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We have previously shown that the active form of vitamin D,
1,25 dihydroxyvitamin D3 [1,25(0H),D;], has both genomic
and rapid nongenomic effects in heart cells; however, the sub-
cellular localization of the vitamin D receptor (VDR) in heart
has not been studied. Here we show that in adult rat cardiac
myocytes the VDR is primarily localized to the t-tubule. Using
immunofluorescence and Western blot analysis, we show that
the VDR is closely associated with known t-tubule proteins.
Radioligand binding assays using *H-labeled 1,25(0H),D,
demonstrate that a t-tubule membrane fraction isolated from
homogenized rat ventricles contains a 1,25(0OH),D;-binding
activity similar to the classic VDR. For the first time, we show
that cardiac myocytes isolated from VDR knockout mice show

accelerated rates of contraction and relaxation as compared
with wild type and that 1,25(0H),D; directly affects contrac-
tility in the wild-type but not the knockout cardiac myocyte.
Moreover, we observed that acute (5 min) exposure to
1,25(0OH),D; altered the rate of relaxation. A receptor local-
ized to t-tubules in the heart is ideally positioned to exert an
immediate effect on signal transduction mediators and ion
channels. This novel discovery is fundamentally important in
understanding 1,25(0H),D; signal transduction in heart cells
and provides further evidence that the VDR plays a role in
heart structure and function. (Endocrinology 149: 558-564,
2008)

HE ACTIVE FORM of vitamin D, 1,25 dihydroxyvitamin
D3 [1,25(0OH),Ds; calcitriol], has been shown to have
direct effects in many different cell types through its action
on the vitamin D receptor (VDR). Although the heart has not
been thought of as a traditional target tissue, there is a grow-
ing body of evidence that 1,25(0OH),D; plays a crucial role in
heart structure and function (1-3). In animal models,
1,25(0OH),D; deficiency causes significant increases in con-
traction and relaxation rates of isolated perfused rat hearts
and causes hypertension in mice (4, 5). Furthermore, ablation
of the VDR in mice and vitamin D deficiency in rats leads to
cardiac hypertrophy and fibrosis (2, 5-8). Normalization of
calcium levels in VDR null mice with a high-calcium high-
phosphate rescue diet does not prevent cardiac hypertrophy
(8).

Traditionally the VDR has been characterized as a nuclear
steroid receptor that modulates gene transcription on bind-
ing of its ligand 1,25(OH),D;. In this regard we previously
showed that 1,25(0OH),D; suppresses expression of atrial na-
triuretic peptide and c-myc and induces expression of
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Abbreviations: COX, Cytochrome oxidase; DHPR, dihydropyridine
receptor; +dl/dt, relaxation; —dl/dt, contraction; ER, estrogen receptor;
40K, 40,000-g membrane; KO, knockout; KREBS, Krebs-buffered solu-
tion; LTCC, L-type calcium channel; M199, media 199 supplemented
with penicillin/streptomycin; 1,25(0OH),Dj, 1,25 dihydroxyvitamin D3;
PBS-T, PBS-Triton X-100; SERCA, sarcoendoplasmic reticulum Ca?*-
ATPase; Sp1, specificity protein-1; TBST, Tris-buffered saline containing
Tween 20; T-cap, telethonin; TTP, time to peak contraction; TTR, time to
relaxation; TTR25%, TTR 25%; TTR75%, TTR 75% relaxation; VDR, vi-
tamin D receptor; WT, wild type.
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myotrophin in cardiac myocytes (6). Besides regulating gene
expression via the nuclear VDR, 1,25(0OH),D; has been
shown to exert fast, nongenomic responses involving stim-
ulation of transmembrane signal transduction pathways
through uncharacterized and putative membrane-associated
receptors (9-11). Also, there is evidence that the rapid re-
sponses to 1,25(0OH),D; in cardiac and skeletal muscle cells
involve the influx of calcium through voltage gated calcium
channels by activation of G protein-coupled second messen-
ger systems (10, 12).

Recently the VDR has been found in isolated membrane
fractions of both chick intestinal cells and chick embryonic
skeletal muscle cells (12, 13). Here we show that in adult rat
and mouse cardiomyocyte VDR is located in the t-tubular
structure, and a portion of VDR translocates to the nucleus
after treatment of cardiomyocytes with 1,25(0OH),D;. More-
over, we show that ablation of VDR in mice results in chronic
changes in contractile kinetics and that 1,25(OH),D; has
rapid effects on myocyte contraction that are absent in
VDR-KO myocytes.

Materials and Methods

All procedures involving animals were executed in accordance with
the guidelines of the University Committee on the Use and Care of
Animals of the University of Michigan. Three-month-old female
Sprague Dawley rats (Charles River Laboratory, Wilmington, MA) and
6-month-old VDR-wild-type (WT) or VDR-knockout (KO) mice from a
colony originally generated by Dr. Marie Demay (Harvard Medical
School, Boston, MA) were used in this study. Mice and rats were housed
in the University of Michigan Laboratory Animal Facility in standard
cages with a 12-h light, 12-h dark cycle. Mice were fed a high-calcium
high-phosphate rescue diet containing 20% lactose, 2% calcium, and
1.25% phosphorous with 2.2 IU vitamin D;/g (diet TD.96348; Harlan
Teklad, Madison, WI) and water ad libitum. Rats were fed standard rat
chow.
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Isolation of rat ventricular myocytes

Ventricular myocytes were isolated from rat hearts as previously
described (3). Female Sprague Dawley rats (250-300 g) were pretreated
with 0.01 U/kg heparin ip followed 10 min later by a lethal dose of
pentobarbital. The heart was quickly removed and mounted on a Lan-
gendorf apparatus and retrogradely perfused with Krebs-buffered so-
lution (KREBS) solution containing (in millimoles): 118 NaCl, 4.8 KCl,
1.2 MgsO, 7H,0, 1.0 CaCl2 2H,0, 25 HEPES, 1.2 KH2PO4, and 11
glucose (pH set to 7.4 using NaOH). When the coronary circulation had
cleared of blood, perfusion was continued with Ca?*-free KREBS for 3
min, followed by perfusion for a further 30 min with Ca”*-free solution
containing 0.25 mg/ml recombinant collagenase (Liberase Blendzyme 1;
Roche, Stockholm, Sweden), 12.5 um CaCl,, and 2.5% trypsin (Life
Technologies, Inc., Grand Island, NY). Calcium concentration was grad-
ually increased to 0.75 mm during the digestion. The ventricles were then
excised, minced, and gently shaken at 37 C in the collagenase-containing
solution. Ventricular cells were collected from this solution at 5-min
intervals and resuspended in KREBS containing 1% BSA and 1.75 mm
CaCl,. Cells were then plated onto laminin-coated coverslips in DMEM
supplemented with 50 U/ml penicillin, 50 ug/ml streptomycin (Pen/
Strep, Life Technologies), and 10% serum. Cells were incubated at 37 C
for 2 h in 2% CO,.

Isolation of mouse ventricular myocytes and contraction
studies

Mouse myocytes were isolated in a similar fashion by Langendorf
retrograde perfusion and digestion essentially as described
(http:/ /www signaling-gateway.org/data/cgi-bin/ProtocolFile.cgi/afcs_
PP00000125.pdf?pid =PP00000125) with the following modifications: crude
collagenase (Worthington, Freehold, NJ) at 2.4 mg/ml was used for diges-
tion in a solution containing 30 mm taurine and 10 mm BDM (both Sigma,
St. Louis, MO; pH 7.0), and digestion was carried out for 10 min and minced
ventricles were mixed by pipetting to complete dissociation in the isolation
solution containing 1% BSA and plated as above. After 2 h incubation, the
plating media were changed to media 199 supplemented with penicillin/
streptomycin (M199), 10 mm HEPES, 0.2 mg/ml BSA, and 10 mm gluta-
thione (M199+). Individual coverslips were transferred to a temperature-
controlled stimulation chamber containing platinum electrodes mounted to
the sides of each well and a glass bottom mounted on a microscope (Nikon,
Tokyo, Japan). Myocytes were electrically stimulated (Myopacer, Ionoptix,
Milton, MA; 2.5 msec pulse, 0.5 Hz., 4 V), and the chamber was perfused
with M199+. Sarcomere shortening was detected using a video-based de-
tection system (Ionoptix, Milton, MA) on intact myocytes. Recordings were
made 5, 10, and 15 min after addition of calcitriol (10~ m; Sigma). Ten
twitches per myocyte were collected for each sample (n = 20). The short-
ening transient was indistinguishable over this same time interval in non-
stimulated myocytes. Signal averaged data were analyzed to determine
resting sarcomere length, peak shortening normalized for resting sarcomere
length (percent peak height), time to peak shortening (TTP), time to 25%
(TTR25%), 50%, and 75% relaxation (TTR75%), respectively, and maximum
normalized shortening and relaxation velocities (+d!//dtmax, —dI/dtmax,
respectively).

Immunocytochemistry

Immunocytochemistry was carried out in a method similar to that
previously described (6). Briefly, coverslip-plated cells were washed in
PBS (pH 7.2) and then fixed in 10% neutral buffered formalin (Sigma)
for 10 min, rinsed in PBS, and blocked in 10% donkey serum in PBS-
0.05% Triton X-100 (PBS-T). Cells were incubated with mouse VDR
antibody (sc-13133; 1:100; Santa Cruz Biotechnology, Santa Cruz, CA),
mouse dihydropyridine receptor antibody (DHPR; MA3-921; 1:500; Af-
finity BioReagents, Golden, CO), rabbit VDR antibody (sc-1008 or sc-
1009; 1:100; Santa Cruz), rabbit sarcoplasmic reticulum calcium ATPase
antibody [sarcoendoplasmic reticulum Ca?*-ATPase (SERCA)-2;
sc-8094; 1:500; Santa Cruz], or rabbit T-cap antibody (sc-20171; Santa
Cruz) diluted in 5% donkey serum/PBS-T for 1 h at room temperature,
rinsed in PBS, and then incubated with donkey antimouse Alexa488,
donkey antirabbit Alexa488, or donkey antigoat Alexa594 (Invitrogen,
Carlsbad, CA) secondary antibody diluted in 5% donkey serum in PBS-T
for 30 min. Cells were then washed in PBS, incubated with 0.5 um
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4',6'-diamino-2-phenylindole for 5 min, briefly rinsed, and mounted in
ProLong Gold (Invitrogen). Triton X-100 was not included at any stage
for the cells shown in Figs. 1, K and L, and 2, A and B. Slides were
analyzed with FV-500 imaging software (Olympus, Tokyo, Japan) on a
Olympus iX 81 confocal microscope and finalized using Adobe Photo-
shop (Adobe Systems Inc., San Jose, CA).

Subcellular fractionation of homogenized rat hearts and
Western blot

Whole rat hearts were removed, cannulated, and perfused two times
with 10 ml ice-cold Dulbecco’s PBS and then once with 3 ml of ice-cold
TKED lysis buffer [50 mm Tris-HCl, 150 mm KCl, 1.5 mm EDTA, 10 mm
dithiothreitol (pH 7.4)] and a 1:100 dilution of protease inhibitor cocktail
(Sigma). Ventricles were minced, washed two times in 10 ml TKED lysis
buffer and then homogenized on ice with a Tekmar Tissuemizer in 5
volumes (~5ml) of TKED lysis buffer. The resulting homogenate (whole
homogenate) was transferred to a 15-ml Corex tube and centrifuged in
a JA-20 rotor (Beckman, Palo Alto, CA) at 8000 rpm (7700 g) for 15 min
at4 C. The pellet was washed with approximately 15 ml of TKED buffer
and then resuspended in 2.5 ml TKED lysis buffer (0-7700 g pellet). The
supernatant was transferred to a new 15-ml Corex tube and centrifuged
in a Beckman JA-20 rotor at 18,200 rpm (40,000 X g) for 25 min at 4 C.
The resulting membrane pellet was washed once in TKED lysis buffer
and then resuspended in 0.1 ml TKED lysis buffer (7,700-40,000 g
pellet). The supernatant was transferred to a Beckman Ti 70.1 ultracen-
trifuge tube and centrifuged in a Beckman Ti 70.1 rotor at 40,000 rpm
(110,000 X g) for 1 h at 4 C. The resulting pellet was washed once in a
few milliliters of TKED lysis buffer and then resuspended in 0.1 ml
TKED lysis buffer (40,000-110,000 g pellet); supernatant (cytosol) was
transferred to a 15-ml centrifuge tube. Pellets and cytosol were flash
frozen in liquid nitrogen. Samples (100 ng) were suspended in 1X
Laemmli buffer, boiled for 5 min, and run on a 10% Criterion SDS-PAGE
Tris HCI gel (Bio-Rad Laboratories, Hercules, CA) and transferred to an
Immobilon-P polyvinyl difluoride membrane (Millipore, Bedford, MA).
Membranes were blocked for 1 h in 5% nonfat dry milk and then
incubated with primary antibody diluted as follows: VDR (sc-1008;
mouse polyclonal; 1:200), L-type calcium channel (LTCC; sc-16230; goat
polyclonal; 1:200), SERCA-2 (sc-8094; rabbit polyclonal; 1:100), specific-
ity protein-1 (Sp1; sc-59, rabbit polyclonal; 1:200), or caveolin-3 (sc-5310,
mouse monoclonal; 1:200), all from Santa Cruz, DHPR (MA3-921; mouse
monoclonal; 1:500) from Affinity BioReagents, and cytochrome oxidase
(COX) IV (ab16056; rabbit polyclonal; 1:1000; Abcam, Cambridge, MA).
Primary antibodies were diluted in 5% milk/Tris-buffered saline con-
taining 0.05% Tween 20 (TBST) for 1 h at room temperature. After four
5-min washes with TBST, membranes were incubated with a secondary
antibody conjugated with horseradish peroxidase (1:1000; GE Health-
care, Indianapolis, IN; NA934 for rabbit primaries, NA931 for mouse
primaries, Santa Cruz sc-2020 for goat primary) in 5% milk/TBST for 1 h
at room temperature. After four 5-min washes, blots were incubated
with Amersham (Piscataway, NJ) or Pierce (Rockford, IL) ECL substrate
and exposed to x-ray film.

Radioligand binding assay

Myocardial membranes were prepared as above (subcellular frac-
tionation). The 7,700- to 40,000-g membrane pellet from one homoge-
nized rat heart was washed once in TKED lysis buffer, resuspended in
7.5 ml TKED lysis buffer, and then homogenized with five strokes of a
15-ml Wheaton Potter-Elvejhem tissue grinder. Saturation binding as-
says with *H-1,25(OH),D; (specific activity 176 Ci/mmol; GE Health-
care) and 70-ug membranes were done in triplicate in 250 ul of binding
buffer of TKED and 100 mm NaCl (pH 7.4) and a 1:100 dilution of
protease inhibitor cocktail (Sigma) in 12 X 75 mm borosilicate glass
tubes. Nonspecific binding was determined in the presence of cold
1,25(0OH),D; (2 uM). Assays were performed at room temperature for 60
min and were then filtered over glass fiber filters (GF-C; Whatman,
Middlesesx, UK) and washed two times with 5 ml ice-cold 25 mm Tris
HCI (pH 8) and then washed two more times with 15 ml ice-cold 25 mm
Tris HCI (pH 8). Filters were placed in 10 ml UniverSol ES (MP Bio-
medicals, Solon, OH) overnight and then counted in a Beckman LS 5801
liquid scintillation counter. *H-1,25(0H),D; was obtained from GE
Healthcare and was blown down using a nitrogen evaporator and re-
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Fic. 1. Immunofluorescent  confocal
microscopy of adult rat cardiac myo-
cytes. The transverse staining pattern
of VDR (sc-13133; mouse monoclonal) is
evident at X40 (A;image enlarged in C).
Antimouse secondary antibody alone is
shown in B. Double labeling using a dif-
ferent antibody against VDR (sc-1009;
rabbit polyclonal, D) and an antibody
against DHPR (MA3-921; mouse mono-
clonal; E) show similar staining pat-
terns, whereas a merge (F) shows colo-
calization. Double labeling against
VDR (sc-1009; rabbit polyclonal; G) and
SERCA-2 (sc-8094; goat polyclonal; H)
show a similar staining pattern,
whereas a merge (I) shows some asso-
ciation. Double labeling using an anti-
body against T-cap (sc-20171; rabbit
polyclonal; red) and VDR (sc-1009, rab-
bit polyclonal, green) show dissimilar
staining patterns and incomplete over-
lap in a merged image (J). A third pri-
mary VDR antibody, a rabbit polyclonal
directed against the C terminus of VDR
(sc-1008), is shown in K. A cardiomyo-
cyte incubated with both sc-1008 and a
blocking peptide for VDR (sc1008p) is
shown in L, demonstrating the specific-
ity of this antibody for VDR.

suspended in ethanol. Cold 1,25(0OH),D; was obtained from Sigma-
Aldrich and was diluted in ethanol.

Statistical analysis

In all experiments significant differences between data sets was de-
termined using two-tailed unpaired Student’s t test. P < 0.05 was con-
sidered significant. Data are presented as mean * SE unless otherwise
stated.

Results

Immunocytochemistry and confocal microscopy was used
to identify the subcellular location of the VDR in isolated

Fic. 2. Immunocytochemistry of WT (A and
C) and VDR-KO (B and D) isolated mouse car-
diomyocytes after incubation with a mouse
monoclonal antibody against VDR (sc-13133;
A and B) or a mouse monoclonal antibody
against DHPR (E and F). VDR staining is seen
in a striated pattern in WT cells (A) and is
absent in KO cells (B). DHPR staining corre-
sponding to the localization of t-tubules is seen
in both VDR-WT (C) and VDR-KO (D) cells.

Tishkoff et al. ® Cardiac VDR and T-Tubules

adult heart cells. A strong immunoreactivity was seen in
isolated adult rat ventricular cells in the nucleus and also in
a repeating pattern of transverse lines throughout the cell
(Fig. 1, A, C, D, G, and K). This pattern was consistent
between different antibodies directed either at the C termi-
nus (sc-13133) or N terminus (sc-1009) of the VDR. A third
antibody (sc 1008) showed similar cell staining, and the spec-
ificity of staining was confirmed by using a blocking peptide
(Fig. 1, K and L) or omitting the primary antibody (Fig. 1B).
This striated pattern is a hallmark of t-tubule components
(14, 15), and in fact, VDR appears to closely associate with
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known t-tubule proteins. The LTCC, a voltage-sensitive cal-
cium channel, is concentrated along the t-tubule membrane
in heart cells and is responsible for the initial calcium current
that triggers calcium release from the sarcoplasmic reticulum
(16). Double labeling with VDR and DHPR (a component of
the LTCC) showed similar patterns of immunoreactivity,
suggesting that these two proteins are closely associated (Fig.
1, D, E, and F). SERCA-2, the sarcoplasmic reticulum Ca%*-
ATPase, is responsible for removing calcium from cell cy-
toplasm and causing relaxation in cardiac myocytes, and
immunocytochemistry has shown it to be concentrated at the
Z-line adjacent to the t-tubule (14). In rat ventricular myo-
cytes SERCA-2 shows a similar pattern of immunoreactivity
to that of VDR, and double-labeling experiments suggest a
close association of these two proteins (Fig. 1, G, H, and I).
To further investigate the localization of these proteins along
the Z-line, double-labeling experiments were performed us-
ing VDR and the Z-line marker, T-cap [Fig. 1] (17)]. The
merged image shows incomplete overlap of these proteins
with T-cap, suggesting closer association with the t-tubules
than the Z-line.

Immunocytochemistry was also performed on isolated
heart cells from VDR-WT and VDR-KO mouse littermates
(Fig. 2). Whereas the WT showed the characteristic striated
staining pattern (Fig. 2A), no staining was detected in KO
cells (Fig. 2B). It is possible that this difference in staining
could be a result of gross changes in t-tubule structures and
general disorganized expression pattern for t-tubule proteins
in VDT-KO cardiomyocytes. DHPR, however, showed the
same staining pattern and intensity in both WT (Fig. 2C) and
KO cells (Fig. 2D), confirming that the t-tubules structure is
not disrupted or absent in KO cells; similar results were
found for SERCA-2 (data not shown).

To confirm the presence of VDR within the t-tubules, we
fractionated homogenized rat hearts by differential centrif-
ugation using slight modifications of established methods
(18-20). Using Western blot analysis, we show that the VDR
is enriched in the 7,700- to 40,000-g (40K) membrane fraction
and cytosol (Fig. 3A). SERCA-2, LTCC, and DHPR are highly
enriched in the 40K fraction, confirming that this fraction
contains t-tubules. The fractions were further characterized
using the mitochondrial marker COX IV and the nuclear
marker Sp1; very little of these markers were found in the
40K fraction (Fig. 3A). Using radioligand binding assays, we
show that *H-1,25(0H),D; binds to the 40K fraction in a
specific and saturable manner with a dissociation constant of
0.7 X 107” M and a maximal binding capacity of 78.2
fmol/mg (Fig. 3, B and C), consistent with previously pub-
lished results for both classic and putative membrane VDRs
(13, 21). Taken together, the immunocytochemistry along
with the Western blot analysis and the binding data provides
strong support for a subcellular localization of the VDR
within, or adjacent to, the t-tubules.

To examine the function of the VDR in cardiac myocytes,
contraction parameters of individual intact cardiomyocytes
isolated from VDR-WT and VDR-KO mice were studied by
measuring sarcomere shortening (contraction) and relength-
ening (relaxation) in response to electrical stimulation. Dif-
ferences between the two cell types were seen in six of the
eight parameters measured (Fig. 4). Resting sarcomere length
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Fia. 3. Western blot of fractionated homogenized rat hearts (A) and
3[H]1,25(0H),D; binding analysis of the t-tubule (40K) fraction (B
and C). Fractions analyzed by Western blot (A) include whole ho-
mogenate (WH), 0-7,700 g (7K), 7,700-40,000 g (40K),
40,000-110,000 g (110K), and cytosol (CYT). VDR is present in the
40K fraction, which is also enriched for the LTCC, DHPR, SERCAZ2,
and caveolin-3 (CAV-3; A). This fraction shows very little of the mi-
tochondrial marker COX IV or the nuclear marker Spl (A). Total,
nonspecific, and specific binding of 2[H]1,25(0H),D to the 40K mem-
brane fraction in counts per minute (CPM) is shown in B. Saturation
and Scatchard analysis of 3[H]1,25(0H),D, binding to the 40K frac-
tion shows saturable and specific binding (C). B, Maximal binding
capacity; K,, dissociation constant.

and peak shortening were unaffected; however, TTP and
TTR25%-75% were reduced in VDR-KO cardiomyocytes.
Most importantly, the rates of both contraction (—dl/dt) and
relaxation (+dl/dt) were significantly increased in the KO
cells, compared with the WT cells, indicating hypercontrac-
tility in the KO cells. This correlates with our earlier studies
in which hypercontractility was observed in isolated per-
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Fic. 4. Baseline contractile differences between ventricular myo-
cytes isolated from 6-month-old VDR-WT and VDR-KO mice (litter-
mates). Ten twitches per myocyte were collected for each sample (n =
20). Resting sarcomere length and peak shortening were unaffected;
however, TTP and TTR25%-75% were reduced in VDR-KO cardio-
myocytes. Rates of both contraction (—dl/dt) and relaxation (+dl/dt)
were significantly increased in the KO (—dl/dt = 41.77 + 1.649,
+dl/dt = 33.97 = 1.250) cells, compared with the WT (—dl/dt =
25.48 + 1.258, +dl/dt = 25.48 *= 1.258) cells, indicating hypercon-
tractility in the KO cells. *, P < 0.05.

fused hearts from 1,25(0OH),D;-deficient rats, compared with
1,25(OH),D; replete littermates (4, 22). It has previously been
shown that VDR-KO mice fed the high-calcium, high-phos-
phate rescue diet used here maintain normal calcium levels,
indicating that these are not secondary effects due to differ-
ences in calcium levels in VDR-KO mice (23).

It is now accepted that many steroid hormones induce
responses that do not involve gene transcription (24). Non-
genomic actions of the VDR have been studied in several cells
in which the effects relate to rapid calcium transport (25-27).
In isolated rat cardiomyocytes, we previously found that
1,25(0OH),D; rapidly decreased peak shortening and in-
creased the rate of contraction and relaxation and that this
was mediated by increasing the flux of intracellular calcium
(3). In this study we found that brief (5 min) exposure to
physiological concentrations of 1,25(0OH),D; had a direct
effect on contractility in WT cells that was absent in KO cells
(Fig. 5). After treatment with 1 nm 1,25(0OH),D;, WT cells
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Fic. 5. Effect of 1,25(0H),D; on VDR-WT and VDR-KO mouse ven-
tricular myocytes. The VDR-WT and VDR-KO mice are 6-month-old
littermates. Ten twitches per myocyte were collected for each sample
(n = 20). After treatment with 1 nm 1,25(0H),D,, WT cells exhibited
reduced TTP and TTR75% and unchanged rate of contraction (—dl/
dtmax: 33.56 * 1.375 control, 34.34 = 0.9398 treated; P = 0.64),
whereas the rate of relaxation was significantly increased (+dl/dt-
max: 25.48 + 1.258 control, 31.60 = 1.592 treated; P < 0.005). There
are no effects after 1,25(0H),D; treatment in VDR-KO cells. Cross-
hatch bars, baseline; black bars, treated. *, P < 0.05.

exhibited reduced TTP and TTR75% and unchanged rate of
contraction, whereas the rate of relaxation was significantly
increased. The lack of any effect after 1,25(0OH),D; treatment
in VDR-KO cells confirms that this process is mediated via
the VDR. It is interesting that lack of VDR in KO cells, or
deficiency of vitamin D in rats, leads to accelerated rates of
contraction and relaxation, whereas treatment with
1,25(0OH),D; of the WT cells also accelerates the rate of re-
laxation. These apparently inconsistent results may be due to
chronic cellular changes in the 1,25(OH),D;-deficient rat and
the VDR-KO mouse induced over time by inadequate
1,25(0OH),D; signaling activity.

Figure 6 shows the intensity and localization of VDR in
adult rat cardiomyocytes at times zero and after 30 and 60
min treatment with 1 nm 1,25(0OH),D;. The data reveal an
increase in overall intensity of VDR fluorescence, suggesting
anincreased total level of VDR at 30 and 60 min. Figure 6 also
shows a consistent increase in the nuclear localization of VDR
after treatment with 1,25(OH),D; for 30 and 60 min. Immu-
nofluorescence intensity was measured using Fluoview500
(Olympus, Tokyo, Japan) software and plotted as histograms
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Fic. 6. Effect of 1,25(0H),D5 (1 nM) on VDR density and location in
adult rat cardiomyocytes. Cells were antibody (sc-1009) labeled for
VDR by immunofluorescence at time 0, 30, and 60 min after treatment
with 1 nm 1,25(0H),D;. Histograms showing VDR (fluorescein iso-
thiocyanate; green) distribution and intensity relative to nuclear
staining (4',6'-diamino-2-phenylindole; blue) are shown below each
immunofluorescence image.

beneath each immunofluorescence image. The results con-
firm the increased nuclear localization of VDR after
1,25(0OH),D; treatment and suggest that both nuclear and
membrane actions for 1,25(0OH),D; could occur and be me-
diated by the VDR.

Discussion

Rapid nongenomic actions of steroid hormones have been
described, and receptors for these rapid actions are broadly
believed to be membrane associated, although their charac-
terization remains incomplete (24). The best characterized
classic steroid hormone receptor in this respect is the estro-
gen receptor (ER). In addition to being localized to the cy-
toplasm, a subpopulation of ERs has been shown to localize
to caveolae, cell membrane microdomains important for
many signaling pathways (28). The ER is thought to be an-
chored to the membrane via its association with striatin, a
scaffolding protein that contains a caveolin binding domain
and is thought to recruit other signaling molecules (29). Re-
cently the VDR has been shown to associate with caveolae-1
microdomains in chick intestinal cells, suggesting a possible
mechanism of membrane localization (13). Here we show the
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t-tubule fraction of rat hearts to be enriched in VDR and
caveolin 3 (Fig. 3A), the predominant caveolin subtype in
cardiac myocytes (30), suggesting that a similar association
may exist in heart cells as well.

In this study we measured contraction parameters of in-
dividual intact cardiomyocytes isolated from VDR-WT and
VDR-KO mice (Fig. 4). The results show significantly in-
creased rates of contraction and relaxation in KO cells, which
might be manifested in live intact animals as changes in heart
rate, cardiac output, or other parameters associated with the
compensatory phase of the failing heart. We are in the pro-
cess of testing this hypothesis using echocardiograms of live
intact VDR-WT and VDR-KO mice; the results will be pre-
sented in a separate publication. The effects seen in VDR-KO
animals are unlikely to be secondary to changes in blood
pressure because we investigated this possibility in a previ-
ous publication, in which we have shown no differences in
systolic or mean blood pressure between 3- and 6-month-old
VDR-WT and VDR-KO mice (8).

We have also shown a rapid direct effect of treating iso-
lated VDR-WT mouse cardiomyocytes with 1,25(0OH),D; on
contraction rate that was ablated in VDR-KO cells (Fig. 5).
This action of 1,25(OH),D; was to slow the rate of contraction
and increase the rate of relaxation. Whereas the physiological
significance of this effect is not clear, this observation dem-
onstrates a rapid direct action of 1,25(0OH),D; on cardiomy-
ocytes that is dependent on the presence of the VDR.

That a membrane-associated VDR is found within or
neighboring the t-tubule structure is important and relevant,
given the effects of 1,25(OH),D; on heart and the contracting
myocyte. It is predominantly the rate of calcium influx
through calcium channels that is responsible for the rate and
force of myocardial contraction, and these channels are lo-
cated primarily at the t-tubules in cardiac myocytes (14).
There are several mechanisms by which a membrane VDR
may affect Ca>* currents in the cell. Previous work from our
laboratory provides direct evidence that this process in heart
is dependent on the activation of the protein kinase C sig-
naling pathway (3). Other research suggests that the non-
genomic action of VDR in the heart involves cAMP (31),
protein kinase A (32), B-adrenergic signaling (33), and ade-
nylate cyclase/G proteins (34). Recently we showed that
blockade of B-adrenergic signaling or the protein kinase A
pathway did not interrupt the acute effect of 1,25(0OH),D; on
rat cardiac myocyte contraction (3). We also showed that
1,25(0OH),D; induced increased phosphorylation of protein
kinase C targets phospholamban B and cardiac troponin I,
both of which, through modulation of intracellular Ca?",
would be expected to accelerate relaxation (3).

Earlier studies in our laboratory have shown that lack of
vitamin D leads to collagen deposition and cardiac hyper-
trophy (2, 8). The results presented here support rapid, non-
genomic effects of VDR in the heart and localize a major
population of the VDR to t-tubules, an ideal position to
regulate calcium flux within the cell and modulate
contractility.

The acute effect of 1,25(OH),D; on cardiac myocytes is
primarily to accelerate relaxation [Fig. 5 (Ref. 3)], which sug-
gests that this steroid hormone is important for maintenance
of diastolic function. Impaired relaxation of the cardiac myo-
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cytes, and subsequent impaired filling of the ventricles, is a
main pathological finding in diastolic heart failure. With
mounting clinical evidence of a connection between vitamin
D and heart failure (27, 35), understanding the role of the
VDR in heart is crucial.
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