Table 1. Intestinal calcium transport response to S5,6-trans-25-OHD,.

3 N 45
Compound Amount Animal 45(C:: xs';;gf)zla/l
(e Condition No. (mean * S.E.)
None 0 Normal 5 1.8+0.2
5,6-trans-25-OHD;, 25 Sham-operated 5 44 +03
5,6-trans-25-OHD, 25 Anephric 6 33+03
25-OHD, 25 Anephric 5 1.9+03
25-OHD, 25 Sham-operated 5 45+08

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

Compound Amount Animal D{I(;(l)hr%llia;rflssgfu(xi?/
(u8) Condition No. (mean = S.E.)
None 0 Anephric 6 43+01
5,6-trans-25-OHD, 25 Anephric 6 49 +0.1
25-OHD, 0.25 Anephric 6 4.5+0.1
1,25-(OH) D, 0.25 Anephric 6 6.1+0.1

vehicle. Two other groups (either sham-
operated or bilaterally nephrectomized)
received either 25 ug of 5,6-trans-25-
OHD; or 25 pg of 25-OHDj 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 (/3). In some groups
the rats were bilaterally nephrectomized
and immediately after surgery were in-
jected with either 25 ug of 5,6-trans-
25-OHDj, 0.25 pg of 25-OHD;, or 0.25
ug of 1,25-(OH),Dy 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 of 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
LaCl,. )

The results in Table 1 demonstrate
that 5,6-trans-25-OHD; 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-OHDj3, like
1,25-(OH),D; (7), is more active than
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25-OHD; in stimulating intestinal cal-
cium transport in bilaterally nephrec-
tomized rats.

The major difference in the biological
activity between 5,6-trans-25-OHD, and
1,25-(OH),D; is shown in Table 2.
Like 25-OHDy, 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 small rise in
the serum calcium, whereas 1,25-
(OH),D; 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),D; was
extremely effective (17).

These unusual properties make the

'5,6-trans-25-OHD; a promising drug for

the treatment of calcium abnormalities
associated with chronic renal failure.

Furthermore, the biological activity of
this analog provides additional evidence
that a hydroxyl function must be pres-
ent on C-1 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.

Tetrodotoxin  (TTX)  specifically
blocks inward sodium current in many
excitable tissues (I), 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
embryo heart preparations, namely,
whole hearts, single isolated cells, and
aggregates of dissociated cells. We have
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come to the following conclusions:
(i) Chick embryo hearts at 4 days
of age are insensitive to TTX at 10—5
g/ml (3 X 10—5M). Sensitivity-to TTX
increases dramatically between days 4
and 7 and thereafter remains constant.
(ii) Only a small fraction of isolated
cells are sensitive to TTX, and this
fraction does not increase with age. (iii)
Aggregates formed from single cells are
quite similar to intact heart in both
their age-related and dose-related sensi-
tivity to TTX.

Hearts were dissected from chick
embryos aged 2 to 12 days. Whole
hearts or atria (12-day only) were in-
cubated in tissue culture medium 818B,
(7) at 37°C in an atmosphere of 95
percent O, and 5 percent CO,. Hearts
were allowed to equilibrate for 30 to
60 minutes before the experiment was
begun, and beating activity was observed
(magnification X10 to X30).

Cultures were prepared after the dis-
sociation of hearts into their,compo-
nent cells by the multiple-cycle tryp-
sinization method (7). Plates were
seeded with 2 X 10% cells per plate
and incubated at 37.5°C in a water-
saturated atmosphere of 5 percent CO,,
10 percent O,, and 85 percent N,.
Various media were used, but the ma-
jority of cultures were in 818A or 818B
(7, 8) containing either 1.3 or 4.5 mM
potassium. After 24 hours of incuba-
tion, plates were washed and placed on
the constant-temperature stage (37°C)
of an inverted microscope, in an atmo-
sphere identical to that in the culture
incubator. Beating in single cells was
determined as described (7, 8).

Heart cell aggregates were prepared
by the technique of Moscona (9), fol-
lowing the dissociation of the hearts into
their component cells (6, 7). Erlen-
meyer flasks (25 ml) containing 5 X
105 cells in 3 ml of medium were
gassed with 5 percent CO,, 10 percent
0., and 85 percent N,, stoppered, and
placed in a gyratory shaker bath
(37°C) at 70 rev/min. The medium
was 818A or 818B containing eithér
1.3 or 4.5mM potassium. After 18
hours of gyration, the contents of each
flask were transferred to a Falcon tissue
culture dish and allowed to attach to
the bottom of the dish during a 2-hour
period in the culture incubator. The
plates were washed and placed on a
microscope stage as described above.
The volumes of the aggregates were be-
tween 5 X 10* and 5 X 105 um3; an
aggregate of 10% um3 contained approxi-
mately 200 cells.

Table 1 shows the percentage of
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Table 1. The percentage of spontaneously
beating chick hearts still beating after te-
trodotoxin treatment. Data on 12-day hearts
are from isolated atria, all other data are
from whole hearts. Activity was scored 15
minutes after the addition of TTX (20" ul
was added to 2 ml of medium). The initial
dose of TTX was 10-® g/ml, and successive
doses were cumulative; that is, when the final
dose of TTX was delivered, the medium con-
tained 1.111 X 10° g/ml. The numbers in
parentheses are the number of hearts used.

Percentage of hearts beating
in embryos at day

TTX ‘

5 - 6 712
Gy Q0 ) en e

10 100 100 80 57 55

10 100 75 50 4 9

10 100 55 35 0o 0

10 100 40 15 0 0

hearts that continued to beat after suc-
cessive 15-minute exposures (I10) to
TTX (11), 10—8 to 10—5 g/ml. Sensi-
tivity to TTX increased with increas-
ing embryo age. All hearts from 2- to
4-day embryos (5 2-day, 22 3-day,
and 20 4-day) continued beating
in the presence of TTX, 1.1 X 10-5
g/ml. In fact, six hearts from 4-day
embryos incubated overnight in the
presence of TTX, 1.1 X 10-5 g/ml,
were observed to still beat regularly
the next morning. Hearts from 5-day
embryos were slightly sensitive to TTX,
spontaneous activity was blocked in 9
out of 20 of these hearts in the pres-
ence of TTX, 1.1 X 10—¢ g/ml. By
day 7, 43 percent of the hearts stopped
beating at TTX, 10—8 g/ml. No further
increase in sensitivity was apparent in
hearts from 12-day embryos. Although
beating activity was scored 15 minutes
after the addition of each dose of TTX,
TTX was effective, in all three kinds of

heart preparations under study, within
the first 3 minutes or not at all. The
effect of TTX was reversible; all af-
fected hearts resumed beating after the
drug was removed. The average beating
rate of 27 untreated hearts from 6-, 7-,
and 12-day embryos was 118 beats per
minute. Fifteen minutes after the added
TTX was washed out (an accumulated
dose of 1.1 X 10—6 g/ml) the average
beating rate was 109 beats per minute.

Table 2 compares the TTX sensitivity
of isolated heart cells and cell aggre-
gates from embryos aged 4, 7, and 12
days. The major inhibition by TTX of
single cell beating activity was apparent
after successive doses of 10—8 and 10—7
g/ml, by which concentration approxi-
mately 30 percent of the beating cells
were suppressed. Further doses to the
final TTX concentration of 1.1 X 10—5
g/ml had little effect. Although the
TTX sensitivity of heart cells from
embryos aged 7 and 12 days was slight-
ly greater than that of cells from em-
bryos aged 4 days, the majority of
single cells in culture did not share
with their parent hearts the increase
in TTX sensitivity with age. Aggregates,
on the other hand, responded to TTX
in a manner similar to that of whole
heart. Some 78 percent of the cell ag-
gregates from 4-day embryos remained
beating in TTX at 1.1 X 10-5 g/ml,
whereas only 18 percent of the aggre-
gates from 7- and 12-day embryos
were beating in TTX at 1.1 X 10—7
g/ml. Experiments on cell aggregates
from the hearts of 5- and 6-day em-
bryos indicate that TTX sensitivity in-
creases during this period in a fashion
similar to that of intact hearts. Beating
activity was restored in 98 percent of
the single cells and in 97 percent of

Table 2. The normalized percentage of single heart cells and aggregates still beating after
treatment with tetrodotoxin. Heart cells and aggregates were cultured from 4-, 7-, and 12-day
chick embryos. The data include cultures obtained from atria, ventricles, and whole hearts.
The actual percentage of beating cells and aggregates were normalized and are expressed as
percent of control. Control percentages were determined immediately before the experiment
and averaged 38 percent for isolated cells and 99 percent for aggregates, The percentage of

beating cells and aggregates were determined 15

minutes after the addition of TTX (20 ul

added to 2 ml of medium). The initial dose of TTX was 10- g/ml, and successive doses were
cun‘_xulauve; that is, when the final dose of TTX was delivered, the medium contained 1.111 X
10° g/ml. Each determination on single cells represents a count of 100 cells in two to three
random fields. Each determination on aggregates involved a count of all the aggregates on a

plz}te. The average number of aggregates per plate was 109. All values are mean =+ S.E,;
n is 7 to 10 for single cells and # is 4 to 6 for aggregates.

1TX Age of embryos (days)

concen- .

tration Single cells Aggregates
/ml

(g/ml) 4 7 12 4 7 12
108 78+ 2 83 +3 855 93+ 4 62+ 8 47+5
107 77*4 68 =3 15+5 73 +7 18+6 18x5
10-¢ 75+6 66 * 6 66 = 7 78 +3 4+1 T*2
10-5 78 4 63 =4 68 = 7 78 7 6+3 5+1
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the aggregates after TTX, 10—5 g/ml,
was washed out.

We conclude that there is a dramatic
increase in the TTX sensitivity of spon-
taneously beating whole hearts from
chick embryos between days 4 and 7
(12). Similarly, the effectiveness of
TTX in blocking electrically stimulated
action potentials in chick heart ventricle
has also been shown to be related to
the age of the embryo (13). Tetro-
dotoxin is widely accepted as a specific
inhibitor of the sodium channel in
nerve and muscle (6, 14), and yet is
without effect on channels that can
carry both sodium and calcium (6, 15).
The observed change with age in the
sensitivity to TTX of hearts and aggre-
gates is open to three interpretations:
(i) The channels responsible for the
early inward current of the action po-
tential are not specific for sodium in
young hearts, but the sodium specific-
ity of these channels increases between
4 and 7 days of development. (ii) New
sodium-specific channels appear between
days 4 and 7. (iii) Sodium-specific
channels are always present in hearts,
but the access of TTX to these channels
changes with development. It has been
reported that cardiac tissue from 3-
and 4-day embryos can be stimulated to
generate action potentials in sodium-
free medium (Z3), whereas cardiac tis-
sue from later embryos (6-day and 19-
day) are not excitable in 30 mM sodium
(4). This evidence tends to favor an
interpretation of the observations based
on an increasing sodium specificity of
the membrane channels rather than a
change in accessibility to TTX.

An unexplained finding is the re-
sponse of single cells as compared with
aggregates. In most experiments single
cells and aggregates were cultured from
the same population of cells; hearts
were trypsinized and dissociated into
single cells, and then the cells were
either plated or aggregated. The dimin-
ished sensitivity of isolated cells to TTX
does not result merely from lack of
cell-to-cell contact. Confluent monolay-
er sheets were also resistant to TTX,
as has been noted (76). It may be that
treatment with trypsin, or other culture
procedures, alters the structure of the
sodium channel at the membrane sur-
face, and that this alteration results in
the observed insensitivity to TTX.
Monolayer cultured cells (singlets or
confluent sheets) may be unable to
restore the specificity of the sodium
channels although reaggregated cells are
capable of doing so. It is interesting
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that embryonic retinal cells in con-
fluent monolayers lack the ability to
respond to hydrocortisone induction of
glutamine synthetase, whereas aggre-
gates show an enzyme activity similar
to that of intact tissue (7). Similarly,
brain cell reaggregates have several en-
zymes with specific activities in the
same range as in vivo embryonic brain,
but much higher than in monolayers
(18).
TeRENCE F. McDoNALD
Howarp G. SAcHs
RoBERT L. DEHAAN
Department of Embryology,
Carnegie Institution of Washington,
Baltimore, Maryland 21210
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Possible Mechanism for the Antiarrhythmic Effect

of Helium in Anesthetized Dogs

Abstract. Breathing a mixture of 75 percent helium and 25 percent oxygen
instead of 75 percent nitrogen and 25 percent oxygen reduced the occurrence of
dangerous cardiac arrhythmias after ligation of the circumflex coronary artery in
open-chest dogs anesthetized with pentobarbital. In dogs not subjected to circum-
flex ligation, the sensitivity of blood pressure, heart rate, and extrasystoles to
epinephrine injected intravenously was not altered by the substitution of helium
for nitrogen; however, helium did reduce the baseline heart rate and the concen-
tration of endogenous plasma catecholamines. The antiarrhythmic effect of
helium may thus be mediated by changes in sympathetic activity.

It was recently reported that helium
protects anesthetized dogs from ventric-
ular fibrillation after ligation of coro-
nary arteries (I). We repeated this
work with particular attention to the
control of body temperature and of
other variables known to influence ven-
tricular arrhythmias. Of 14 dogs anesthe-
tized with pentobarbital, six control
dogs breathed a mixture of 75 percent
nitrogen and 25 percent oxygen (Ns-
0.,), and eight dogs breathed 75 per-
cent helium and 25 percent oxygen
(He-0.,), beginning 10 minutes prior
to ligation of the circumflex coronary
artery. After ligation, all animals were

observed for 2 hours [or until ventric-
ular fibrillation (VF) occurred] for
changes in the electrocardiogram and
arterial blood pressure. During this
time, arterial blood gases and pH were
maintained by administration of bicar-
bonate or by changes in mechanical
ventilation (2).

- Dogs breathing He-O, had fewer
premature  ventricular  contractions
(Table 1) and a lower incidence of
ventricular fibrillation than did the dogs
breathing N,-O,, three of which died
from this arrhythmia 15 minutes after
ligation. At the time of ligation, the
He,-O, and N,-O, groups were similar
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