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Abstract. The present studies were conducted to 
investigate the mechanisms underlying the 1,25-di- 
hydroxycholecalciferol (1,25(OH)zD3)-induced in- 
crease in intracellular Ca 2+ ([Ca2+] 3 in individual 
CaCo-2 cells. In the presence of 2 mM Ca 2+, 
1,25(OH)2D3-induced a rapid transient rise in [Ca2+]i 
in Fura-2-1oaded cells in a concentration-dependent 
manner, which decreased, but did not return to base- 
line levels. In Ca2+-free buffer, this hormone still 
induced a transient rise in [Ca2+]i, although of lower 
magnitude, but [Ca2+]i then subsequently fell to 
baseline. In addition, 1,25(OH)zD 3 also rapidly in- 
duced 45Ca uptake by these cells, indicating that the 
sustained rise in [Ca2+]i was due to Ca 2+ entry. In 
Mn2+-containing solutions, 1,25(OH)2D 3 increased 
the rate of Mn 2+ influx which was temporally pre- 
ceded by an increase in [Ca2+]i. The sustained rise 
in [Ca2+]i was inhibited in the presence of external 
La 3+ (0.5 mM). 1,25(OH)2D 3 did not increase Ba 2+ 
entry into the cells. Moreover, neither high external 
K + (75 mM), nor the addition of Bay K 8644 (1/~M), 
an L-type, voltage-dependent Ca 2+ channel agonist, 
alone or in combination, were found to increase 
[Ca2+]i. 1,25(OH)2D 3 did, however, increase intra- 
cellular Na + in the absence, but not in the presence 
of 2 m i  Ca 2+, as assessed by the sodium-sensitive 
dye, sodium-binding benzofuran isophthalate. 
These data, therefore, indicate that CaCo-2 cells do 
not express L-type, voltage-dependent Ca 2+ chan- 
nels. 1,25(OH)2D 3 does appear to activate a La 3+- 
inhibitable, cation influx pathway in CaCo-2 cells. 
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Introduction 

It is well established that 1,25-dihydroxycholecalcif- 
erol (1,25(OH)2D3), the major biologically active me- 
tabolite of vitamin D 3, plays an important role in 
regulating calcium homeostasis and mineral metabo- 
lism [3, 27, 35]. The classical target organs for 
1,25(OH)2D 3 are intestine, bone and kidney [3], but 
in recent years its receptor has been identified in 
many other tissues, raising the distinct possibility of 
other novel functions for this secosteroid [3, 27, 35]. 

Until recently, it was also well accepted that 
all of the biological actions of 1,25(OH)2D 3 were 
mediated through a hormone-nuclear/cytosolic vita- 
min D receptor complex interacting to regulate gene 
expression in a manner analogous to the mechanisms 
of action of classical steroid hormones, such as glu- 
cocorticoids and estrogens [27]. Over the past sev- 
eral years, however, considerable evidence has ac- 
cumulated which suggests that 1,25(OH)2D 3 may 
act, at least in part, by mechanisms other than via 
this general scheme involving steroid hormone-like 
receptors, gene activation and synthesis of new pro- 
teins [4, 5, 7, 10, 21, 22, 24, 34], perhaps directly at 
the cell surface level. 

Our laboratory has recently demonstrated that 
the addition of 1,25(OH)2D 3, in a concentration-de- 
pendent manner, rapidly (sec to min) stimulated 
membrane phosphoinositide (PI) turnover, generat- 
ing diacylglycerol (DAG) and inositol 1,4,5-trisphos- 
phate (IP3) in suspensions of rat colonocytes 
[41] and in CaCo-2 cells [40], a cell line derived 
from a human adenocarcinoma [31]. Moreover, 
1,25(OH)2D 3 rapidly induced the translocation of 
protein kinase C (PKC) from the cytosolic to mem- 
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brane fractions and increased intracellular calcium 
([Ca2+]i) in these cells [40, 41]. 

While the previous population studies suggested 
that 1,25(OH)2D3 may have increased [Ca2+]i in these 
cells via release of calcium from intracellular stores 
as well as by stimulation of calcium influx path- 
way(s) [40], the exact mechanisms involved and the 
sequence of events underlying this phenomenon re- 
mained unclear. In the present studies, therefore, it 
was of interest to determine the activation time 
course and ionic selectivity of the 1,25(OH)2D3-in- 
duced Ca 2§ influx in individual CaCo-2 cells utilizing 
micro-fluorimetric techniques. 

Materials and Methods 

(final concentration) Fura-2/AM for 1-2 hr at room temperature 
in serum-free RPMI-1640 medium (GIBCO BRL, Gaithersburg, 
MD). The loading solution also contained 0.02% pluronic F-127 
to obtain maximum dye dispersion and 0.5% bovine serum albu- 
min to prevent nonspecific dye binding. After loading, cells were 
washed and incubated for 30 rain to allow for maximum dye 
deesterification with an extracellular bath solution consisting of 
(mM): 145 NaCI, 5.0 KC1, 5.0 MgCI2, 10 HEPES, 10 glucose, 2 
CaCI 2 at pH 7.2. When a Ca~+-free solution was used, 2 mM CaCI 2 
was replaced by 1 mM EGTA. 

For studies involving the measurement of intracellular Na + 
([Na+]i) concentration, CaCo-2 cells were loaded with the Na § 
sensitive fluorescence indicator, sodium-binding benzofuran 
isophthalate acetoxymethyl ester (SBFI/AM in DMSO), ac- 
cording to Harootunian et al. [15]. In brief, the cells were loaded 
with 10 gM (final concentration) SBFI/AM as described for Fura- 
2/AM for two to three hours at room temperature. 

MATERIALS 

1,25(OH)2D 3, 24,25(OH)2D3 and 25(OH)D 3 were kindly provided 
by Dr. M.R. Uskokovic (Hoffmann-La Roche, Nutley, NJ). All 
vitamin D 3 metabolites were stored in the dark in absolute ethanol 
at -20~ Purity of the metabolites was routinely checked by 
observing the absorption ratio wavelengths of 264/228 nm. Fura- 
2 acetoxymethyl ester (Fura-2/AM), sodium-binding benzofuran 
isophthalate acetoxymethyl ester (SBFI/AM) and pluronic F-127 
were obtained from Molecular Probes (Eugene, OR). Ionomycin, 
lanthanum chloride, barium chloride and collagen IV were ob- 
tained from Sigma (St. Louis, MO). Ethylene glycol-O,O'-bis(2- 
aminoethyl)-N,N,N' ,N'-tetraacetic acid (EGTA) was purchased 
from Fluka (Ronkonkoma, NY). Calcium-45 (45C~f) [2.25 mCi/ 
ml] was obtained from Amersham (Arlington Heights, IL). 

CELL CULTURE AND MAINTENANCE 

CaCo-2 cells, a human colonic carcinoma cell line originally 
cloned by Dr. A. Zweibaum [31], were grown as previously de- 
scribed. In brieL the cells were routinely cultured in Dulbecco's 
modified Eagle medium (DMEM, Sigma) containing 25 mM glu- 
cose, 2 mM L-glutamine, 50 U/ml penicillin, 50 gg/ml streptomy- 
cin, 2 tzg/ml gentamicin, 10 mM N-2-hydroxyethylpiperazine-N'- 
2-ethanesulfonic acid (HEPES) and 20% fetal bovine serum 
(Hyclone, Logan, Utah). The medium was also supplemented 
with 1% nonessential amino acids and changed every other day. 

CaCo-2 cells used in the experiments were seeded onto 
glass-bottom culture dishes one or two days prior to experiments. 
The glass-bottom dishes were made as follows: an 18 mm diame- 
ter hole was punched into the bottom of a 35 mm plastic culture 
dish. A 22 • 22 mm acid-cleaned coverslip was then fixed to the 
outside surface of the dish with Sylgard 184 silicone elastomer 
to seal the hole. The dishes were placed in an oven at 55~ for 
2 hr and sterilized with ethanol and UV light prior to use. All 
the dishes used for fluorescence studies were precoated with a 
thin layer of type IV collagen (Sigma) to enhance cell attachment. 

CELL LOADING WITH FLUORESCENCE DYES 

The Ca2+-sensitive fluorescence dye, Fura-2 acetoxymethyl ester 
(Fura-2/AM), was dissolved in 100% dimethyl sulfoxide (DMSO) 
at 1 mM final concentration. CaCo-2 cells were loaded with 5/d,M 

MICROFLUORIMETRY 

For the microfluorimetry experiments, a dual wavelength illumi- 
nation system from Photon Technology International (PTI) 
[Princeton, NJ] D101 was used which consisted of a 75 W Xenon 
arc lamp, a variable speed reflective optical chopper under com- 
puter control and two monochromators. The system was coupled 
to the microscope via a fiber optic cable. Excitation light was 
deflected with a 450 nm dichroic mirror through a 40• phase 
(Nikon Fluor, N.A. 0.85) objective lens. Emitted fluorescence at 
510 nm was collected through an aperture adjusted to the size of 
the cell by a Hammamatsu R928 photomultiplier tube and photon- 
counting photometer. In all experiments, a perfusion system (us- 
ing gravity) at a rate of 2 ml/min was used. Experiments were 
performed at 35 -+ 2~ using a temperature-controlled stage 
(Brook Ind., Lake Villa, ILL 

Cells were chosen for microfluorimetric measurements 
based on the level of dye loading, i.e., cells loaded to levels at 
least 10 times higher than background levels were used for these 
experiments. Changes in [Ca2+]i or [Na+]i following stimulation 
were expressed as the ratio of 340/380 nm fluorescence intensit- 
ies. Cells with resting 340/380 nm ratios which were either abnor- 
mally low, due to dye compartmentalization or vesicular extru- 
sion during the loading process, or high, presumably due to 
plasma membrane damage, were excluded from these studies. In 
general, these latter cells represented less than 5% of the total 
cell population. 

FLUORESCENCE RATIO IMAGING 

Cells were illuminated using the dual-wavelength illumination, 
xenon-light source as described above. In the imaging experi- 
ments a 20• (Fluor Nikon, N.A. 0.75) objective was used to 
gather fluorescence data from a number of cells in the field of 
view. Fluorescence emission was collected with a Hammamatsu 
c2400 SIT video camera connected to a PTI image processor. 
Individual frames were summed (number of frames summed de- 
pended on loading intensity) and averaged. Frame averages ac- 
quired at each wavelength were collected at predetermined inter- 
vals and stored on hard disk for off-line analysis. Frame averages 
at each wavelength were divided pixel by pixel to yield ratio 
images. 
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DYE CALIBRATION 

For the majority of the experiments, changes in [Ca2+]i were 
expressed only as the ratio (R) of dye fluorescence at 340 nm 
and 380 nm excitation. In those experiments which necessitated 
an estimate of [CaZ+]i, values for R were converted to Ca 2+ con- 
centration according to Grynkiewicz et al. [13]: 

Ca z+ = K o  ( R  - Rmin)/(Rmax - R) (S f2 /Sb2)  

where, K D = 254 riM, Rmi n = 0.28, Rma x = 5.43, and Sfz/Sb2 = 8.4 
(h~ = 340 nm and X2 = 380 nm) as determined from standard 
solutions of known Ca 2+ concentration. 

45Ca UPTAKE INTO C a C o - 2  CELLS 

45Ca uptake into CaCo-2 cells was measured according to Caffey 
and Farach [8] with minor modifications. In brief, ~SCa uptake 
was performed in CaCo-2 cells grown to approximately 60% con- 
fluence in six-well plates. Cells were washed two times and incu- 
bated at 37~ for 30 min with buffer containing (mM): 145 NaC1, 
5.0 KC1, 5.0 MgCI2, 10 HEPES, 10 glucose and 1 CaCI2, pH 7.2. 
Cells were then incubated with 1 ml of this buffer containing 12 
/zCi/ml 45Ca in the presence or absence of 10 nM 1,25(OH)2D 3 
for 1 min at 37~ The uptake of 45Ca was terminated by washing 
cells with the ice-cold buffer five times. Cells were subsequently 
dissolved in 1 ml of 0.5 N NaOH and counted in 10 ml of scintilla- 
tion cocktail, Budget-Solve (RPI, Mount Prospect, ILL The pro- 
tein concentrations of these samples were determined according 
to Bradford [6]. Data are expressed as mean -+ SE cpm/mg pro- 
rein/rain. 

Statistical Analysis 

All results are expressed as means -+ SE of n determinations. The 
paired or unpaired Student's t-test was used for the data analysis 
as appropriate. P values of 0.05 or less were considered statisti- 
cally significant. 

97 nM, n = 8) [Fig. 1A,C]. When the cells were 
bathed in Ca2+-free solution (< 1 rain), 1,25(OH)2D 3 
(30 riM) caused a rapid transient rise in [CaZ+]g, but 
of lower magnitude (0.72 --- 0.10 above basal ratio 
level, [Ca2+]/= 169 riM, n = 5) than that seen with 
2 mM external Ca 2§ which then declined to baseline 
levels (Fig. 1B,C). The peak transient and sustained 
increases in [Ca2+]i induced by 1,25(OH)2D3 were 
also found to be dependent upon the concentration 
of secosteroid used (Fig. 2). Taken together, these 
results suggest that the transient rise in [Ca2+]i in- 
duced by 1,25(OH)2D 3 may, at least in part, be sec- 
ondary to release of this divalent cation from intra- 
cellular stores, whereas the sustained rise requires 
influx of extracellular Ca 2+. 

Two other naturally occurring vitamin D metab- 
olites, 25(OH)D 3 (90 riM, n = 8) and 24,25(OH)2D 3 
(80 nM, n = 5), failed to induce a significant increase 
in [Ca2+]~ in the presence of 2 mM external Ca 2+ 
(data not shown). 

EFFECT OF 1,25(OH)zD 3 ON THE UPTAKE OF 45Ca 
INTO C a C o - 2  CELLS 

To further support our contention that 1,25(OH)2D 3 
increases [Ca~+]i, at least in part, by inducing the 
influx of extracellular Ca 2+ into the cells, assays of 
45Ca uptake into CaCo-2 cells by 1,25(OH)2D 3 were 
performed. As seen in Fig. 3, 1,25(OH)zD 3 induced 
a rapid and significant (P < 0.005) increase (-2-fold) 
in 45Ca uptake into the cells over the control levels. 
These results, therefore, indicate that the sustained 
rise in [Ca2+]i was, indeed, due, at least in part, to 
extracellular Ca 2+ entry into these cells. 

EFFECTS OF Mn 2+ AND L a  3+ ON 1 , 2 5 ( O H ) z D  3- 

INDUCED INCREASES IN [Ca2+]i 

Results 

CHANGES IN [Ca2+]i IN RESPONSE TO VITAMIN D 3 

METABOLITES IN INDIVIDUAL C a C o - 2  CELLS 

The average resting 340/380 nm fluorescence ratio 
level in Fura-2-1oaded CaCo-2 cells was 0.68 --- 0.02 
(n = 89, [Ca2+]i -- 51 riM). The addition of 
1,25(OH)zD 3 (30 nM) to the cells in the presence of 
2 mM extracellular Ca 2§ caused a rapid transient 
increase in [CaZ+]z (average ratio changes of 1.36 -+ 
0.14 above basal level, [Ca2+]i = 316 riM, n = 31), 
which then decreased, but did not return to basal 
levels (0.20 +- 0.03 above basal ratio level, [Ca2+]i = 

As noted earlier, 1,25(OH)2D 3 appeared to increase 
[Ca2+]i in CaCo-2 cells by releasing Ca z§ from intra- 
cellular stores as well as via the activation of a Ca 2+ 
influx pathway(s). Based on our earlier studies in 
these cells [40], it would appear reasonable to sug- 
gest that 1,25(OH)2D3 stimulated the release of Ca z+ 
from intracellular stores by increasing IP3 formation, 
presumably via the activation of phosphoinositol- 
phospholipase C (PI-PLC). Since this latter enzyme 
is, however, Ca 2§ sensitive, it was theoretically pos- 
sible that 1,25(OH)zD 3 might initially activate a cal- 
cium influx pathway, thereby, activating PI-PLC 
which, in turn, led to an increase in IP3 and a subse- 
quent further rise in [Ca2+]i. To examine the se- 
quence of events leading to Ca 2+ influx secondary 
to 1,25(OH)zD3 stimulation, we performed experi- 
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Fig. 1. The effect of external Ca 2+ on the 1,25(OH)2D3-induced increases in [Ca2+]i in individual Fura-2-1oaded CaCo-2 cells. Traces 
represent changes in the ratio of Fura-2 dye emission at 510 nm following dye excitation at 340 and 380 nm following exposure of 
single cells to 1,25(OH)zD 3. Increases in [Ca2+]i following exposure of the cells to 1,25(OH)2D3 (30 nM) were expressed as increases 
in the ratio (R) of dye fluorescence 340 and 380 nm. (A) In a 2 mM Ca 2+ buffer, 1,25(OH)zD 3 caused a rapid increase in [Ca2+]i, which 
subsequently decreased, but remained above the baseline level. (B) Change in [Ca2+]i in a cell exposed to CaZ+-free buffer less than 
1 min prior to stimulation with 1,25(OH)2D3 . Note that under CaZ+-free conditions 1,25(OH)zD3-induced a smaller transient rise in 
[Ca2+]i which decreased to initial levels. (C) Dependence of the amplitude of the peak of the 1,25(OH)2Da-induced transient increase 
in [Ca2+]i on external Ca 2+. In the absence of external Ca 2+, the mean peak amplitude of the transient response was less than that 
observed in 2 mM Ca 2+ (P < 0.05). N represents the number of individual cells in response to 1,25(OH)2D3 stimulation from 5-8 
separate experiments. 
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Fig. 2. Concentration dependence of the amplitude of the peak and sustained components of the 1,25(OH)2D3-induced increase in 
[Ca2+]i in the presence of 2 mM extracellular Ca 2+ in Fura-2-1oaded CaCo-2 cells. (A) Amplitude of the peak of the transient response 
as a function of the concentration of 1,25(OH)zD 3. (B) Amplitude of the sustained portion of the response taken at 500 sec after 
the peak response. Each data point represents the mean + SE from at least five different individual cells obtained in separate 
microfluorimetric experiments. 

ments in Fura-2-1oaded CaCo-2 cells exposed to an 
external solution containing both 0.5 mM Mn 2+ and 
2 mM Ca 2+. Emission at 510 nm was monitored fol- 
lowing dye excitation at 357 nm (CaZ+-Fura-2 isosb- 
estic point) and 340 nm. Changes in fluorescence at 
the isosbestic point (357 nm) reflect quenching due 
to Mn 2+ influx and are not influenced by changes in 
[Ca2+]/, whereas increases in the fluorescence inten- 
sity at the CaZ+-sensitive wavelength (340 nm), indi- 
cate a rise in [Ca2+]i due to release from internal 
stores [26]. 

Figure 4 shows representative tracings from a 
Mn 2+ quench experiment in the presence of 2 mM 
external Ca 2+. Similar results were obtained in a 

total of seven cells. There was a gradual decrease 
in fluorescence intensity when cells were exposed 
to a solution containing 0.5 mM Mn 2+, indicating 
slow entry of Mn 2+ into the unstimulated cells. The 
rate of Mn 2+ quenching, as assessed by the rate of 
fall of fluorescence intensity (Fig. 4), however, was 
increased approximately 2.5 + 0.5-fold (n = 7) after 
addition of 1,25(OH)zD 3 (30 nM). Moreover, the 
rapid rise in [Ca2+]i, as noted at 340 nm wavelength, 
occurred approximately 20 sec prior to this in- 
creased rate of quenching by Mn 2+. These data indi- 
cate that 1,25(OH)zD 3 causes  a rise in [Ca2+]i prior 
to activation (opening) of a cation influx pathway. 
This sequence of events, in conjunction with our 
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Fig. 4. The effect of 1,25(OH)2D 3 on the rate of Mn 2+ influx 
into a single CaCo-2 cell. Changes in Fura-2 fluorescence were 
measured following excitation at 340 nm and 357 nm (CaZ+-Fura - 
2 isosbestic point) before and after exposure of the cell to 
1,25(OH)2D 3 in the presence of 2 mM external Ca z+. Similar data 
were obtained in separate experiments performed on a total of 
seven cells. Fluorescence intensity is expressed as counts/sec x 
105. In the absence of 1,25(OH)zD3, Mn 2+ entered CaCo-2 cells 
slowly seen as a gradual decrease in fluorescence intensity at 357 
nm (fluorescence quenching). Addition of 1,25(OH)2D3 (30 riM) 
induced a rapid increase in fluorescence intensity at the Ca 2+- 
sensitive wavelength (340 nm) signaling internal Ca 2+ release, 
which occurred approximately 20 sec prior to an increase in the 
rate of Mn 2+ influx, detectable as an increase in fluorescence 
quenching at 357 nm. 

previous studies which demonstrated that 
1,25(OH)2D 3 stimulated PI breakdown [40], strongly 
indicate that the initial rise in [Ca2+]i is due to IP 3- 
induced release of intracellular stores of Ca 2+ fol- 
lowed by influx of extracellular Ca 2+. 

Previous studies have shown that La 3§ inhibits 
receptor-mediated Ca 2+ influx [28]. It was, there- 
fore, of interest to determine whether La 3+ influ- 
enced the sustained increase in [Ca2+]i induced by 
1,25(OH)2D 3. As shown in Fig. 5, the addition of 
La 3+ during this phase promptly reduced [Ca2+]i to 
baseline levels (n = 6). In certain studies [29], La 3§ 
has also been shown to enter cells. Since La 3+ has 
a high affinity for Fura-2 ( K  d ~ 10-12 M with a high 
quantum yield) [43], entry into CaCo-2 cells would 
have been expected to increase the fluorescence ra- 
tio rather than decrease it as was observed in the 
present experiments. 

STUDIES ON THE VOLTAGE-SENSITIVITY OF C a  2+ 

INFLUX PATHWAY IN CaCo-2 CELLS 

Given the limited Mn 2+ permeability of the 
1,25(OH)2D3-stimulated influx pathway, further 
studies investigating the Ba 2+ permeability of the 
entry pathway were performed. Similar experiments 
have been carried out on receptor-activated Ca 2+ 
influx pathways in other preparations [28]. We ex- 
amined the Ba 2+ permeability of the 1,25(OH)zD3- 
activated influx pathway by monitoring fluorescence 
at the CaZ+-independent, but BaZ+-dependent wave- 
length (360 nm), as well as at a CaZ+-dependent, 
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Fig. 6. Ba 2+ selectivity of the 1,25(OH)2D3-induced Ca 2+ influx 
pathway. Fluorescence intensity was measured at 367 nm (Ba 2+- 
insensitive, Ca2+-sensitive wavelength), and 360 nm (Ba2+-sensi - 
tive, Ca:+-insensitive wavelength). Ba 2+ (1 mM) entry was moni- 
tored following stimulation by 1,25(OH)2D 3 (30 nM) in a fluores- 
cence imaging experiment. Averaged intensity changes for an 
individual cell in a given field of view was determined over time. 
Fluorescence intensity is expressed in arbitrary units. The addi- 
tion of 1,25(OH)2D 3 did not increase the fluorescence signal at 
360 nm, indicating that Ba 2+ did not enter the cell; whereas, the 
1,25(OH)2D3-induced release of internal Ca 2+ could be detected 
as a rapid decrease in fluorescence intensity at the Ca2§ 
wavelength (367 nm). 

but Ba2+-independent wavelength (367 nm) [28]. An 
increase in the 360 nm signal, therefore, would indi- 
cate an increase in the rate of Ba 2+ entry, while a 
decrease in the 367 nm signal (which decreases in 
intensity with Ca 2+ binding to the dye) would indi- 
cate an increase in [Ca2+]i . As noted in Fig. 6, Ba 2+ 
(1 mM) did not increase the 360 nm fluorescence 
intensity in unstimulated cells (n = I0). After addi- 
tion of 1,25(OH)zD3, the fluorescence intensity at 
360 nm did not change (n = 14) but the fluorescence 
intensity at 367 nm (Ca 2+ sensitive), however, de- 
creased (n = 14), indicating that Ba 2+ did not enter 
a 1,25(OH)zD3-activated Ca 2+ influx pathway. It is 
unlikely that this latter effect was caused by differen- 
tial affinities of Fura-2 for Ba 2+ v s .  Ca 2+, since pub- 
lished estimates of these affinities ( K o  ~ 254 nM for 
Ca 2+ and -780 nM for Ba 2+ in the presence of Ca 2+) 
are within the same order of magnitude [28]. 

To further determine whether CaCo-2 cells pos- 
sess voltage-sensitive Ca 2+ influx pathways that 
might be involved in the 1,25(OH)zD3-induced 
[Ca2+]; rise, we used a depolarizing concentration 
of external K + (75 mM). As seen in Fig. 7A, this 
concentration of extracellular K + did not affect 
[Ca2+]i (n = 6). The effects of the Ca 2+ L-type chan- 
nel agonist, Bay K 8644 (1 /xM) alone (Fig. 7B) or 
in combination with high K + (75 raM) (Fig. 7C) on 
[Ca2+]i were also examined. As can be seen in this 
figure, neither Bay K 8644 alone (n = 6), nor in 
combination with high K + (n = 4) increased [Ca2+]i. 

EFFECX OF 1,25(OH)2D 3 ON [Na+]i 
IN CaCo-2 CELLS 

To assess the monovalent cation permeability of the 
1,25(OH)2D3-stimulated influx pathway(s), CaCo-2 
cells were loaded with the sodium-sensitive fluores- 
cence indicator, SBFI/AM, for determination of cy- 
tosolic free Na § ([Na§ Fluorescence ratio 
changes of 340/380 nm were used to monitor the 
response of [Na+]i to 1,25(OH)2D 3 (30 nM). As shown 
in Fig. 8, 1,25(OH)2D3-induced a slow increase in 
[Na+]i in a Ca2+-free solution (n = 4), whereas it 
failed to alter [Na+]i in the presence of 2 mM external 
Ca 2+ (n = 5). 

D i s c u s s i o n  

Recently, utilizing CaCo-2 cell suspensions, our 
laboratory has reported that the addition of 
1,25(OH)2D3, in a concentration-dependent manner, 
rapidly (sec to rain) stimulated membrane phospho- 
inositide turnover, generating DAG and IP 3 [40]. In 
these preparations, 1,25(OH)zD 3 also rapidly in- 
duced the cellular redistribution of PKC from the 
cytosolic to membrane fractions and increased 
[Ca2+]i. The mechanisms responsible for the in- 
crease of [Ca2+]/by 1,25(OH)2D 3 in these prior ex- 
periments were, however, unclear. 

The present studies in individual Fura-2-1oaded 
CaCo-2 ceils, utilizing microfluorimetry techniques, 
have confirmed and extended these prior observa- 
tions by examining the time course of Ca 2§ influx 
and the ion selectivity of the influx pathway(s) in 
response to the addition of 1,25(OH)2D 3. In 
agreement with our previous findings [40], 
1,25(OH)2D3 evoked a transient rise in [Ca2+]i, 
which then decreased, but did not return to baseline 
levels, i.e., was sustained for at least 1,500 sec. 

These rapid effects of 1,25(OH)2D 3 on [Ca2+] i, 
moreover, could not be produced in CaCo-2 cells 
by the addition of higher concentrations of two 
other vitamin D 3 metabolites, 25(OH)D3 and 
24,25(OH)2D3. These observations, therefore, are in 
general agreement with the specific nature of the 
actions of 1,25(OH)2D 3 on [Ca2+]i in several other 
cell types [24, 38, 39, 41]. 

The transient rise in [Ca2§ i due to 1,25(OH)2D 3, 
while reduced in magnitude, was still found to be 
present in cells exposed to a Ca2+-free buffer. These 
findings indicate that, at least in part, the 
1,25(OH)2D3-induced transient increase in [Ca2+]i 
was due to release of Ca 2+ from intracellular stores, 
presumably via the generation of IP3 by this se- 
costeroid [40]. In addition, these data suggest that 
significant store depletion occurs rapidly in Ca 2+- 
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Fig. 7. Voltage insensitivity of the Ca 2+ influx pathway in CaCo-2 cells. Traces were obtained in separate microfluorimetric experiments 
on individual cells. [Ca2+]~ did not change in response to: (A) high external K + (75 m~); (B) Bay K 8644 (1/~M) and (C) combination 
of high K + (75 mM) with Bay K 8644 (1 /zM). These same cells, however, were responsive to 1,25(OH)2D 3 (30 riM) (A and B). Cells 
were exposed to 1,25(OH)2D 3 in high K + and Bay K 8644 containing solutions. It should be noted that Bay K 8644 appeared to inhibit 
the sustained plateau phase of the [Ca2+]i transient, indicating that it may inhibit Ca 2+ influx. 
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Fig. 8. Na + influx after exposure to 1,25(OH)zD3 in the presence or absence of external Ca 2+ as determined in individual SBFI/AM- 
loaded CaCo-2 cells. [Na+]i increased after the addition of 1,25(OH)2D 3 (30 riM), as detected by an increase in the 340/380 nm ratio 
when cells were bathed in a CaZ+-free solution (left panel). Stimulation with 1,25(OH)zD3, however, failed to alter [Na+]i in the presence 
of 2 mM external Ca 2+ (right panel). 

free buffer. It should also be noted that this initial 
rise in [Ca2+]i induced by 1,25(OH)2D 3 temporally 
preceded the accelerated Mn 2+ quenching of Fura- 
2 fluorescence in response to the secosteroid; again 
supporting the contention that the transient rise in 
[Ca2+]i was derived from the release of this divalent 
cation from intracellular stores rather than via a Ca 2+ 
influx pathway(s). 

Alternatively, this secosteroid could have theo- 
retically increased [Ca2+]i, via inhibition of Na+/ 
Ca z+ exchange or via inhibition of CaZ+-ATPase. 
The former possibility, however, was ruled out by 
previous experiments in which the replacement of 
extracellular Na + by Tris or N-methyl-glucamine 
gluconate failed to alter the effects of 1,25(OH)2D 3 
on [Ca2+]i in these cells [40]. While not directly ad- 
dressed in the present experiments, the latter possi- 
bility also appears unlikely in view of prior studies 
which have shown that 1,25(OH)zD 3 stimulates in- 
testinal CaZ+-ATPase [44]. Taken together, these ob- 
servations strongly indicate, therefore, that the sus- 

tained rise in [Ca2+]i by 1,25(OH)2D 3 was not due to 
an inhibition of Ca 2+ efflux, but rather to a stimula- 
tion of Ca 2+ influx across the plasma membranes of 
CaCo-2 cells. Moreover, in support of this 
contention, 1,25(OH)2D 3 induced the rapid uptake 
of  45Ca by CaCo-2 cells and La 3+ promptly reduced 
the sustained rise in [Ca2+]i induced by 1,25(OH)zD 3 
to baseline levels. 

In the past, epithelial cells had not been thought 
to possess voltage-sensitive Ca 2+ influx pathways 
[37]. More recently, however, a number of studies 
in various epithelial cells, including rabbit ileal en- 
terocytes [16] and chick duodenal cells [11], have 
suggested that these cells may possess such Ca 2+ 
influx pathways. In the present experiments, how- 
ever, neither depolarization of CaCo-2 cells by high 
extracellular K +, nor the addition of the voltage- 
sensitive, L-type Ca 2+ channel agonist, Bay K 8644, 
alone or in combination with high extracellular K + 
was found to increase [Ca2+]i. Moreover, Ba 2+ 
which classically has been found to enter cells via 
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voltage-sensitive Ca 2+ channels [28], also failed to 
permeate the 1,25(OH)zD3-activated cation influx 
pathway in CaCo-2 cells. These results strongly ar- 
gue against the presence of L-type voltage-sensitive 
Ca 2+ channels in CaCo-2 cells. While the present 
studies do not exclude the existence of T-type volt- 
age-sensitive Ca 2+ channels in these cells, we be- 
lieve that the possibility is unlikely since such Ca 2+ 
channels, to our knowledge, have not been reported 
to date in polarized epithelial cells. 

Additionally, it should be noted that several 
properties of this 1,25(OH)zD3-activated cation in- 
flux pathway, including its inhibition by La 3+, its 
permeability to  Mn  2+, its impermeability to Ba 2+ 
and its voltage independence, are similar to those 
described for receptor-operated, voltage-indepen- 
dent Ca 2+ channels (ROCCs) [28]. Such channels, 
which have also been termed second messenger- 
operated channels, have been described in a number 
of different cell types [25, 33, 36], including rat hepa- 
tocytes [20]. The mechanism(s) by which agonist- 
receptor interaction stimulates Ca 2+ influx remains 
unclear. Previous studies, however, have suggested 
that ROCCs may be regulated by increases in IP3 
alone [19, 30] or in combination with inositol 1,3,4,5- 
tetrakisphosphate [9, 23], as well as via alterations in 
[Ca2+]i [32], and guanine nucleotide binding proteins 
[17, 18]. In this regard, it is of interest to note that 
the present results are consistent with the "capacita- 
tive" model for Ca 2+ influx in nonexcitable cells 
proposed by Putney [33]. 

The present experiments using the Na+-sensi - 
tive dye, SBFI/AM, demonstrated that 1,25(OH)zD 3 
also increased Na § influx and raised [Na+]i, but only 
in cells bathed in Ca2+-free buffer. Similar results 
have been obtained in studies of voltage-dependent 
calcium channels [1]. Thus, the non-voltage-depen- 
dent cation channels described in the present study 
in CaCo-2 cells may share this property with voltage- 
dependent cation channels. 

While several investigators have previously pos- 
tulated that a receptor for 1,25(OH)2D3 may be pres- 
ent on cell surface membranes [2, 22] which could 
be linked to a ROCC, to date, the existence of such 
a putative receptor has not been established. Re- 
cently, however, our laboratory, utilizing CaCo-2 
cells grown as tight polarized monolayers, has found 
that 1,25(OH)2D 3 activates the phosphoinositol sig- 
nal transduction cascade, specifically in the basolat- 
eral membrane region of these cells [42]. These find- 
ings, therefore, would strongly suggest that if a 
receptor for 1,25(OH)2D3 does exist on the surface 
of CaCo-2 cells, it is localized on the basolateral 
plasma membrane. The existence of such a receptor 
for 1,25(OH)zD3 and its possible relationship to the 
1,25(OH)2D3-activated cation influx pathway in 

CaCo-2 cells is obviously unclear at this time and 
will require additional studies. 

In other cell types, increases in cytosolic cal- 
cium due to agonist-stimulated release of intracellu- 
lar stores and/or Ca 2§ influx appear to be important 
in the regulation of a number of different cellular 
functions, including growth and differentiation [12]. 
The sustained rise in [Ca2+]i secondary to the activa- 
tion of this influx pathway by 1,25(OH)2D 3 may also 
have important physiological consequences in 
CaCo-2 ceils. In this regard, prior studies from our 
laboratory have recently demonstrated that the sus- 
tained rise in Ca 2+ secondary to this secosteroid 
inhibited Na+/H + exchange in these cells via a Ca2+/ 
calmodulin-dependent process [39]. Since alter- 
ations in Na+/H § exchange appear to play a critical 
role in the regulation of cellular proliferation [12] 
and 1,25(OH)2D 3 has been shown by our laboratory 
to also decrease the proliferation rates of CaCo-2 
cells [14], it is entirely possible that these actions 
of 1,25(OH)2D 3 are related. Further studies will be 
necessary, however, to clarify whether activation 
of the presently described cation influx pathway by 
1,25(OH)2D 3 is linked to the hormone's antiprolifer- 
ative effects in CaCo-2 cells. 
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