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There is a marked decrease in active Ca 2 + transport by the rat small intestine with age, particularly between 
2 and 12 months. Much evidence suggests that the active component of Ca '.+ transport resides in the 
energy-dependent pumping of Ca z+ across the intestinal basal lateral membrane. Therefore, we have 
characterized Ca 2÷ uptake by basal lateral membrane vesicles isolated from young (2-3 month old) and adult 
(12-14 month old) rats. In vesicles from the proximal duodenum, ATP-dependent Ca z+ uptake was about 
4-times greater in the young animal than in the adult. There were no age differences in Ca 2 + uptake in the 
absence of ATP. In vesicles from the ileum, Ca z+ uptake was much less than in the duodenum. The age 
differences in the ileum were smaller, and ATP-dependent Ca z+ uptake in the young was only twice that 
seen in the adult. Osmotic lysis of duodenal vesicles reduced Ca .'.+ uptake to low levels in both age groups, 
indicating that most of the Ca z+ was being taken up into an osmotically active space. Kinetic studies of Ca z+ 
uptake showed that there was no change in the apparent affinity but a 5-fold decrease in the Vma~ of the adult 
Ca 2+ transport system compared to that of the young animal. This marked decrease in the capacity of basal 
lateral membrane vesicles to actively transport Ca z+ may contribute to the decline in intesiiaai Ca 2+ 
absorption with age. 

Introduction 

The rate of absorption of Ca 2+ by the intestine 
declines with age in both humans [1] and rats [2,3]. 
Studies in rats have suggested that it is the active, 
energy-dependent component of Ca 2+ absorption 
which decreases with age. Everted intestinal sacs 
from the duodenum of young animals actively 
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transport Ca 2., while those from adult animals do 
not [2]. In terms of intestinal uptake of Ca 2+, the 
greatest age-related decrease is seen in the prox- 
imal duodenum [3], which is the site of energy-de- 
pendent Ca 2+ transport. The ileum, which demon- 
strates little energy-dependent Ca 2+ transport, 
shows no change in Ca 2+ uptake with age [3]. 

Much evidence suggests that the basal lateral 
membrane of the intestinal absorptive cell is the 
site of the energy-dependent component of Ca 2+ 
transport. Basal lateral membrane vesicles (BLMV) 
accumulate Ca 2+ in the presence of ATP [4-6], 
and they contain Ca2+-ATPase activity [7]. Ca 2+ 
uptake by BLMV is stimulated by 1,25-dihydroxy- 
vitamin D [8], the hormonal form of vitamin D 
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which increases intestinal Ca 2+ absorption. In ad- 
dition, BLMV isolated from the duodenum take 
up much more Ca 2+ than membranes isolated 
from the ileum [8]. 

The purpose of the studies reported here was to 
determine whether the capacity of intestinal 
BLMV to actively accumulate Ca 2+ changes with 
age. Ca 2+ accumulation was compared between 
rats of 2 and 12 months of age, since the greatest 
decline in Ca 2+ uptake and active transport takes 
place during that age span [2,3]. Age-related 
changes in the duodenum were also compared to 
those in the ileum. Finally, changes in Ca 2+ accu- 
mulation were characterized kinetically to de- 
termine whether there were changes in the number 
and /o r  affinity of the Ca 2+ transporters with age. 

Materials and Methods 

Experiments were performed using male Fischer 
344 rats purchased from Hadan Industries (Indi- 
anapolis, IN). Rats were 2-3 months (young) or 
12-14 months (adult) of age. Animals were main- 
tained on Purina laboratory rodent chow (Ralston 
Purina Co., St. Louis, MO) containing t .2~ Ca, 
0.8% P and 3.3 I U / g  vitanfin D. 

BLMV were isolated from intestinal segments 
by differential and density gradient centrifugation 
[7]. Intestinal segments from three animals were 
pooicd for a single preparation. Duodeaal BLMV 
were isolated from tissue 0-10 cm distal to the 
pylorus, and ileal BLMV were isolated from tissue 
0-10 cm proximal to the caecum. Intestinal cells 
were isolated by filling 5-cm intestinal sacs with a 
citrate solution (1.5 mM KC!/96 mM NaCl/27 
mM sodium citrate/8 mM potassium phosphate/ 
5.6 mM sodium biphosphate, pH 7.3) [9]. After a 
15 min incubation at 37°C, epithelial cells were 
released by gently pressing on the outside of the 
sac [9]. The calls, consisting primarily of columnar 
epithelial cells with a few crypt cells [9], were 
collected by low-speed centrifugation and resus- 
pended in a low ionic strength buffer (25 mM 
NaCI/1 mM Tris-Hepes, pH $.0/0.2 mM phenyl- 
methanesulphonyl fluoride). 

To isolate the BLMV, the cells were disrup~:ed 
by using a Polytron homogenizer for 1 rain [7]. 
The homogenate was centrifuged (550 x g, 15 rain) 
to remove brush borders and cell debris. The 

supematant was then centrifuged (90000 ×g ,  20 
rain). The resulting pellet was resuspended in 
sorbitol buffer (250 mM sorbitol/12.5 mM 
NaCl/0.5 mM EDTA/5 mM Hepes-Tris, pH 7.4) 
by homogenization with a glass/teflon homo- 
genizcr. Basal lateral membranes were separated 
from mitochondria by density gradient centrifuga- 
tion. The sorbitol concentration of the resus- 
pended pellet was increased to 40~g (w/w) and 
this was overlaid with 25~ sorbitol in a centrifuge 
tube. This was centrifuged (95000 × g, 60 rain), 
and the material at the 25/40~ interface, contain- 
ing purified basal lateral membranes, was col- 
lected. Basal lateral membranes were diluted 6-fold 
with 200 mM sotbitol/5 mM Tris-Hepes (pH 7.4) 
and collected by ceutrifugation (100000 X g, 15 
min). The resulting pellet was resuspended in up- 
take buffer (100 mM KCI/5 mM MgCl2/20 mM 
Tris-Hepes, pH 7.4). 

The purification and recovery of the BLMV 
was monitored using Na+/K+-ATPase as a marker 
[10]. Membrane protein was measured by the 
method of Lowry [11]. There was no difference 
between young and adult animals in the purifica- 
tion and recovery of this marker. In five separate 
BLMV preparations, the purification factor was 
16.1 -+ 3.8 and t5.8_+ 2.5 for young and adult 
animals: respectively. The recovery was 45.5 + 
5.8% for the young and 42.5 + 7.1% for the adult. 
This carapaces favorably ~;i~L a purification factor 
of 10.3 and a recovery of 15.4~ previously re- 
ported for this isolation procedure [7]. In addition, 
this BLMV preparation shows no sodium-depen- 
den'~ glucg:e ~ptnkz, such as is seen in brush-border 
membrane vesicles [12]. This suggests that the 
preparation is relatively free of contamination by 
brush-border membrane vesicles. 

Ca 2 + uptake by BLMV was measured by filtra- 
tion [7]. Uptake was initiated by adding 50 pl of a 
radiolabeled Ca 2+ solution to 50 pl of BLMV 
(50-150 pg protein). The Ca 2+ solution usually 
consisted of uptake buffer containing 10 pM 
calcym chloride and labeled with 45Ca2+. This 
gave a final Ca 2+ concentration of 5 taM. When 
present, the finial Tris-ATP concentration was 5 
mM. In the kinetic experiments (Figs. 2 and 3), 
the Ca 2+ concentration was varied between 0.02 
and 0.9 #M by using Ca2+-EGTA buffers [13]. 
After incubation at 25°C for the required time, 
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the reaction was terminated by the addition of 1 
ml of cold stop solution (100 mM KCI/5  m.~[ 
MgCI 2/1 mM LACI3/20 mM Tris-Hepes, pH 7.4). 
The mixture was then filtered through a 0.45-ttm 
Miilipore filter (HAWP 02500), and the filter was 
washed twice with 2 ml of stop solution. Radioac- 
tivity on the filters was quantitated by liquid 
scintillation spectrometry using ACS scintillation 
fluid (Amersham, Arlington Heights, IL). Non- 
specific binding to the filters, assayed in the ab- 
sence of membrane protein, was typically less than 
5% of Ca 2+ uptake by young BLMV in the' pres- 

ence of ATP. 
Results are presented as the mean + S.E. of 

triplicate determinations using the same mem- 
brane preparation. In most cases, the results of 
individual experiments are presented. However, all 
experiments shown were performed at least twice 
with similar results. The absolute magnitude of 
Ca 2+ uptake varied from preparation to prepara- 
tion, but the pattern of Ca 2+ uptake in each 
experiment was very reproduceable. Statistical 
analysis was performed using a two-tailed Stu- 
dent's t-test [14], and a confidence level of 95% or 
greater was considered significant. 

R e s u l t s  

Ca 2+ uptake by BLMV isolated from the prox- 
imal duodenum of young and adult rats was mea- 
sured as a function of time (Fig. 1). In general, 
Ca 2+ uptake was rapid during the first 5 rain and 
then plateaued. In the young rats, ATP markedly 
stimulated Ca 2+ uptake at all time points. In 
contrast, ATP increased Ca 2÷ uptake only mod- 
estly in the adult rats. After 10 rain, Ca 2+ uptake 
in the presence of ATP was more than four times 
greater in the young rat compared to that in the 

adult. 
Ca 2 + uptake was compared as a function of the 

intestinal segment in young and adult rats (Table 
I). In the duodenum, there was no age difference 
in Ca 2+ uptake in the absence of ATP. In the 
presence of ATP, Ca 2+ uptake was much greater 
in the young as compared to that in the adult rat, 
as can be seen in Fig. 1. ATP-dependel~t Ca 2+ 
uptake, the difference between uptake in the pres- 
ence and absence of ATP, was about four times 
greater in the young than the adult. 

2(3 
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Fig. 1. Time course of Ca 2÷ uptake by basal lateral membrane 
vesicles. Ca 2÷ uptake was measured at the indicated time by 
filtration, Uptake was measured at a Ca 2+ concentration of 5 
/~M Ca in the presence or absence of 5 mM ATE Data points 
are the mean of triplicate determinations and S.E. was less 
than the size of the symbol. O ~ @ ,  young rat (+ATP); 
o o, adult rat (+ ATP); ® . . . . .  4 ,  young rat ( -  ATP); 

o ...... o, adult rat ( -  ATP). 

In the ileum, differences in Ca 2+ uptake be- 
tween young and adult rats were seen, but  the 
differences were much smaller than those in the 
duodenum (Table I). ATP modestly stimulated 
Ca 2+ uptake in BLMV from both the young and 
adult rats, but ATP-dependent  Ca 2+ uptake in the 
young animals was only twice that found in the 

TABLE I 
EFFECT OF INTESTINAL SEGMENT ON Ca 2+ UPTAKE 
BY BASAL LATERAL MEMBRANE VESICLES 

Values are the mean ± S.E. of triplicate determinations. Ca 2+ 
uptake was measured by filtration after 10 rain in the presence 
of 5 /tM Ca 2+. ATP-dependent Ca 2+ uptake represents the 
difference between Ca 2+ uptake in the presence and absence 
of 5 mM ATP, 

AgUe Segme"nt Ca2 + uptake (nmol/mg) ' 

- ATP + ATP ATP-dependent 

Young duodenum 0.07+0,01 1.71±0.15 1,64fl:0.16 
Adult duodenum 0.05±0,01 0.42:1:0.04 * 0.37±0,05 * 

Young i leum 0.09+0.01 0.38+0,01 0.29+0.02 
Adult i l eum 0.07+0.01 0.22±0.02 * 0.15±0.02 * 

* Significantly different from young animals (P < 0.05, Stu- 
dent's t-test). 
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adult ,  in  the absence of ATP, Ca 2+ uptake in the 
ileum was the same in young  and in adult  rats. 

To  characterize the nature o f  Ca 2+ accumula- 

tion by BLMV, uptake was measured in the pres- 

ence of  ATP and various inhibitors (Table !I). 
Or thovanadate  inhibited Ca 2+ uptake by 75~ in 
young animals but  only by 13% in adult  animals. 
This suggested that  the young animals had a much 

larger component  of  ATP-dependent  Ca 2 + uptake, 

since or thovanadate  inhibits ATP-dependent  Ca 2+ 

transport  and  Ca2+-ATPase activity in BLMV [7]. 
Oligomycin, an inlfibitor of mitochondrial  Ca 2+ 
uptake,  reduced Ca  2+ upiake only  slightly 

(11-14%) in each age group. This excluded 
mitochondrial  contaminat ion of  the BLMV pre- 
parat ion as a major  contr ibutor  to the ATP- 

dependent  Ca 2 + uptake. Finally, lysis of the BLMV 

by distilled water after Ca 2+ accumulat ion re- 

duced uptake to low levels in both  age groups. 
This indicated that  almost all of  the Ca 2+ was 
being taken up into an osmotically active space 
rather  than being bound  to the vesicle membrane.  

To characterize further the differences in Ca 2+ 

transport  between young and adult  rats, we per- 
formed kinetic studies of  Ca 2+ uptake by BLMV. 
Since Ca 2+ uptake is linear with time da t ing  the 

first 2 rain [7], we measured the initial velocity of  
Ca 2+ uptake (V)  during those first 2 min. InitiaI 

TABLE I! 

EFFECT OF INHIBITORS ON Ca 2+ UPTAKE BY BASAL 
LATERAL MEMBRANE VESICLES FROM THE 
DUODENUM 

Values are Ih= mean:l:S.E of tripficate determinations. Ca 2+ 
uptake was measured by filtration after 10 rain in the presence 
of 5 ~M Ca 2+ and 5 mM ATP. The final concentration of 
sodium orthovanadate was 0.1 mM and of ofigomycin was 10 
/~g/ml. Osmotic lysis w~r. performe,~ by te.-,ninating Ca 2+ 
uptake with distilled wa~dr rather than with the saline stop 
solution. 

Condition Ca 2+ uptake (nmol/mg) 

Young Adult 

Control 2.26 4- 0.28 0A5 _+0.01 
Orthovanadate 0.58 4- 0.03 * 0.39+_ 0.01 * 
Oligomydn 2.02 4- 0.13 0.38 4- 0.02 a 
Osmotic l y s i s  0.18+0.01 * 0.23 4-0.01 * 

* Significantly different from control (P < 0.05, Student's t- 
test). 
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Fig. 2. Effect of Ca 2+ concentration on ATP-dependent Ca 2+ 
uptake by basal lateral membrane vesicles. Ca 2 + uptake during 
the first 2 n'fin, V, was measured at the indicated Ca 2+ con- 
centration in the presence and absence of 5 mM ATP. ATP-de- 
pendent Ca 2+ uptake was calculated by subtracting uptake in 
the absence of ATP from uptake in the presence of ATP at 
each concent-ation of Ca 2+. Data points are the mean of 

triplicate determinations. 

velocity was measured at  Ca 2+ concentrat ions 
ranging from 0.02 to 0.9 /~M (Fi 3. 2). At each 

Ca 2 + concentration,  the initial velocity was much 

greater in BLMV from young rat~; compared to 
adult  rats. 

To evaluate these da ta  kinetically, the data  
were replotted using an Eadie-Hofstee plot (Fig. 

3). When the data  were plotted in this way, the 
data  points fell in a straight line for both  young 

and adult  animals. This indicated that  the initial 

TABLE I!I 

EFFECT OF AGE ON IN'fF.g'FINAL Ca ABSORIYrION 

Values are the mean ± S.E. of triplicate determinations (BLMV 
uptake), six animals (tissue uptake) or four to eight animals 
(tissue transport). Values for BLMV uptake are from Table !, 
values for tissue uptake are from Ref. 3 and values for tissue 
transport are from Ref. 2. 

Age Segment BLMV Tissue Tissue active 
uptake uptake transport 
(nmol/mg) (pmol/mg) (S/M) 

Young duodenum 1.64=1=0.16 205+16 2.7+0.4 
Adult duodenum 0.374-0.05 * 1104-13 * 0.74-0.1'* 

Young ileum 0.29 4- 0.02 94 4- 7 - 
Adult i l e u m  0.15+0.02 * 115_+_20 - 

* Significantly different from values for young rats (P < 0.05, 
Student's t-test). 
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Fig. 3. Kinetic studies of Ca 2+ uptake by basal lateral membrane vesicles. Data from Fig. 2 were plotted on an Eadie.Hofstee plot to 

determine the Km and V . ~  values graphically. Data points were fitted by linear least-squares lines. 

velocity of Ca 2+ uptake followed Michaelis- 
Menten kinetics to a first approximation. In com- 
paring the kinetic data, the slope of the curves for 
the two age groups were almost identical. For the 
young animals, the slope, which is the apparent 
affinity of the transport system, w~s 0.27 ttM. For 
the adults, the apparent affinity was 0.25 /~M, 
almost identical to that of the young animals. 
However, there was a large difference in the y-in- 
tercepts of the curves. For the young rats, the 
y-intercept, which is the maximal velocity of the 
transport system, was 3.76 nmol/min per rag. For 
the adults, the maximal velocity was 0.75 
nmol/min per rag. The kinetic parameters of the 
young BLMV, 0.27 /tM for the K m and 3.76 
nmol/min per mg for the Vm~,, are similar to the 
K m of 0.20/tM and the Vm~x of 5.3 nmol/min per 
mg previously reported for BLMV isolated using 
this procedure [71 . 

Discussion 

These studies demonstrate that there is a 
marked decrease in the capacity of adult BLMV 
to transport Ca 2+ compared to that of young 

BLMV. The kinetic studies showed that the de- 
crease was due to a 5-fold decrease in V,~,~ with 
no change in the apparent affinity (Fig. 3). These 
findings suggest that there is a decreased number, 
or a decreased turnover rate, of Ca 2+ transporters 
in BLMV from adult rats compared to that from 
young rats. However, the Ca 2+ transporters in the 
adult are fully functional in terms of affinity for 
C a  2 +. 

ATP-dependent Ca 2+ uptake by BLMV corre- 
lated well with Ca 2+ transport by the intact tissue 
in terms of age and intestinal segment (Table II!). 
In the proximal duodenum, there is a marked 
decrease in the rate of BLMV Ca 2+ uptake, tissue 
Ca 2+ uptake, and tissue active transport with age. 
In the young ileum, BLMV Ca 2+ uptake and 
tissue uptake are both decreased compared to the 
young duodenum. In terms of age changes in the 
ileum, BLMV Ca 2+ uptake decreases by about 
half with age, but tissue uptake does not change 
significantly. This may reflect a greater ser,sitivity 
of the BLMV procedure for measuring changes in 
Ca 2+ transport with age. 

Since Ca 2+ absorption by the intestit~e is a 
multi-step process, other components in addition 
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to the basal lateral membrane may contribute to 
the decrease in Ca 2 + absorption with age. In gen- 
eral, Ca 2+ absorption is thought to involve move- 
ment of Ca 2 + across the brush-border membrane, 
translocation of Ca 2+ across the cell cytoplasm, 
and active translocation of Ca 2+ across the basal 
lateral membrane [15]. Translocation of Ca 2+ 
across the cytoplasm may involve the vitamin 
D-dependent Ca-binding protein, a small, soluble 
protein with a high affinity for Ca 2+. 

In studies of brush-border membrane vesicles, 
no changes in Ca 2+ uptake with age were seen in 
F344 rats aged 2-3, 12-14 and 22-24 months 
[16]. The same brush-border membrane vesicle 
preparations show marked age-related changes in 
glucose uptake [12]. However, it should be noted 
that under the experimental conditions employed, 
Ca 2+ uptake by brush-border membrane vesicles 
is insensitive to osmotic lysis and represents al- 
most exclusively Ca 2+ binding to the plasma 
membrane. This is in contrast to Ca 2+ uptake by 
BLMV (Table I1). Ca 2+ binding to the brush- 
border membrane may mask possible age-related 
changes in Ca 2+ uptake across the brush-border 
membrane. 

In telms of Ca-binding protein, there is a 
marked decrease in intestinal Ca-binding protein 
with age, and this decrease parallels the decrease 
in the active transport of Ca 2+ [2]. It is also of 
interest that this protein has been reported to 
stimulate the Ca2÷-ATPase activity of erythrocyte 
membranes [171. Thus, a decreased amount of 
intestinal Ca-binding protein could result in 
decreased Ca 2+ absorption in two ways. First, 
decreased Ca-binding protein could result in 
decreased movement of Ca 2 + across the cytoplasm 
to the bas~J lateral membrane pump. Second, 
decreased Ca-binding protein could result in a 
decreased Ca2+-ATPase activity and decreased 
Ca 2+ pumping capacity of the BLMV, if this 
protein does indeed regulate the BLMV pump. 

The mechanism responsible for the decline in 
pumping capacity by IILMV with age requires 
further investigation. Since the pumping capacity 
of BLMV is stimulated by 1,25-dihydroxyvitamin 
D [8], the de~cline may reflect the marked decrease 
in serum 1,25-dihydroxyvitamin D in rats between 
2 and 12 months [16]. Vitamin D deficiency has 
been shown to decrease the Vma ~ of Ca 2+ uptake 

without altering the K m [8]. Decreased pump 
capacity may also reflect an age-related alteration 
in the BLMV Ca-ATPase, although the role of the 
Ca-ATPase in Ca 2+ pumping has been questioned 
[18]. Alternatively, the decreased pump capacity 
with age may reflect a lack of some co-factor, such 
as Ca-binding protein [17] or calmodulin [4,61, 
which is necessary for optimal activity. Finally, 
altered pumping capacity may reflect age-related 
changes in the composition and structure of the 
basal lateral membrane. Such changes have been 
described for intestinal brush-border membranes 
I191. 
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