-deficient (0) rats. (B) Ca2+
uptake by lateral-basal membrane 40 fractions from normal (-) and
vitamin D-deficient (0) rats.
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Vitamin D deficiency specifically reduces the ability of the
intestinal epithelial cell to transport Ca2+. A metabolite of vi-
tamin D, 1,25-dihydroxycholecalciferol, has been shown to be
the most active calciferol in enhancing Ca2+ transport through
the epithelial cell, but the molecular mechanisms for Ca2+
transport and the vitamin D-affected steps are still unclear (1,
2).

In an attempt to define the molecular mechanism involved
in intestinal Ca2+ transport and the vitamin D-dependent steps,
we studied Ca2+ translocation into vesicles formed by various
subcellular membranes isolated from intestinal mucosa of both
normal and vitamin D-deficient rats. The uptake measured
represents Ca2+ bound to the membrane as well as Ca2+
translocated into the intravesicular space (26). In the studies
presented here, the membrane vesicles derived from intestinal
Golgi membrane appeared to have the greatest rate of Ca2+
uptake as well as the greatest level at equilibrium (Fig. 2). When
exposed to hyperosmolar media, these Golgi membrane vesicles
showed a decrease in their ability to translocate Ca2+ that was
inversely proportional to the medium osmolarity (Fig. 5). The
data suggest that approximately 90% of the observed uptake
at 20 min represented translocation into an osmotically re-
sponsive intravesicular space.
The apparent initial rate of uptake would be affected by the

number of membranes forming closed vesicles and by the
thickness of the membranes. Electron microscopic examination
of Golgi, lateral-basal (Fig. 1), and microvillus (16) membrane
vesicles revealed no detectable difference in either the thickness
or the fraction of membranes forming closed vesicles. There-
fore, the increased rate of Ca2+ uptake by Golgi as compared
to lateral-basal and microvillus membrane vesicles suggests that
the intestinal Golgi membranes have a greater intrinsic capacity
to translocate Ca2+. Unfortunately, we have no data on the
"sidedness" of the vesicles-i.e., percent right-side-out (for
Golgi, the cytoplasmic side of the membrane facing outward)
or inside-out.

Golgi membrane vesicles prepared from vitamin D-deficient
rats showed an initial rate of Ca2+ uptake that was only 6% of
that observed with Golgi membranes from normal rats (Fig.
6A). The level of uptake at equilibrium was also decreased in
vitamin D-deficient Golgi vesicles (Fig. 6A). Lateral-basal
membrane vesicles from vitamin D-deficient rats showed
similar but less marked decreases in initial rate and equilibrium
level of uptake (Fig. 6B). It should be stressed that membrane
vesicles from vitamin D-deficient animals showed no differ-
ences compared to normal rats in marker enzyme distribution
along the sorbitol gradient (Table 1) and in their electron mi-
croscopic appearances (Fig. 1). Preliminary kinetic data suggest
that there are fewer sites for Ca2+ translocation in the vitamin
D-deficient membrane vesicles.
CaBP has been suggested as a vitamin D-dependent intra-

cellular carrier. Imunofluorescent localization of CaBP how-
ever, indicates that the protein is a component of mucus and
is not present within the cytoplasm of the absorptive cell (27)
although it is isolated from the 38,000 X g supernatant of mu-
cosal homogenates (11). The role of CaBP as a vitamin D-
dependent intracellular carrier has been challenged by Spencer
et al. (28) who have shown that correction of Ca2+ transport
in vitamin D-deficient animals after injection of 1,25-dihy-
droxycholecalciferol preceded the detection of CaBP mRNA
and that high levels of CaBP persisted after Ca2+ transport had
returned to prerepletion levels.

It has also been proposed that mitochondria may sequester
Ca2+ and be involved in transcellular Ca2+ transport (12). In
vitamin D-deficient animals, electron microscope studies have

shown Ca(PO3)2 crystals to be largely restricted to the micro-
villus region of cells; after vitamin D administration, many
granules were observed in mitochondria and fewer in the mi-
crovilli (29). However, electron probe microanalyses have
shown no Ca2+ localization within mitochondria, and a phos-
phorus signal was not associated with any Ca2+ localizations
(15). These electron probe microanalyses also showed the Ca2+
tended to be located in a supranuclear position and near the
lateral membrane. The Golgi apparatus of intestinal absorptive
cells tends to be supranuclear as well as in areas near the lateral
membrane.
The present results suggest that the Golgi apparatus may be

involved in the process of intracellular Ca2+ accumulation; this
Ca2+ uptake by the Golgi apparatus is affected by the vitamin
D status of the animal. It is possible that the Golgi apparatus
serves to transport Ca2+ vectorially out of the cell by an inter-
action with the lateral-basal membrane. In addition, Ga2+
uptake by lateral-basal membrane vesicles may represent the
exit step of Ca2+ from the cell.
The association of the Golgi apparatus with secretion and

Ca2+ transport is consistent with present concepts of cellular
secretory mechanisms in a number of tissues. The Golgi appa-
ratus functions to sequester and then secrete a variety of sub-
stances including endocrine and exocrine secretions (13, 30),
immunoglobulins (31), and surface glycoproteins (32). Indeed,
the Golgi apparatus is thought of as a universal "organelle of
secretion," serving several functions in the secretory process:
glycosylation of secretory glycoproteins, intracellular transport,
concentration, storage, and secretion by exocytosis (13). Ca2+
has been shown to be required for the last step of this process-
i.e., the release of secretory products by exocytosis (33). This
Ca2+ requirement for secretion has been shown for the endo-
crine and exocrine parts of the pancreas, neurosecretory cells,
granulocytes, and mast cells (33). There is evidence that in the
pancreas (34) and in the adrenal medulla (33) Ca2+ is not only
necessary for secretion but that relatively high concentrations
of Ca2+ are released along with the secretory product. In in-
vertebrates, intracellular Ca2+ granules are associated with the
Golgi system in a variety of tissues and these granules have been
shown to be secreted into intercellular spaces (35).

Intracellular membrane structures, in some cases shown to
be Golgi membranes, are involved in the intestinal absorption
of substances such as fats (14), vitamin B12 (36), immunoglob-
ulins (37), and horseradish peroxidase (38). These substances
traverse the intestinal cell from microvillus to lateral membrane
and at some point become enclosed within intracellular
membranes before their exit into the intercellular space. The
present studies support the concept that during its absorption
Ca2+ traverses the intestinal cell and is secreted from it with the
help of the Golgi apparatus in a manner similar to that de-
scribed for the above substances. The precise role of Ca2+
translocation by Golgi membranes and, in particular, its rela-
tionship to events in the microvillus and lateral-basal mem-
branes require further investigation.
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