logically nonspecific, and, therefore, tu-
mor rejection by these cells does not
require their specific recognition of tu-
mor antigen.
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Vitamin Ds: Induction of Calcium-Binding Protein in

Embryonic Chick Intestine in vitro

Abstract. Induction of the synthesis of calcium-binding protein in chick embry-
onic intestine maintained in vitro was accomplished by simply adding vitamin
Dy to the culture medium. Accompanying the induction of this protein, there was
enhanced radiocalcium uptake by the intestine. These observations represent
the first demonstration of an in vitro physiological effect of vitamin D, on the
calcium absorptive mechanism of the intestine.

A fundamental action of vitamin
D is the enhancement of intestinal cal-
cium absorption. In recent years, this
action has been linked to the vitamin
D-induction of a -calcium-binding
protein (CaBP) in the intestine (7).
The physicochemical properties (2)
and cell localization (3) of CaBP, as
well as numerous correlations between
the intestinal concentration of CaBP
and the calcium absorptive capacity of
the intestine in various physiological,
nutritional, and disturbed functional
states (4), attest to a central role of
this protein in the calcium transport
mechanism.

As one approach in our continuing
efforts to more fully define the role of
CaBP in calcium transport, an in vitro
organ culture system was developed
which utilized embryonic chick intes-
tine. It was found that vitamin Dj,
when added to the culture medium,
stimulated CaBP synthesis and en-
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hanced the uptake of radiocalcium by
the intestine. This marks the first dem-
onstration of a direct action of vitamin
D; on the intestine in vitro.

Table 1. Enhancement of “Ca uptake in cul-
tured embryonic chick intestine by addition
of vitamin D, to the medium. Duodenal tis-
sue was cultured for 48 hours in the presence
or absence of vitamin D, in the medium (400
L.U. per milliliter). The tissues were then
transferred to a buffer solution (I0) con-
taining #Ca and incubated at 37°C for 30
minutes. After the tissues had been rinsed,
blotted, and weighed, they were counted in a
gamma spectrometer. The D; group value
(mean of ten separate determinations) was
significantly greater than the control value
(ten determinations) at the 0.001 percent level
(Student’s #-test). The difference in ¥Ca up-
take, though slight, was highly reproducible.

Vitamin D, CaBP per “Ca uptake
in medium gram of (percentage of
(400 I.U. per tissue dose per 100
milliliter) (ug) mg of tissue)
— 0 13.14 = 0.22
-+ 13.5 16.73 + 0.67

In the general procedure, the duo-
denal loop from a 20-day-old chick
embryo was excised and the pancreas
was removed. It had previously been
shown that there was no detectable
CaBP in embryonic chick intestine;
CaBP first appeared on the day of
hatching (5). The duodenum was
halved and slit longitudinally. The two
segments were incubated in a 30-ml
tissue culture flask (Falcon Plastics)
at 37.5°C in 5 ml of fluid consisting
of McCoy’s 5A modified medium con-
taining 30 percent fetal calf serum
(Grand Island Biological Co., Grand
Island, N.Y.) and 100 units of nysta-
tin per milliliter. After 48 hours, the
segments were rinsed with 0.9 percent
saline, drained on tissue paper, and
weighed. They were then homogenized .
in 2 volumes of a tris buffer (0.0137M
tris, 0.12M NaCl, and 4.74 mM
KCl; pH 7.4), and the homogenates
were centrifuged at 38,000g for 20
minutes,

The supernatants were analyzed for
CaBP by radial immunodiffusion. In
this method, wuniform cylindrical res-
ervoirs (10 mm in diameter by 3.2
mm deep) in a Lucite plate were filled
with a buffered agar solution (1.5 per-
cent agar, 7.5 percent glycine, and
0.02 percent thimerosal in barbital
buffer, pH 8.6. After gelling, 10 ul of
a highly specific rabbit antiserum to
purified chick intestinal CaBP (3)
were allowed to diffuse into each agar
reservoir for at least 48 hours. Then a
sample well was cut in the center of
each agar reservoir, and 10 ul of the
sample solution were dispensed into it.
After a reaction period of from 24 to
48 hours, the presence of a visible
precipitin ring around the central well
confirmed the presence of CaBP. The
diameters of the precipitin rings were
measured microscopically. Plotting the
log of the diameter against the log of
the known concentration of purified
CaBP yielded a linear relation over a
range of 10 to 320 ng of CaBP. The
absolute sensitivity of the method
was 5 ng of CaBP; weaker reactions
were enhanced by soaking the plate
in a 0.0125 percent solution of
cadmium acetate.

The results of one of a series of typi-
cal experiments in which crystalline
vitamin D3 (6) (Mann Research Lab-
oratories, New York) was included
in the culture medium are shown in
Fig. 1. Tt is clear that vitamin D,
[400 international units (L.U.) of
vitamin D3 per milliliter of medium]
induced the formation of a substance
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immunologically identical to chick in-
testinal CaBP. The reaction shown
represents about 40 ng of CaBP or
about 12 ug of CaBP per gram of cul-
tured tissue. (By comparison, the chick
duodenum after hatching contains from
one to two times as much CaBP.) Fur-
ther tests showed that as little as 25
I.U. of vitamin D; per milliliter of
medium induced CaBP production (7),

but detectable levels of CaBP were not

usually seen prior to 48 hours incuba-
tion. That the substance producing the
precipitin reaction was indeed identical
to chick intestinal CaBP was verified
by an immunoelectrophoretic pro-
cedure (3). '

Two experimental procedures were
used to determine the possible mecha-
nism of CaBP synthesis in cultured em-
bryonic duodenum in response to vit-
amin Dg. In the first, the antibiotics
actinomycin D (4.0 X 10—%M), cy-
cloheximide (3.6 X 10—5M), and pur-
omycin (5.3 X 10—3M) were each
separately incorporated in culture me-

dium with or without added Dy (400

LU. per milliliter of medium). After
48 hours incubation, CaBP was pres-
ent only in duodena incubated in Dj-
containing medium without antibiotic.
The inhibition of vitamin Djz—induced

CaBP production by actinomycin D

suggested that vitamin D-induction of
CaBP is mediated through RNA syn-
thesis, in support of in vivo findings
(8). Inhibition of CaBP by cyclohexi-
mide and puromycin, which act at the
ribosomal level, was to be expected
from the actinomycin D effect. The
conclusion to be drawn from this ap-
proach was that CaBP may have been
produced in response to vitamin Ds—
induction of specific RNA synthesis in
this system.

A second approach utilized radio-
active amino acid labeling of CaBP
in vitro. In this method, embryonic
duodenum was incubated in medium
containing [3H]leucine, with or with-
out vitamin D3 (400 LU. per milli-
liter of medium). After 48 hours
incubation, supernatants were pre-
pared from the tissues and subjected to
acrylamide gel electrophoresis (3).
Advantage was taken of the fact that,
in this system, CaBP migrates con-
siderably faster than the other super-
natant proteins. The gels were then
assayed for radioactivity. The small
peak of 3H activity in the D4 gel cor-
responding to the hatched area (Fig. 2,
top) represents labeled CaBP. No such
peak was observed in the control gel
(Fig. 2, bottom).
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Fig. 1. Induction of CaBP in cultured em-
bryonic chick intestine by addition of
vitamin D: to the medium. The photo-
graph illustrates two agar reservoirs in
which antiserum to CaBP had been equil-
ibrated. After addition of supernatant
samples from intestines cultured in the
presence (D;s) or absence (control) of
vitamin D, in the medium (400 L.U. per
milliliter), a visible precipitin ring (ar-
row) formed against the D; sample only.

Direct radial immunoassay was used
to quantitate the exact amount of in-
duced CaBP applied to the gel in the
supernatant (378 ng), and the total
protein applied (370 pg) was deter-
mined by the Lowry method (9). The
specific activities could thus be calcu-
lated: for CaBP the value was 21 X
10¢ disintegrations per minute (dpm)
per milligram of protein and, for all the
rest of the proteins on the gel taken
together, was 0.4 X 108 dpm per milli-
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Fig. 2. Electrophoresis of supernatants
prepared from embryonic chick duode-
num cultured in the presence of [*H]leu-
cine. Duodenal tissue was incubated, as
usual, in the presence or absence of vita-
min Ds, in medium containing L-[4, 5-*H]-
leucine (9.4 pc/ml) (New England Nu-
clear). Supernatants of duodenal homog-
enates were then prepared. After approxi-
mately 1 ug of highly purified CaBP was
added as a marker, the supernatants were
subjected to electrophoresis on acrylamide
gel discs; the discs were stained for pro-
tein visualization and were then sliced,
dissolved, and counted (I5). The hatched
areas in the gel representations indicate
the loci of the added CaBP on the gels;
the solid circles, the percentage of the
total *H activity on the gel in the particu-
lar 1.5-mm slice. The CaBP marker
moved slightly faster in the control gel. -

gram of protein. Although the proteins
other than CaBP may not have been
uniformly labeled [in fact, other pro-
tein (or proteins) may have been as
highly labeled as CaBP whether or not
induced by vitamin Dy], this method
does suggest that CaBP was synthe-
sized de novo in response to D, in the
culture medium.

To determine if embryonic intestine,
in which CaBP had been induced by
vitamin Dy in vitro, was capable of
enhanced calcium uptake, duodenal
tissue was incubated in the presence
or absence of D; in the medium as be-
fore. The tissues were then incubated
in a buffer solution (10) containing
47Ca, and the total uptake was mea-
sured after 30 minutes. Table 1 shows
that the duodena' cultured in the pres-
ence of vitamin D; accumulated more
47Ca than did the controls. Subsequent
immunoassay revealed that CaBP was
present in these duodena (13.5 ug of
CaBP per gram of tissue) but not in
the control duodena. Thus, two fea-
tures of the in vivo vitamin D-stim-
ulated intestine were duplicated in vi-
tro: (i) CaBP induction and (ii) en-
hancement of calcium uptake.

The specificity of the induction of
CaBP was tested by inclusion of dif-
ferent steroids in the culture medium at
2.6 X 10—3M. Of the series tested,
dihydrotachysterol-2 (Mann Research
Laboratories), a vitamin D, derivative,
was almost as potent on a molar basis
as vitamin Dj itself. 25-Hydroxychole-
calciferol (HCC), a derivative of vita-
min Dy first isolated from pigs (11),
was two to three times more potent
than Dj;. Cholesterol, 7-dehydrocholes-
terol, ergosterol, hydrocortisone, es-
tradiol, and testosterone were ineffec-
tive. Although this list was not ex-
haustive, only steroids known to be
biologically active in vivo were found
to be effective in vitro.

In recent months it has been re-
peatedly suggested that vitamin D,,
prior to exerting its biological effect
(12), may need to be metabolized in
the liver to another form, 25-hydroxy-
cholecalciferol. It was further suggested
that the liver is the major if not the
only site of HCC production. Liver hy-
droxylation was clearly not involved in
the in vitro action of vitamin Dj re-
ported here. In fact, vitamin D itself
seemed to be able to initiate its known
biological actions (6), namely, induc-
tion of CaBP and enhancement of
calcium uptake by the intestine. How-
ever, the possibility of metabolism of
vitamin Dy to HCC in this culture
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system was investigated. Radioactive
[4-14C]vitamin D; (N. V. Philips-
Duphar, Amsterdam) was incorporated
in the culture medium (80 LU. of
cold Dy and 320 1.U. of [14C]D,, 0.4
uc/ml) and incubation was carried out
" as before. After 48 hours the entire

contents of each flask were homoge- .

nized and a total lipid extraction per-
formed (13). The lipid extract was con-
centrated by evaporation under a stream
of N, and an aliquot was applied
to a thin-layer plate (Eastman Chroma-
gram), along with D; and HCC stan-
dards, and developed with 25 percent
acetone in n-hexane. This system was
capable of resolving Dg (Rp = 0.53)
and HCC (Rp=0.37) cleanly. The
chromatogram was cut into sections
that were counted in a liquid scintilla-
_tion counter. Approximately 2 percent
of the total radioactivity remained at
the origin, 95 percent migrated in the
D; section, and the remainder was
distributed uniformly from just after
the origin through the HCC section at
about 1 percent per section. Essentially
similar results were obtained with ex-
tracts of the medium containing [14C]-
vitamin Dy incubated with no tissue
present. Thus, in this organ culture sys-
tem, there appears to have been little or
no conversion of vitamin D3 to HCC
during manifestation of vitamin Dy ac-
tion with the possible exception that
further conversion of the HCC to some
other form, which the chromatographic
system was incapable of resolving (14),
may have occurred. On the basis of
these studies, it would seem necessary
to consider the possibility that, at
least, the vitamin D-responsive system
in the intestinal mucosa exhibits a rela-
tive, rather than an absolute, specificity
toward vitamin D-related sterols.

It is clear that the in vitro organ
culture system described represents a
unique opportunity to facilitate inves-
tigation of many aspects of the mecha-
nism of action of vitamin D, on intes-
tinal calcium transport.

R. A. CoRRADINO
R. H. WASSERMAN
Department of Physical Biology,
New York State Veterinary College,
Cornell University, Ithaca 14850
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Destruction of Mammalian Motor Nerve Terminals by

Black Widow Spider Venom

Abstract. Black widow spider venom selectively poisons motor nerve endings.
A progressive and irreversible failure of neuromuscular transmission occurs in
the cat. Electron microscopy of the poisoned nerve-muscle junction shows a
sequence of motor nerve ending damage that culminates in disruption of the pre-
junctional membrane and loss of all organelles, including synaptic vesicles. The
postjunctional membrane was morphologically unaffected. After complete poison-
ing, the contractile response to exogenous acetylcholine was severely impaired, an
indication that the prejunctional site is chiefly involved in the contractile response
produced by exogenous acetylcholine and that the pre- and postjunctional effects

of acetylcholine were separated.

The venom of the black widow spi-
der (Latrodectus mactans tredecimgut-
tatus) destroys amphibian motor nerve
endings in what appears to be a highly
specific action (I, 2). After application
of the venom to the frog nerve-muscle
preparation in vitro, there was an enor-
mous increase in the frequency of
miniature end-plate potentials (MEPP),
after which MEPP frequency declined
to low levels. This increase and later
decay were interpreted as reflecting a
complete discharge of the transmitter
stores (). Neuromuscular transmission
disappeared at a time when the MEPP
frequency had reached a peak and
nerve ending depolarization had oc-
curred. Frog neuromuscular junctions
that had been exposed to the spider
venom were examined by electron mi-
croscopy (2) and showed a total ab-
sence of synaptic vesicles and other
organelles; the terminal expansions were
evacuated. There could be little doubt
that these morphological changes were
the cause of the venom-induced, com-

plete and irreversible failure of neuro-
muscular transmission.

These findings raise the question of
whether the spider venom would have
a similar selective action on mammalian
(cat) motor nerve endings. If there is
selective destruction by the venom, then
it should be possible to ascertain indi-
rectly the role of the motor nerve end-
ings in the contractile response that is
evoked by the intra-arterial injection
of acetylcholine (ACh) in innervated
muscle in vivo. We had earlier found
that intra-arterial ACh depolarizes the
motor nerve endings and that the in
vivo contractile response of the inner-
vated muscle to ACh is largely a result
of this action (3-5).

To establish the efféct of the venom
on neuromuscular transmission, the
simple in situ nerve-muscle preparation
of the cat was used '(3). The cat was
anesthetized with chloralose (80 mg/kg
intravenously); the sciatic nerve was
sectioned. The soleus nerve and muscle
were exposed, and the leg was fixed in
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