
References and Notes 

1. H. Harris, J. F. Watkins, C. E. Ford, G. I. 
Schoefl, J. Cell Sci. 1, 1 (1966); Y. Okada 
and F. Murayama, Exp. Cell Res. 52, 34 
(1968). 

2. H. Koprowski, F. C. Jensen, Z. Steplewski, 
Proc. Nat. Acad. Sci. U.S. 58, 127 (1967); 
S. Kit, T. Kurimura, M. L. Salvi, D. R. 
Dubbs, Proc. Nat. Acad. Sci. U.S. 60, 1239 
(1968). 

3. M. A. Epstein, B. G. Achong, Y. M. Barr, 
Lancet 1964-1, 702 (1964). 

4. G. Henle and W. Henle, J. Bacteriol. 91, 
1248 (1966). 

5. B. A. Maurer, T. Imamura, S. M. Wilbert, 
Cancer Res. 30, 2870 (1970); B. A. Zajac 
and G. Kohn, J. Nat. Cancer Inst. 45, 399 
(1970). 

6. H. Zur Hausen and H. Schulte-Holthausen, 
Nature 227, 245 (1970). 

7. F. Durr, personal communication. 
8. D. R. Dubbs and S. Kit, Exp. Cell Res. 33, 

19 (1964). 
9. F. J. O'Neill and F. Rapp, Virology 44, 544 

(1971). 

References and Notes 

1. H. Harris, J. F. Watkins, C. E. Ford, G. I. 
Schoefl, J. Cell Sci. 1, 1 (1966); Y. Okada 
and F. Murayama, Exp. Cell Res. 52, 34 
(1968). 

2. H. Koprowski, F. C. Jensen, Z. Steplewski, 
Proc. Nat. Acad. Sci. U.S. 58, 127 (1967); 
S. Kit, T. Kurimura, M. L. Salvi, D. R. 
Dubbs, Proc. Nat. Acad. Sci. U.S. 60, 1239 
(1968). 

3. M. A. Epstein, B. G. Achong, Y. M. Barr, 
Lancet 1964-1, 702 (1964). 

4. G. Henle and W. Henle, J. Bacteriol. 91, 
1248 (1966). 

5. B. A. Maurer, T. Imamura, S. M. Wilbert, 
Cancer Res. 30, 2870 (1970); B. A. Zajac 
and G. Kohn, J. Nat. Cancer Inst. 45, 399 
(1970). 

6. H. Zur Hausen and H. Schulte-Holthausen, 
Nature 227, 245 (1970). 

7. F. Durr, personal communication. 
8. D. R. Dubbs and S. Kit, Exp. Cell Res. 33, 

19 (1964). 
9. F. J. O'Neill and F. Rapp, Virology 44, 544 

(1971). 

The first serious attempt to synthesize 
analogs of vitamin D2 was made by 
Windaus and co-workers. They explored 
the possibility of producing antirachitic 
substances from A5.7 sterols having dif- 
fering side chains. Two analogs of 
ergosterol, 22-dihydroergosterol and 7- 
dehydrocholesterol, upon irradiation 
yielded two new biologically active com- 
pounds known as vitamin D4 (1) and 
vitamin D3 (2), respectively. Since 
these initial experiments, vitamin D- 
modified chemicals have been tested 
for biological activity in various ways. 
One of the most important group of 
analogs is the dihydrotachysterols, 
which have little antirachitic activity 
(180 I.U./mg) but display preferential 
activity in mobilizing calcium from 
bone (3). 

Verloop et al. (4) were the first to 
report the synthesis of 5,6-trans-ergo- 
calciferol [9,1 0-seco-(5E,7E,22E)-5,7,- 
10(19,22)-ergostatetraene-3/3-ol] by io- 
dine-catalyzed isomerization of vitamin 
D2 under neutral conditions in a non- 
polar solvent. They reported that the 
ultraviolet absorption maximum shifted 
from 265 nm for vitamin D2 (5,6-cis- 
ergocalciferol) to 272 nm for the 5,6- 
trans isomer. Similarly, Inhoffen et al. 
(5) studied this isomerization and re- 
ported the synthesis of 5,6-trans-vitamin 
Da. 
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In light of the finding that 25-hy- 
droxycholecalciferol (25-OHD3) must 
be hydroxylated at C-1 by the kidney 
(6, 7) to 1,25-dihydroxycholecalciferol 
[1,25-(OH)2D3] before it can induce 
either intestinal calcium transport (8) 
or bone calcium mobilization (9), it 
was of interest to investigate the biopo- 
tency of the 5,6-trans isomer of 25- 
OHD3 because it was similar in appear- 
ance to 1,25-(OH)2D3 (Fig. 1). Com- 
pared to 25-OHD3, the 5,6-trans isomer 
has its A ring rotated 180?, with the 
3/3-hydroxyl function in the same geo- 
metrical position as the 1-hydroxyl of 
1,25-(OH)2D3. It seemed possible, 
therefore, that the 5,6-trans-25-OHD3 
may well be able to substitute for 1,25- 
(OH) 2D3. 

Ten milligrams of 25-OHD3 was dis- 
solved in 10 ml of a mixture of Skelly- 
solve B (a light petroleum fraction re- 
distilled at 67? to 69?C) and diethyl 

HOH 0o , 

H2C- 2'CH2 

"OH HO/ 'OH 
1 2 

Fig. 1. Structure 1 is 5,6-trans-25-OHDa; 
structure 2 is 1,25-(OH)2Da. 
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Fig. 1. Structure 1 is 5,6-trans-25-OHDa; 
structure 2 is 1,25-(OH)2Da. 

ether (9: 1, by volume) and 50 tl of a 
solution of iodine in Skellysolve B (0.1 
mg/1 ml) was added. After 1 hour at 
25?C, the reaction was terminated with 
solid Na.,SO3 and washed with water, 
and the product in the Skellysolve B- 
ether phase was dried over anhydrous 
Na2SO4, according to procedure of Ver- 
loop et al. (4). The solvent was evap- 
orated under nitrogen, and the product 
was redissolved in 1 ml of a mixture 
of Skellysolve B and diethyl ether (7 : 3, 
by volume). The sample was applied to 
a multibore silicic acid (15 g) column, 
measuring stepwise in diameter 1.2, 
0.8, and 0.4 cm (10). The column was 
eluted with a hyperbolic gradient gen- 
erated by having 230 ml of Skellysolve 
B and diethyl ether (7: 3, by volume) 
in a mixing chamber and 400 ml of 
Skellysolve B and diethyl ether (3: 7, 
by volume) in a holding chamber. 
Diethyl ether (300 ml) was added to 
the holding chamber after it emptied. 
One hundred fractions, 5 ml each, were 
collected, and the ultraviolet absorption 
spectrum of each tube was taken to 
determine the elution position of the 
5,6-trans-25-OHD3. The isomer was 
collected and chromatographed once 
again on the multibore silicic acid col- 
umn. 

The ultraviolet spectrum of the iso- 
mer showed the characteristic maximum 
at 273.5 nm and a minimum at 232 nm 
(4, 5) for the 5,6-trans triene system. 
The mass spectrum of the analog showed 
a molecular ion at m/e 400 similar to 
25-OHD3 and fragments at m/e 271 and 
253 (271 - H2O) which are characteristic 
for loss of the side chain, and at m/e 
136 and 118 (136- H^O) which are 
characteristic for the A ring plus C-6 
and C-7. Gas-liquid chromatography 
of the 5,6-trans-25-OHD3 showed only 
one component, which is consistent 
with a previous report for 5,6-trans- 
vitamin D3 (11). 

Antirachitic activity for the 5,6-trans- 
25-OHD3 was measured by the anti- 
rachitic line test assay method described 
in The United States Pharmacopeia 
(12) and was found to be one-tenth 
that of vitamin D3. 

For intestinal calcium transport 
measurements, weanling male albino 
rats (Holtzman, Madison, Wis.) were 
housed individually in hanging wire 
cages and given free access to food 
and water. They were fed for 3 weeks 
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D and low in calcium (0.02 percent) 
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One group received only the ethanol 
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5,6-Trans-25-Hydroxycholecalciferol: Vitamin D Analog 
Effective on Intestine of Anephric Rats 

Abstract. A new compound, 5,6-trans-25-hydroxycholecalciferol, has been 
synthesized and tested for its biological activity. Like 1,25-dihydroxycholecalcif- 
erol, it stimulates intestinal calcium transport in anephric rats, whereas 25- 
hydroxycholecalciferol does not. But this analog has little if any activity in stimu- 
lating mobilization of calcium from the bone of anephric rats. 
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Table 1. Intestinal calcium transport response to 5,6-trans-25-OHD3. 

CmonAmount Animal: 45Ca serosal/ 
Compound (----45"Ca mucosal 

(p^g) Condition No. (mean ? S.E.) 

None 0 Normal 5 1.8 ? 0.2 
5,6-trans-25-OHD, 25 Sham-operated 5 4.4 ? 0.3 
5,6-trans-25-OHD3 25 Anephric 6 3.3 ? 0.3 
25-OHD3 25 Anephric 5 1.9 ? 0.3 
25-OHDa 25 Sham-operated 5 4.5 ? 0.8 

Table 2. Calcium mobilization from bone in response to 5,6-trans-25-OHDa. 

- Amt -Animal Milligrams of Ca/ 
Compound Amoun100 ml of serum 

(Ag) Condition No. (mean + S.E) 

None 0 Anephric 6 4.3 - 0.1 

5,6-trans-25-OHD, 25 Anephric 6 4.9 - 0.1 
25-OHD3 0.25 Anephric 6 4.5 ? 0.1 

1,25-(OH)2Da 0.25 Anephric 6 6.1 ? 0.1 
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vehicle. Two other groups (either sham- 

operated or bilaterally nephreotomized) 
received either 25 i.g of 5,6-trans-25- 
OHD3 or 25 ,lg of 25-OIHD3 intrajugu- 
larly in 0.05 ml of 95 percent ethanol. 
Sixteen hours later the rats were de- 

capitated. The small intestines were 
removed for the measurement of intes- 
tinal calcium transport by the everted 
gut sac technique described by Martin 
and DeLuca (14). 

For the measurement of calcium mo- 
bilization from bone, male weanling 
Holtzman rats were fed for 2 weeks 
with a diet adequate in calcium and 

phosphorus and deficient in vitamin D 

(15), and then a low calcium (0.02 
percent) vitamin D-deficient diet for 
another 10 days (13). In some groups 
the rats were bilaterally nephrectomized 
and immediately after surgery were in- 

jected with either 25 tjg of 5,6-trans- 
25-OHD3, 0.25 Kg of 25-OHD3, or 0.25 

tug of 1,25-(OH)2D3 dissolved in 0.05 
ml of 95 percent ethanol. Controls re- 
ceived 0.05 ml of 95 percent ethanol 
vehicle. Twenty-four hours after the 
administration oif the dose, the animals 
were killed by decapitation, and the 
blood serum was collected. 

Serum calcium was determined with 
an atomic absorption spectrophotometer 
(Perkin-Elmer model 214). For this 
determination, serum samples (0.10 ml) 
were diluted with 1.9 ml of 0.1 percent 
LaCl3. 

The results in Table 1 demonstrate 
that 5,6-trans-25-OHD3 is effective in 

stimulating calcium transport in the 
duodenum of vitamin D-deficient rats. 
More important, however, is the obser- 
vation that the 5,6-trans-25-OHD3, like 

1,25-(OH)2D3 (7), is more active than 
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25-OHD3 in stimulating intestinal cal- 
cium transport in bilaterally nephrec- 
tomized rats. 

The major difference in the biological 
activity between 5,6-trans-25-OHD3 and 
1,25-(OH)2D3 is shown in Table 2. 
Like 25-OHD3, the 5,6-trans analog has 
little effect in the mobilization of cal- 
cium from bone in anephric rats, as 
is demonstrated by only a smaill rise in 
the serum calcium, whereas 1,25- 
(OH)2D3 elicited a marked response. 
Furthermore, this trans analog showed 
little if any potential to induce bone 

resorption in fetal rat bone tissue cul- 
ture (16), whereas 1,25-(OH)2D3 was 

extremely effective (17). 
These unusual properties make the 

5,6-trans-25-OHDa a promising drug for 
the treatment of calcium abnormalities 
associated with chronic renal failure. 
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Furthermore, the biological activity of 
this analog provides additional evidence 
that a hydroxyl function must be pres- 
ent on C-l of vitamin D compounds 
for the stimulation of intestinal calcium 
transport. 

M. F. HOLICK 
M. GARABEDIAN, H. F. DELUCA 

Department of Biochemistry, College 
of Agricultural and Life Sciences, 
University of Wisconsin, 
Madison 53706 

References and Notes 

1. A. Windaus and R. Langer, Justus Liebigs 
Ann. Chem. 508, 105 (1934). 

2. A. Windaus, H. Lettre, F. Schenck, ibid. 520, 
98 (1935). 

3. T. Suda, R. B. Hallick, H. F. DeLuca, H. K. 
Schnoes, Biochemistry 9, 1651 (1970); J. R. 
Roborgh and T. J. DeMan, Biochem. Pharma- 
col. 3, 277 (1960); H. E. Harrison, H. C. 
Harrison, F. Lifshitz, Parathyroid Hormone 
and Thyrocalcitonin (Calcitonin) (Excerpta 
Medica Foundation, Amsterdam, 1968), pp. 
455-460. 

4. A. Verloop, A. L. Koeveet, E. Havinga, Rec. 
Trav. Chim. 74, 1125 (1955). 

5. H. H. Inhoffen, G. Quinkert, H. J. Hess, H. 
Hirschfeld, Chem. Ber. 90, 2544 (1957). 

6. D. R. Fraser and E. Kodicek, Nature 228, 
764 (1970). 

7. R. W. Gray, I. T. Boyle, H. F. DeLuca, 
Science 172, 1232 (1971). 

8. I. Boyle, L. Miravet, R. W. Gray, M. F. 
Holick, H. F. DeLuca, Endocrinology 90, 
605 (1972); J. Omdahl and H. F. DeLuca, 
Science 174, 949 (1971). 

9. M. F. Holick, M. Garabedian, H. F. DeLuca, 
Science 176, 1146 (1972). 

10. P. F. Neville and H. F. DeLuca, Biochem- 
istry 5, 2201 (1966). 

11. A. Verloop, A. L. Koevoet, R. Van Moorsel- 
laar, E. Havinga, Rec. Trav. Chim. 78, 1004 
(1959). 

12. The United States Pharmacopeia (Mack, 
Easton, Pa., 15th rev. ed., 1955), p. 889. 

13. T. Suda, H. F. DeLuca, Y. Tanaka, J. Nutr. 
100, 1049 (1970). 

14. D. L. Martin and H. F. DeLuca, Amer. J. 
Physiol. 216, 1351 (1969). 

15. G. Guroff, H. F. DeLuca, H. Steenbock, 
ibid. 204, 833 (1963). 

16. C. L. Trummel, L. G. Raisz, M. F. Holick, 
H. F. DeLuca, unpublished observations. 

17. -- , Science 175, 768 (1972). 
18. Supported by PHS grant AM-15512 and the 

Harry Steenbock research fund. 

16 February 1972; revised 12 April 1972 * 

Furthermore, the biological activity of 
this analog provides additional evidence 
that a hydroxyl function must be pres- 
ent on C-l of vitamin D compounds 
for the stimulation of intestinal calcium 
transport. 

M. F. HOLICK 
M. GARABEDIAN, H. F. DELUCA 

Department of Biochemistry, College 
of Agricultural and Life Sciences, 
University of Wisconsin, 
Madison 53706 
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Development of Sensitivity to Tetrodotoxin in Beating 
Chick Embryo Hearts, Single Cells, and Aggregates 

Abstract. The spontaneous activity of intact embryonic heart becomes pro- 
gressively more sensitive to tetrodotoxin block with increasing age of the embryo. 
The activity of isolated single heart cells in culture was relatively insensitive, 
independent of embryo age. Aggregates formed from single cells responded to 
tetrodotoxin in the same manner as intact hearts; aggregated cells from older hearts 
were sensitive. 
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Tetrodotoxin (TTX) specifically 
blocks inward sodium current in many 
excitable tissues (1), including heart 
(2), and abolishes spontaneous activity 
in cells whose action potential is 

dependent on a transient increase in so- 
dium conductance (3). Such a mecha- 
nism underlies action potential genera- 

Tetrodotoxin (TTX) specifically 
blocks inward sodium current in many 
excitable tissues (1), including heart 
(2), and abolishes spontaneous activity 
in cells whose action potential is 

dependent on a transient increase in so- 
dium conductance (3). Such a mecha- 
nism underlies action potential genera- 

tion in the embryonic chick heart (4); 
the fast inward sodium current in adult 
heart tissue is blocked by TTX (5, 6). 
We have examined the effect of TTX 
on the spontaneous beating of chick 
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