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not coagulated by thrombin, but which are
precipitated by TCA. The enzyme is much
less active for fibrin and casein. The former
is lysed to give a product only about 20% of
which is soluble in TCA. The product from
casein, which is not coagulated by rennin, is
also largely precipitated by TCA, although
soluble to the extent of about 20%.
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One of the perplexing aspects of the action
of narcotic agents on nerve has been noted
by Laget et al.(1). by Bishop(2), and by
Brink(3). This is the fact that while the
lower alcohols of the paraffin series depolarize
nerve before a conduction block ensues, the
higher alcohols and many other narcotic agents
block conduction before there is any detecta-
ble depolarization. Indeed, there seems to be
a slight increase in the membrane polarization
associated with the action of the higher al-
cohols and with cocaine. In order to investi-
gate this problem in more detail, we have
measured the depolarization produced by a
variety of organic reagents, and we have
attempted to explain the results obtained in
terms of a model.

Methods. In most experiments, bullfrog
(R. catesbiana) sciatic nerves were used, al-
though a few measurements were made on
R. pipiens nerves. The general arrangement
of the chamber for mounting nerves was simi-
lar to that used by Lorente(4). In most
cases, the depolarization produced by 0.11 M

* Aided by a grant from the National Institute for
Neurological Diseases and Blindness, Bethesda, Md.

KCl at one region along the nerve was com-
pared with the depolarization produced by an
experimental solution at another region along
the nerve. Such measurements permitted the
calculation of a depolarization rate relative to
the rate of KCl depolarization as a standard.
Measurements were made with a recording
potentiometer so arranged as to record the
potential between the KCI-Ringer segment
and between the narcotic agent-Ringer seg-
ment at 16 sec. intervals. The sensitivity
of this instrument with the nerve in the ex-
ternal circuit was about 0.1 mV, and the cur-
rent drawn at balance, 10 amperes. The
usual technic for measurement was to mount
a nerve, previously dissected and kept in
Ringer solution for 2 hours, in the chamber
with Ringer in all electrodes. This was a
check for any initial depolarization. Next,
KCl, 0.11 M was added to electrode 1. Ringer
to electrode 2, and test agent dissolved in
Ringer to electrode 3. Recording was ini-
tiated, and continued usually for several
hours after which all electrodes were changed
to Ringer, and recording was continued to
follow the course of repolarization. Through-
out the course of the experiments, 95% O,-
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ETHER

MV

20 60 100 140 MIN,

FIG. 1. Depolarization produced by ethyl ether at
various thermodynamic activities plotted against
time. Dotted line gives time course of KCl de-
polarization, measured on another segment of same
nerve. At 160 min. solutions were changed to
Ringer, and repolarization commenced.

5% CO, was allowed to flow slowly through
the chamber. The ambient temperature was
20 = 1°C, and the composition of the Ringer
solution: NaCl 116 mM, KCl 2 mM, CaCl,
1.8 mM.

MV N-HEPTANOL

20 60 100 140 MIN.

FIG. 2. Depolarization produced by n-heptanol at
various thermodynamic activities plotted against
time. Dotted line gives time course of KCl de-
polarization measured on another segment of same
nerve. At 160 min. solutions were changed to
Ringer, and repolarization commenced.

Results. A series of experiments was un-
dertaken to determine the time course of de-
polarization produced by various organic sub-
stances, v#z. diethyl ether, dichloromethane,
chloroform, acetone, dioxane, n-pentane, and
n-heptanol, as compared with KCl. Fig. 1
and 2 show some records for the depolarization
produced by ether and by n-heptanol respec-
tively at various concentrations. Table I
gives a summary of the values obtained for
other substances. The thermo-dynamic activ-
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ity coefficients (yH 0), for sparingly water
2!

soluble substances were computed by assum-
ing a linear relationship between activity and
saturation of an aqueous solution. Because
the activities employed were generally high
(greater than 0.5), this approximation is felt
to involve no great error. For acetone, the
activity at the various concentrations used
was computed from vapor pressure-composi-
tion data as given in International Critical
Tables. For dioxane, activity figures were
approximated from freezing point depression
data (Mellan(5)).

It appears clear that with the exception of
n-pentane, which does not depolarize nerve,
of chloroform which only rarely can produce
a slight depolarization and n-heptanol which
depolarizes at rather low values for the ther-
modynamic activity, all other substances
tested depolarize nerve appreciably only at
concentrations representing a thermodynamic
activity greater than 0.5, This figure is to be
compared with the thermodynamic activity
for nerve block, Ap, = 0.05. Several feat-
ures of the time course of depolarization are
worth comment. The rate of depolarization
by a saturated aqueous solution of ether is
about 5 times faster than that produced by
isosmotic KCl. Furthermore, the depolariza-
tion produced by ether is not maintained, but
declines gradually to about half its maximum

D 0
© Nerve in Ether
© Netve in Ringer .
[\X 13 A=253mp 408
0.6 . 8 0.6
-
/I
st ’ 104
/
[} 33 q0.2
00—t 4 K1—oo
220 240 260 "y Lo 20 24. Hn.

FIG. 3. On left is plotted optical density vs. wave-
length for difference between a sol. containing 1.0
M ether in Ringer, plus a frog sciatic nerve, as
compared with a Ringer sol. containing a frog
nerve, Curves were obtained after onme hour’s im-
mersion of nerve. Volume in both cases was 5 ml,
and ether added to control Ringer sol. before
measurement. On right, optical density plotted at
255 my vs. time a 1 M ether sol. was in contact
with nerve; curve is relative to a control nerve in
Ringer.
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TABLE I. Depolarization of Frog Nerve by Various Substances.

Initial rate of de-

—Concentration— polarization, mV/min. Ratio:
Substance M/L A Narcotic KC! Narcotie/KCl
Ethyl ether 1.0 Lo 2.5 3 5
1.0 1.0 2.0 4 b
1.0 1.0 2.0 4 3
1.0 1.0 2.3 ) b
8 R T 4 .
) g5 Kl K —_
i) 3 02 4 —
) ] Nin 4 —_
Dichloromethane 24 1.0 K 4 2
24 1.0 .8 4 2
24 1.0 7 4 2
19 K] .0 3 —
1,4 Dioxane 2.5 3 .02 ] —
2.5 3 .05 3 1
3.0 4 a3 4 3
1.3 2 0 3 —
Acetone 5.2 4 RY 4 2
3.0 3 k) 4 1
1.6 BE AN 1 —
n-Pentune 0035 1.0 .0 4 —_
05 1.0 0 4 —_
Chloroform NIRE? 1.0 0 ) —_—
n-Heptanel 007 1.0 1.0 K 2.5
1.0 1.0 7 1.4
1.0 1.0 4 2.5
1.0 1.1 4 2.6
1.0 9 .7 1.3
63 8 3 1.6
3 .6 4 1.5
15 .6 4 1.5
Bt ( D _—
05 .0 4 —

value. Recovery from such depolarization
is seldom complete, and after 2 hours there is
a permanent depolarization about 5 m\" below
the initial level of the membrane potential.
There is a rough equivalence between the
initial rate of depolarization and the maximum
value of the demarcation potential. The for-
mer measurement has been taken by us as be-
ing a more reproducible index of the action
of substances in producing depolarization.

We have made some measurements in which
a nerve was immersed in ether-saturated
Ringer solution for some time, and a control
paired nerve was kept in Ringer alone for the
same period. The solutions were then placed
in quartz cuvettes, and the ultraviolet absorp-
tion curve of each determined, using ether-
saturated Ringer as a blank in one case, and
Ringer in the other. The results of such ex-

periments are shown in Fig. 3 and in Table II.
In all cases where there was depolarization
produced by an organic substance, there was
in increased release of substances absorbing
light at 255 mu. An observation such as this
can be related to the report that frog muscle
loses a great deal of nitrogenous material when
it is first immersed in Ringer solution(6), and
that this loss is decreased by raising the ex-
ternal K* concentration and increased by
anoxia. Since nerves depolarized in KCl do
not show this increased release of material
absorbing at 255 mp, one may conclude that
there is more than just a quantitative differ-
ence between the depolarization produced by
narcotic agents and by KCl.

Discussion. The interpretation of the
experimental results obtained presents two
different problems. In the first, some explana-
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TABLE II. Effect of Organic Substances on Loss
“of Material from Nerve,

% transmission
at 255 my. Nar-

Time of cotic minus
treatment Ringer nerve
Substance of nerve, hr Cone., M/L sol.
KCl 18.5 a1 5
Pentane 18.0 005 1.3
Dioxane 18.0 3.0 28.2
Ether 1.0 1.0 50.0
Acetone 17.0 5.2 35.8
Acetone 17.0 3.0 32.5

tion must be found for the fact that ether at
0.75 M gives either a slight depolarization
or none at all while at 1.0 M, it gives a de-
polarization many times faster than that of
KCl. Such an observation is in marked con-
trast with studies on the kinetics of chemical
reactions where inhibition or acceleration of
the rate by various reagents takes place over
a range of concentration of 2 log units. The
second problem is to explain the markedly
different concentrations (or activities) neces-
sary for depolarization by the alcohols, as
contrasted with less polar organic molecules.
An explanation of the first point, namely the
narrow range of concentration of aqueous
solutions of ether that produce depolarization
must lie in some physical change in such a
solution as the concentration of ether is
changed from 0.8 to 1.0 M. Such a change,
taking place mainly in this concentration
range, is the variation of the surface tension
of the solution. Ether is not a particularly
surface active substance, and low concentra-
tions of ether in water have practically no
effect on the surface tension of the solution.
Dichloromethane has less, and chloroform
even less surface activity; indeed a saturated
aqueous solution of chloroform has a surface
tension only 13 dynes/cm less than that of
pure water. Pentane is completely without
surface activity, while both dioxane and ace-
tone are appreciably surface active only at
very high ‘aqueous concentrations. Fig. 4
summarizes our measurements and correlates
them with the surface tension depression pro-
duced by the various organic reagents. If the
depolarization produced by these substances
were somehow related to the amount of each
substance partitioned to the cell membrane,
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we should expect(3) that they would all act
at some constant value of thermodynamic
activity. Actually, at an activity of 1.0,
ether depolarizes rapidly and chloroform not
at all. The alcohols, by contrast with these
other agents, are surface active even at low
concentrations and the interpretation of the
depolarization produced by the alcohols will
be more complex.

The application of the notion of thermo-
dynamic activities (Apar) in narcosis(7,8) has
been very helpful in explaining the aqueous
concentrations required for nerve block(3);
the determination of the activities for the al-
cohols in aqueous solutions is based on the
data of Butler(9,10) who, however, has shown
that the first 3 n-alcohols exhibit greater de-
viations from ideality when dissolved in ben-
zene, than when dissolved in water. This is
also true in heptane(11). Since a constant
thermodynamic activity for nerve block im-
plies an ideality of behavior of the narcotic
agent in the non-aqueous system to which it
is supposed to be partitioned, it is apparent
that one can expect anomalous behavior from
the alcohols, in that higher aqueous activities
will be required to produce a given mole frac-
tion in the non-aqueous phase. Heptanol,
which we have studied, behaves ideally enough

Rate of o Ether
Depolarization o CH, Cly
® Acetone
 Dioxene
4 Ghloroform
5 -45
i asT [
41 ~401+
3 ~351
2 -30}
I+ -25)
0o . a
001 ol !

Moles per Liter

FIG. 4. Rate of depolarization, relative to KCl,
plotted against aqueous concentration in moles/
liter of various organic substances. Lines repre-
sent various thermodynamic activities for a par-
ticular solute, and are intended to show that a
certain concentration is required to produce de-
polarization at any given activity. Superimposed
ordinate AS.T.HZO is the depression of surface ten-

sion of water in dynes/ecm that a solution of
given substance causes, at concentration shown on
abscissa.
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so that conduction is blocked at An,, = 0.07
while depolarization starts at Agep = 0.2-.3.
The lower alcohols behave less ideally in ben-
zene, and more ideally in water. For n-pro-
panol, the activity coefficients in both benzene
and water are the same, 15, while at the
interface benzene:water it is probable that
the CzHgi-part of propanol has unit activity
coefficient, as does the —OH part of the mole-
cule in water. Such a notion finds confirma-
tion in a study(12) showing that alcohols
from Ce-Ci2 at equal concentrations show
equal interfacial tension reductions at the
benzene:water interface. The Traube rule
does not hold for this interface, suggesting,
indeed, that there is a constancy of activity
coefficient from one alcohol to another. We
might, therefore, expect that the alcohols will

0.03
\ X dep

001

ISR

0.003

\
H,0
\\X nar
1l 1 Al 1 1 1
‘ 2 3 s 5 6 7 )

0.001

No. C Atoms

FIG. 5. Dotted line X‘:ff represents aqueous con-

centrations (as mole fraction) necessary for nar-

cosis of frog sciatic nerve with various n-aleohols

shown as abscissae. Dotted line XC%Y¢ represents
nar

computed mole fractions in benzene that give nar-
cosis. Data are from Laget et al.(loc. cit.). Solid
line X,,, represents assumed mole fraction required
for narcosis. Initial value is 0.003 and is constant
through n-butanol. This places the points for meth-
anol and ethanol below the necessary mole fraction
for narcosis. Line X,., represents mole fraction
necessary for depolarization of a certain degree.
The point for methanol (open cireles indicate
aqueous mole fractions, solid circles benzene mole
fractions) and the point for heptanol are experi-
mentally determined. We are unable to compare
the methanol with heptanol depolarizations directly,
but curve is drawn parallel to abscissa on the as-
sumption that tendency to accumulate at
aqueous:non-aqueous interface is a constant for
all aleohols. Other X,., curves could be drawn,
parallel and below the 0.03 mole fraction curve,
these would represent lesser degrees of depolariza-
tion.
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show equal degrees of depolarization at equal
aqueous concentrations, while narcosis will
demand equal thermodynamic activity of the
narcotizing molecules (as a first approxima-
tion). Just how these various factors are
related, is illustrated by Fig. 5, where we have
combined the data of Laget(1) on depolariza-
tion and narcosis of frog sciatic nerve, with
our own for the depolarization produced by
heptanol. The line X,., represents the con-
stant aqueous mole fraction necessary for a
depolarization of about 2 mV, the line X*:0

represents the aqueous mole fraction of the
alcohols necessary for narcosis (conduction
block). The curve XCs!s js the computed

mole fraction of alcohol in benzene for each
aqueous mole fraction. The line X,,, repre-
sents the assumed threshold mole fraction re-
quired for narcosis and is drawn constant to
butanol, and then rises. Methanol and ethanol
have non-aqueous mole fractions below those
necessary for narcosis but both alcohols have
aqueous mole fractions well above the non-
aqueous.

The data of Wilbrandt(14) on the effects
of the dialkylamines on nerve depolarization
suggest that surface activity of a compound is
a factor of importance since dimethyl amine
is without surface activity and does not de-
polarize while diamyl amine is both surface
active and is equivalent to K* in depolarizing
power. Agents which are highly surface active
such as the salts of fatty acids also depolarize
(13) and unmyelinated fibers appear to be
more easily affected than do myelinated fibers.
The data in the literature, and our present
observations are not inconsistent with the
view that the depolarization of nerve fibers
can be produced in three, experimentally dis-
tinct, ways: (a) by anoxia, or metabolic
poisons which, by interfering with sodium
pumping, produce a slow depolarization; (b)
KCl, by abolishing the K* gradient across the
membrane; (c) by surface active agents which
act, presumably, by disorganizing the mem-
brane.

Summary. Depolarization produced by a
variety of organic reagents acting on frog
sciatic nerve has been measured. With the
alcohols, the fact that the lower alcohols de-
polarize before blocking nerve, whereas higher
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alcohols block conduction before depolarizing,
is referable to tHe..abnormally high act1v1ty
coefficients of methanol and ethanol in non-
aqueous solvents, and hence to the high
aqueous mole fractions necessary for narcosis.
While the alcohols depolarize at aqueous ac-
tivities of about 0.15-0.30, other organic sub-
stances, of a relatively non-polar nature, de-
polarize only at activities of about 0.8. Such
substances show a surface tension depression
similar to that of the alcohols at these elevated
thermodynamic activities. The distinction is
made between narcosis, which requires a given
mole fraction of a substance in the non-
aqueous phase of the fiber, and depolarization
which requires a given depression of the inter-
facial tension.

1. Laget, P., Posternak, J. M, and Mangold, R.,
Méchanisme de la Narcose, CNRS, Paris, 1951.

2. Bishop, G. H., J. Cell. Comp. Physiol., 1932, v1,
177.

149

3. Brink, F,, Nerve Impulse, Macy Foundation,
New- Vork, 1951.

4. diorente de No, R Studzes frOm the Rockefelley
Institute for Medical Reséarch 131, 1947. '

5. Mellan, I, Industrial Solvents, Reinhold, New
York, 1950.

6. Fenn, W. O, J. Cell Comyp. Physiol., 1935, v6,
469.

7. Ferguson, J., Proc. Roy. Soc., 1939, vB127, 387.

8. , Méchanisme de la Narcose, CNRS, Paris,
1951,

9. Butler, J. A. V., and Harrower, P., Trans. Fara-
day Soc., 1937, v33, 171.

10. Butler, J. A. V., ibid., 1937, v33, 229.

11. Smyth, C. P., and Engel, E. W., J. Am. Chem.
Soc., 1929, v51, 2646.

12. Hutchinson, E., J. Coll. Sci., 1948, v3, 219.

13. Hober, R, Compt. Rend. Lab. Carlsberg, 1937,
v22, 205.

14, Wilbrandt, W., J. Gen. Physiol., 1937, v20, §19.

Received November 16, 1953. P.S.E.B.M., 1954, v85.

Influence of Protein Intake on Magnesium Requirement during Protein

Synthesis.*

WALTER MENAKER.

(20813)

(Introduced by Menard M. Gertler.)

From the Department of Pathology, Columbia University College of Physicians and Surgeons,
and the Francis Delafield Hospital, New York City.

The deleterious effect of magnesium de-
ficiency on protein synthesis was reported by
Menaker and Kleiner(1). At a 9% level of
protein intake (150 to 160 mg N daily), their
rats gained about 40% more in 10 days on
a complete ration than on a magnesium-de-
ficient one (30.5 vs 21 g) with virtually
isocaloric intake. They concluded that mag-
nesium deficiency is approximately as dele-
terious to protein synthesis as is potassium
deficiency, since Cannon ef al.(2) had found
that rats, on complete rations of 216 mg N
daily, gain about 35% more in 10 days (about
46 g vs 34 g) than on an essentially isocaloric
potassium-deficient ration. Frost and Sandy
(3) recently reported that on 120 mg N daily,
rats gain virtually as much on a Mg-deficient
ason a complete ratlon the first few weeks,

* This work was aided. by funds from the American
Cancer Society.

but in 11 weeks rats on a complete ration
gain 25 to 30% more weight (about 90 g vs
70 g) than those on a Mg-deficient one. At
this low level of N-intake, their rats on a
complete ration gain less in 10 days than
Menaker’s and Kleiner’s rats on a Mg-defi-
cient ration of 150-160 mg N daily. An
analysis of these data led the author to test
whether the Mg requirement is influenced by
the level of protein intake.

Method. 24 female Wistar albino rats, de-
pleted 20-25% below initial 250 g (approx.),
were divided into 4 groups. Group 1 received
7 g casein per 100 g basal ration plus complete
mineral supplement. Group 2 received same
basal ration (7% protein) but Mg-deficient
supplement. Group 3 received 14 g casein
per 100 g basal ration (14% protein) plus
complete mineral supplement. Group 4 re-
ceived this basal ration (14% protein) but



