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converted to some compounds® that can be
utilized for the acetylation of choline or be-
cause of energy liberated during the metabol-
ism of fumarate, citrate, and succinate.

9 Evans, E. A., Jr., Harvey Lectures, 1944, 39,
273.
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Summary. 1. The synthesis of acetylcholine
in vitro in the presence of sodium malonate,
succinate, citrate, and fumarate was investi-
gated. 2. Malonate decreased the synthesis
of acetylcholine in the concentrations used,
while citrate, succinate, and fumarate in-
creased it.
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Effect of Vitamin K (Menadione) on Choline Esterase Activity, Acetyl-
choline Synthesis, and Striated Muscle.*

CLARA TorpA AND HArROLD G. WOLFF.

From the New York Hospital and the Departments of Medicine (Newrology) and Psychiatry,
Cornell University Medical College, New York City.

Under physiological conditions menadione
(2-methyl-1,4-naphthoquinone) has the abil-
ity to react with substances containing the
—-SH group.!*® Therefore the activity of
some enzymes having an active ~-SH group
may be modified by menadione. Since choline
esterase! and the enzyme that synthesizes
acetylcholine® probably contain an active ~-SH
group, a study was made to ascertain whether
or not menadione modifies the activity of these
enzymes.®

Experimental. 1. Effect of menadione on
the Synthesis of Acetylcholine. The synthesis
of acetylcholine was studied by the method of
Quastel, Tennenbaum, and Wheatley? with
minor modifications.® Varying amounts of
menadione were added to mixtures containing

* This study was aided by a grant from the
Josiah Macy, Jr., Foundation.

1Voegtlin, C., Rosenthal, S. M., and Johnson,
J. M., U. 8. Public Health Reports, 1931, 46, 339.

2 Fieser, L. F., Ann. Int. Med., 1941, 13, 648.

3 Summerson, W. H., Fed. Proc., 1943, 2, 72,

4+ Nachmansohn, D., and Lederer, E., Bull. Soc.
Chem. Biol., 1939, 21, 797.

5 Nachmansohn, D., and Machado, A. L., J.
Ncurophysiol., 1943, 6, 397.

6 Torda, C., and Wolff, H. G., Fed. Proc., 1944,
3, 86.

7 Quastel, J. H., Tennenbaum, M., and Wheatley,
A. H. M,, Bioch. J., 1936, 80, 1668.

8 Torda, C., and Wolff, H. G., J. Clin. Invest.,
1944, 23, 649,

100 mg minced fresh frog brain, 3 cc Ringer’s
solution, 3 mg physostigmine salicylate and 4.8
mg glucose. The pH of the mixtures was ad-
justed to 7.4. Identical mixtures without
menadione served as controls. The mixtures
were shaken and incubated aerobically for 4
hours. After incubation the amounts of free
and total acetylcholine synthesized were
assayed biologically on the sensitized rectus
abdominis muscle of the frog.

Menadione depressed the synthesis of
acetylcholine and the decrease was more
marked in the presence of larger concentra-
tions of the vitamin (see Table I).

In another series of experiments the amount
of substrate was increased by adding 1 cc of
spinal fluid to the mixtures before incubation.
In such mixtures more acetylcholine is syn-
thesized.® In the presence of menadione the
synthesis of acetylcholine was decreased; the
percentage decrease being similar to that found
in the absence of spinal fluid (Table I).

Methylene blue and menadione have similar
effects on oxidative processes. Therefore the
effect of methylene blue on the synthesis of
acetylcholine was investigated. In the pres-
ence of 1x10°% mol. methylene blue the syn-
thesis of acetylcholine was 20% less (average
of 6 series of experiments). Since methylene
blue greatly increased the sensitivity of the

9 Torda, C., and Wolff, H. G., Science, 1944,
100, 200.
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TABLE 1.
Effect of Menadione on the Synthesis of Acetylcholine in vitro.

Amounts of acetylcholine synthesized in ug per 100 mg frog brain

—

Free acetyleholine
In the presence of frog brain and

Concentration of

Total acetylcholine
In the presence of frog brain and

menadione — — e A
(mols) Ringer’s solution*  Spinal fluidt Ringer’s solution* Spinal fluidt
0 0.070 + 0.023 1.57 = 0.048 1.50 + 0.044 2.36 + 0.052
Amounts of acetylcholine synthesized in percent of these controls.}
0 100 100 100 100
2 % 10-6 86 83 83 84
2 % 10-5 67 76 75 76
2 % 10— 61 61 70 63
2 X 10-3 30 23 26 20

* Mixtures incubated at 23°C.
t Mixtures incubated at 37°C.

}{ Each value represents the average of 5 separate experiments.

each value was less than +35%,.

eserinized rectus abdominis muscle to acetyl-
choline, the amounts of acetylcholine synthe-
sized in the presence of larger concentrations
of methylene blue are difficult to evaluate.

II. Effect of Menadigne on the Activity of
Choline  Esterase (manometric method).
Human serum or ox brains were used as a
source of choline esterase. The brains were
frozen and finely ground.® The tissue was
pressed through muslin and suspended in
bicarbonated Ringer’s solution at pH 7.4. Two
cc of the suspension of brain and menadione
(from O to 0.774 mg) were placed in the body
of the vessel of the Warburg apparatus and
0.2 cc of a 5% solution of acetylcholine
in Ringer’s solution was placed in the
side cup. In another series of experiments
instead of the suspension of brain 0.3
cc serum and 1.7 cc Ringer’s solution were
used. Mixtures without menadione and mix-
tures without menadione but containing
physostigmine salicylate in various concen-
trations served as controls. The activity of
the choline esterase was then ascertained
manometrically by measuring the amount of
CO. liberated during the hydrolysis of acetyl-
choline following the method of Ammon.1t

Menadione did not modify the activity of
choline esterase in concentrations from 1x10-7
to 1x10-% mol., but in concentrations of 2x10-3
mol. the activity of choline esterase was de-

10 Bernheim, F., and Bernheim, M. L. C., J.
Pharm. Ezp. Therap., 1936, 57, 427.
11 Ammon, R., Pfliiger’s Arch., 1933-34, 233, 486.

The S.E. of the mean for

pressed by 70% regardless of the origin of
the enzyme (serum or brain). Under similar
conditions a 5x10°" mol. physostigmine sali-
cylate solution caused a 70% inhibition (aver-
age of 20 series of experiments).

In the following it was ascertained whether
or not menadione modifies the effect of acetyl-
choline and other chemical stimuli, such as
potassium, in inducing muscle contraction.

II1. Menadione and the Effect of Acetyl-
ckoline in Inducing Muscle Contraction. The
rectus abdominis muscle of frog was excised
and suspended in a muscle chamber contain-
ing 10 cc Ringer’s solution. The muscle was
then immersed in a solution of acetylcholine
(50 pg per 100 cc Ringer’s solution) for 2
minutes and the amount of contraction of the
muscle was registered by an isotonic lever on
a kymograph. The muscle was then washed
with Ringer’s solution for 10 minutes. This
procedure was repeated until 3 successive ex-
posures to the solution of acetylcholine gave
similar responses. After this stabilization of
the muscle was obtained, the muscle was
washed for 5 minutes and immersed for 5 min-
utes in a series of Ringer’s solutions contain-
ing menadione in increasing concentrations
(1x107 to 2x10= mol.).

The results are given in Table II. Mena-
dione in concentrations from 1x107 to 1x1073
mol. did not modify the effect of acetylcholine
on the muscle. In concentrations of 2x103
mol. the effect of acetylcholine was increased
(average 60%).

Methylene blue, a potent inhibitor of cho-
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TABLE II .
Effect of Menadione and Methylene Blue on the Contraction of Striated Muscle Induced by

Acetylcholine and Potassium.

Magnitude of contraction in percent of control.* Contraction

induced with

Acetylcholine Potassium

Concentration — N - -~
of the drugs In muscles immersed in In muscles immersed in

in mols Menadione Methylene blue Menadione Methylene blue

0 100 100 100 100

1 % 10-7 111 121 122 119

1 10-6 104 213 182 157

1% 10 102 381 202 381

1104 108 295

1 10-8 99 464

2% 10-8 162 470

* Each value represents the average of 10 separate experiments.

each value was less than +59%,.

line esterase,'13 increased the effect of acetyl-
choline on the rectus abdominis muscle in
concentrations from 1x10~ mol. (Table II).

IV. Menadione and the Effect of Potassium
in Inducing Muscle Contraction, The rectus
abdominis muscle of frog was prepared and
contracted as described above except that a
20mM solution of potassium chloride was used
instead of acetylcholine to induce a contrac-
tion of the muscle. The height of contraction
induced by potassium cannot be compared to
that induced by acetylcholine since these sub-
stances cause different physicochemical
changes in the muscle cells.!*15 The results
given in Table II show that menadione sig-
nificantly increased the magnitude of contrac-
tion induced by potassium. It is difficult to
reverse the effect of menadione. Menadione
and methylene blue similarly modify the effect
of potassium (Table IT).

V. Effect of High Concentrations of Mena-
dione on Striated Muscle. 2.5x107 mol. solu-
tion of menadione initiated a muscle contrac-
tion in 3 minutes without an addition of any
other agent. This concentration approxi-
mates a saturated solution of this substance.
A similar contraction was induced by a

12 Rentz, E., Arch. Exp. Path. Pharm., 1940,
196, 148.

13 Bernheim, F., The Interaction of Drugs and
Cell Catalysts, 1942, Burgess Publ. Co., Minne-
apolis, Minn,

14 Gasser, H. 8., Physiol. Rev., 1930, 10, 35.

15 Henny, G. C., Ashkenaz, E. W., and Spiegel-
Adolf, M., Fed. Proc., 1944, 8, 58.

The S.E. of the mean for

2.5x103 mol. methylene blue solution.

Discussion. The effects of menadione may
be related to its ability to react with sub-
stances containing the -SH group;'23 its
ability to inhibit the aerobic glycolysis;3-16:17.18
and to its positive oxidation-reduction poten-
tial 26 This assumption is based on a com-
parison of the effect of menadione with that of
methylene blue.

The above results suggest that menadione
may depress the activity of organs stimulated
by acetylcholine since the synthesis of acetyl-
choline is depressed by low concentrations of
this vitamin. This effect is probably not
counteracted by the depression of the activity
of choline esterase since the concentrations of
menadione required for the latter are much
higher. The sensitivity of the effector cells to
some chemical stimuli may be increased by
menadione, for example, the effect of potas-
sium on striated muscle is increased several
times. It is likely that menadione cannot
occur in the striated muscle of the living body
in concentrations high enough to induce con-
tractions.

Summary. 1. The effect of menadione in
concentrations from 1x107 to 2.5x10-® mol.
on the synthesis of acetylcholine, on the
activity of choline esterase, and on the effect
of some chemical agents in inducing muscle

16 Warren, C. O., Am. J. Physiol., 1943, 189, 719.

17 Fosdick, L. S., Hancher, O. E,, and Calandra,
J. C., Science, 1942, 96, 45.

18 Armstrong, W. D., and Knutson, J. W., Proc.
Soc. Exp. BioL. aAxp MED., 1943, 52, 307.
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contraction was investigated. 2. In the pres-
ence of menadione the synthesis of acetyl-
choline is decreased. 3. The activity of
choline esterase was not modified by concen-
trations of menadione up to 1x10 mol. and
was decreased by higher concentrations {man-
ometric method and striated muscle). 4. Men-
adione increased the effect of potassium in
inducing muscle contraction. 5. In high con-
centrations (2.5x10° mol.) it induced a con-
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traction of the striated muscle. 6. The effect
of methylene blue is similar to that of mena-
dione except that methylene blue is a potent
inhibitor of the choline esterase. 7. The mech-
anisms of the effects of menadione are dis-
cussed in relation to its ability to react with
-SH groups, to its positive oxidation-reduction
potential, and to its action on the aerobic
glycolysis.
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Relation of Route of Administration to Toxicity of d/-Serine.*
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CamiirLo ArToM AND WiLLiaM H. FisumaN. (Introduced by Arthur Grollman.)

From the Department of Biochemistry, Bowman Gray School of Medicine, Wake Forest College,
Winston-Salem, N.C.

In a previous report,! we have described
an injurious action of di-serine when adminis-
tered by stomach tube. In male rats on an
experimental diet, this procedure resulted in
severe clinical disturbances (anorexia, loss in
weight, albuminuria), demonstrable patho-
logical lesions in the kidney, and a high mor-
tality. It was thought that a comparison of
the effects of administering the amino acid by
routes other than by stomach tube might
throw some light on the mechanism of the
toxic action of dl-serine.

Experimental. Male albino rats (Rock-
land) weighing 95-105 g were transferred from
the stock diet to an experimental diet (Diet 4),
containing “Labco” vitamin-free casein 10
parts, dextrin 37, sucrose 37, Crisco 5, cod
liver oil 5, “Ruffex” 2, salt mixture (Osborne
and Mendel) 4.t Water was supplied ad
libitum. After 7 days had elapsed, the daily
administration of dl-serine by stomach tube,

* This work was aided by a grant from the
John and Mary R. Markle Foundation. A prelim-
inary report appeared in Federation Proceedings,
March, 1944, 8, 10.

1 Fishman, W. H., and Artom, C,, J. Biol. Chem.,
1942, 145, 345,

t This diet is identical to diet 1,1 except that
the small amounts of vitamin B complex were
omitted.

by intraperitoneal injection, or by admixture
in the diet was initiated and continued for 14
days. The animals were maintained after-
wards for an additional week on the experi-
mental diet. A control group of rats received
water by stomach tube for the same length of
time. Body weight was recorded 3 times a
week and food consumption daily.

Results. Mortality is recorded in Table I
and composite curves of the changes in body
weight are presented in Fig. 1. Where fatali-
ties occurred, two separate curves are shown,
one for the animals dying (Curves IIA and
IIIA) and one for those surviving (Curves IIB
and IIIB). The data on food consumption
have been omitted for the sake of brevity but
the values paralleled the changes in body
weight.

Control animals receiving water only by
stomach tube (Group I) showed no visible ill-
effects and they all survived. Thus, even in
animals on a deficient diet, prolonged stomach
tubing is not harmful. Both the slow growth
and the failure to gain weight during the 4th
week may be ascribed to the low protein con-
tent of the diet, as well as to the probable
development of a B-vitamin deficiency,

In conformity with our previous results, in
Group II (receiving serine by stomach tube),
a sudden loss in weight and serious disturb-





