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Fig. 4. Effect of daily low-dose x-irradiation on tumor development in the DEN-rat 
liver system. Mortality with liver carcinomata is plotted against time in a probability 
grid [experimental points corrected after the method of Miescher et al. (14)]. Treat- 
ment: (O) 5 mg of DEN per kilogram per day; and (0) 5 mg of DEN per kilo- 
gram per day plus 5 r per day. Each point represents one animal. 
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rapid proliferation restore the liver 
mass to its original size within a short 
time after operation (10). 

The effect of daily low doses of ir- 
radiation on response of the liver to 
DEN carcinogenesis was studied in 
another series of experiments. In Wistar 
rats treated with daily doses of 3 mg 
of DEN per kilogram of body weight 
and irradiated with a single dose of 
320 roentgens before starting the ex- 

periment, there was no statistically sig- 
nificant effect on T, although T for ir- 
radiated animals was slightly shorter 
than for animals treated with DEN 
only (11). We administered daily doses 
of 5 mg of DEN per kilogram com- 
bined with daily doses of 5 r (+3 per- 
cent S.D.) (12) whole-body irradia- 
tion. 

Four groups of 50 adult, male 
Sprague-Dawley rats each (mean body 
weight, 290 g + 10 percent S.D.) were 
used: group O was the untreated con- 
trol, group A received irradiation only, 
group B was given DEN only, and 
group C was treated with DEN plus 
irradiation. According to the generally 
accepted observation that body weight 
of rats is a very sensitive indicator of 
radiation (13), reduction of mean body 
weight by additional low-dose irradia- 
tion is reflected in Fig. 3. The reduc- 
tion factor is very nearly the same for 
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the untreated control group O and for 
group B which was treated with DEN 
only. Hence, concerning reduction of 
body weight, there is summation of the 
effects of DEN and x-rays. Figure 4, 
however, shows that there is no sig- 
nificant difference in T between the 
combined group C and group B, al- 
though, as in an earlier experiment (11), 
there is a slight shift to the left for 
group C. There may be a better chance 
to demonstrate radiation effects on this 
system of experimental carcinogenesis 
by lowering the daily dose of DEN in 
order to increase T in the unirradiated 
group. 

M. F. RAJEWSKY 
W. DAUBER 

H. FRANKENBERG 
Max-Planck-Institut fiir Biophysik, 
6 Frankfurt am Main, 
Kennedy Allee 70, Germany 
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Lithium's Failure to Replace 
Sodium in Mammalian 

Sympathetic Ganglia 

Abstract. Ganglionic responses to 
electrical stimulation, acetylcholine, and 
potassium ions were studied in superior 
cervical ganglia of cats perfused with 
media containing lithium chloride in- 
stead of sodium chloride. In lithium- 
Locke, ganglionic transmission and de- 
polarization evoked by acetylcholine 
were blocked completely but reversibly, 
while the depolarization produced by 
potassium ions was unaltered. 

There is much evidence that acetyl- 
choline depolarizes neuronal and junc- 
tional tissues primarily by causing a 
marked increase in sodium permeabil- 
ity at those sites and that it also causes 
an increase in permeability of these 
tissues to other cations (1). In peri- 
pheral nerve and sympathetic ganglia, 
complete replacement of sodium ions 
in the bathing medium with iso-osmotic 
equivalents of calcium ions maintains 
acetylcholine-induced depolarization 
until such time as stabilizing action of 
the divalent cation exerts itself. More- 
over, the tissues retain considerable sen- 
sitivity to acetylcholine when sodium 
in the medium is replaced by nonelec- 
trolytes. Under these conditions, re- 
moval of calcium from the bathing 
medium results in loss of sensitivity to 
acetylcholine. When acetylcholine is ap- 
plied to these tissues in the absence of 
sodium ions, it is apparently the move- 
ment of calcium ions into the cells that 
provides current necessary for discharge 
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Fig. 1, Comparison of ganglionic responses to injected acetylcholine (20 fg) in sodium- 
Locke and lithium-Locke solutions. (I) Ganglionic depolarization produced by 20 ug 
of acetylcholine in standard Locke solution. (I1) Blockade of acetylcholine-induced 
ganglionic depolarization 31 minutes after 154mM LiCI replaced 154 mM NaCI. (111) 
Recovery of ganglionic depolarization evoked by acetylcholine 25 minutes after re- 
introduction of 154 mM NaCl. The vertical calibration on each record is 1 mv and sig- 
nals t ie injection of acetylcholine. The horizontal calibration is 4 seconds. 

of the membrane potential. Similar ob- 
servations have been made at -the motor 

end-plate of skeletal muscle (]). 
The ability of lithium to fulfill the 

role of sodium in conducting mem- 
branes has been explained in a similar 
way. Lithium ions can completely sub- 
stitute for sodium ions in mechanisms 

underlying the generation of action po- 
tentials in squid giant axon, frog skele- 
tal muscle fibers, and unmyelinated 
mammalian nerve fibers (2). However, 
the question of whether lithium can 
effectively replace sodium at junctional 
tissues that are sensitive to depolariza- 
tion by acetylcholine has not received 
much attention. Hence, we have com- 

pared the effects of replacing sodium 
ions with lithium ions on responses of 

perfused sympathetic ganglia of cats to 
electrical stimulation of the pregan- 
glionic nerve, to injected acetylcholine, 
and to injected potassium chloride. 

Superior cervical ganglia of 15 cats, 
anesthetized with a mixture of sodium 

diallylbarbiturate and urethane, were 

prepared for perfusion with media of 

varying electrolyte composition and for 

electrophysiological recording in a man- 
ner that we described earlier (I). The 
cervical sympathetic nerve and the ex- 
ternal carotid postganglionic nerve 
were dissected free from underlying 
connective tissues. Bipolar platinum- 
wire electrodes were used for stimula- 
tioi of the cervical sympathetic trunk. 
Supramaximal shocks of 0.1 -msec du- 
ration were applied every 2 seconds. 
Ganglionic action potentials and drug- 
evoked responses were recorded from 
the surface of the ganglion by means 
of bipolar silver-silver chloride elec- 
trodes. One electrode was placed in 

8$6 

contact with the body of the ganglion, 
the other on the crushed end of the 

postganglionic nerve. Permanent rec- 
ords were obtained by photographing 
responses as they were displayed by an 

oscilloscope. In order to limit perfusion 
fluid to the ganglion, all branches of the 
common carotid artery, except those 

supplying the ganglion directly, were 
tied. Perfusion solutions were intro- 
duced into the vasculature of the gan- 
glion by means of a cannula inserted 
into the common carotid artery. Per- 
fusion of the ganglion was accomplished 
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Fig. 2. Graphic illustration of the time- 
course of ganglionic responses to acetyl- 
choline (20 yug) and potassium chloride 
(1 mg) in sodium-Locke and lithium- 
Locke solutions. Ordinate indicates area 
of drug-induced depolarization relative to 
control response. Between the arrows per- 
fusion with lithium-Locke solution caused 
profound depression of acetylcholine-in- 
duced ganglionic depolarization while that 
evoked by potassium chloride was un- 
changed. Rate of recovery of ganglionic 
response to injected acetylcholine in 
standard Locke solution is comparable to 
rate of onset of blockade in lithium-Locke 
solution. 

with a constant-delivery infusion pump 
that was set to operate at a rate of 
0.4 ml/min. Drug injections were made 
through a 27-gauge needle located im- 
mediately anterior to the perfusion 
needle. Standard sodium-Locke solution 
used for perfusion was a bicarbonate- 
buffered saline medium of the follow- 
ing composition: 154 mM sodium chlo- 
ride, 6 mM sodium bicarbonate, 
5.6 mM potassium chloride, 2.2 mM 
calcium chloride, and 5.5 mM glucose. 
In the sodium-deficient solutions (lith- 
ium-Locke), 154 mM lithium chloride 
was used. All of the solutions were 
gassed with a mixture of 96.5 percent 
oxygen and 3.5 percent carbon dioxide 
and passed, under pressure, throuLgh a 
fritted glass filter of medium porosity. 
The pH's of the solutions ranged from 
6.8 to 7.0. 

As we have reported elsewhere (I), 
ganglionic transmission and the re- 
sponses to injected acetylcholine were 
supported for 2 to 3 hours in ganglia 
perfused with standard sodium-Locke 
solution. Complete replacement of so- 
dium chloride with an iso-osmotic 
equivalent of either glucose or sucrose 
resulted in a complete failure of trans- 
mission 6 minutes after onset of per- 
fusion with this medium. Similarly, 
ganglionic depolarization evoked by 
injected acetylcholine (20 to 40 /1g, 
into the perfusion stream) was severely 
depressed during the first 7 to 12 min- 
utes of perfusion with sodium-deficient 
medium. However, after this period of 
time acetylcholine was able to evoke 
significant depolarization of the gan- 
glion. That acetylcholine-induced depo- 
lariza,tion which occurred in ganglia de- 
prived of extracellular sodium ions was 
due to calcium ions is suggested by 
the finding that response to acetylcho- 
line was abolished when calcium ions 
were also removed from the perfusion 
fluid. 

When the sodium chloride of the 
perfusion solution was replaced with 
lithium chloride (154mM) rather than 
with nonelectrolytes, a different pattern 
of responses to injected acetylcholine 
occurred. In each of ten experiments 
with ganglia perfused with lithium- 
Locke solution, ganglionic transmission 
and response to injected acetylcholine 
(20 to 40 ,ug) were depressed 8 to 10 
minutes after the onset of perfusion and 
completely blocked within 35 minutes 
(Fig. 1). In contrast to results obtained 
with ganglia perfused with solutions 
containing glucose or sucrose as a re- 
placement for sodium chloride, gan- 
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glionic depolarization induced by 
acetylcholine did not reappear when 

perfusion with lithium-Locke solution 
was extended beyond 10 minutes (Fig. 
2). However, in each of eight experi- 
ments depolarization of the ganglia pro- 
duced by potassium chloride (1 mg) was 
not materially altered during perfusion 
with lithium-Locke solution (Fig. 2). 
Both ganglionic transmission and acetyl- 
choline-induced depolarization returned 
to control value upon reintroduction of 
sodium-Locke solution. The time-course 
of the several changes produced by 
lithium ions in ganglionic activity is 
illustrated graphically in Fig. 2. 

In view of work by others (2), it 
can be assumed that conduction of im- 
pulses in the pre- and postganglionic 
neurons of the ganglia would be es- 
sentially normal during the period of 

perfusion with lithium-Locke solution. 
Inability of lithium to support trans- 
mission of impulses in sympathetic 
ganglia can be attributed, therefore, 
either to a decrease in release of 
acetylcholine from nerve terminals or 
to failure of lithium to substitute for 
sodium at the postjunctional membrane. 
Although it is not possible at present to 
decide between the alternatives, it is 

noteworthy that failure of transmission 
and the depolarization of ganglion cells 

by injected acetylcholine had a parallel 
time-course. 

One of the most important differences 
in the cellular disposition of sodium 
and lithium is the relative difficulty 
with which the latter is extruded from 
intracellular sites (2). Therefore, it is 

possible that the failure of lithium to 

support ganglionic responses to acetyl- 
choline is due to persistent ganglionic 
depolarization that results from ac- 
cumulation of lithium ions within the 
ganglion cells. It has been shown that a 
low-amplitude, sustained depolarization 
of the superior cervical ganglion pro- 
duced by tetanic preganglionic stimu- 
lation, pilocarpine, or anticholinesterase 
agents will suppress the depolarization 
evoked by injected acetylcholine (3). 
Because of the inherent property of 
the resistance coupled preamplifier to 
drift several hundred microvolts in 30 
minutes, it was not possible to deter- 
mine directly whether the ganglion was 
depolarized by lithium-Locke solution. 
It can be reasonably argued, however, 
that if the ganglion cells were depo- 
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larized as a result of an intracellular 
sequestering of lithium ions, then the 
ganglionic depolarization produced by 
potassium chloride, like that evoked 
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by acetylcholine, should have been de- 

pressed. Since there was no change in 
ganglionic response to potassium, it is 
unlikely that ganglion cells were de- 
polarized by lithium. 

By exclusion, it appears that the in- 
ability of lithium to substitute for so- 
dium in the superior cervical ganglion 
was due to the fact that mechanisms 
involved in the acetylcholine-induced 
ganglionic depolarization are able to 
discriminate between the two ions. This 
is in marked contrast to those mech- 
anisms concerned with conduction of 
impulses in peripheral nerve and in 
skeletal muscle fibers, although the 
difference between junctional and con- 
ducting tissues with regard to the abil- 

ity of lithium to substitute for sodium 

may be only quantitative in nature. 
ACHILLES J. PAPPANO 

ROBERT L. VOLLE 

Department of Pharmacology, Tulane 
University School of Medicine, 
New Orleans, Louisiana 70112 
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Ornithine Transcarbamylase 

Enzymes: Occurrence in 

Bacillus licheniformis 

Abstract. Two separate ornithine 
transcarbamylase enzymes have been 
found in extracts of late exponential- 
phase cells of Bacillus licheniformis 
grown on glucose and L-arginine. One 
enzyme presumab!y has a biosynthetic 
function and is repressed by arginine. 
The other is induced by arginine, is 
relatively heat-stable, and can be sepa- 
rated from the first by diethylamino- 
ethyl chromatography. 

A recent report (1) demonstrated 
that ornithine transcarbamylase (OTC) 
(2) activity could be both repressed 
and induced by arginine in late ex- 
ponential-phase cells of Bacillus licheni- 
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Enzymes: Occurrence in 

Bacillus licheniformis 

Abstract. Two separate ornithine 
transcarbamylase enzymes have been 
found in extracts of late exponential- 
phase cells of Bacillus licheniformis 
grown on glucose and L-arginine. One 
enzyme presumab!y has a biosynthetic 
function and is repressed by arginine. 
The other is induced by arginine, is 
relatively heat-stable, and can be sepa- 
rated from the first by diethylamino- 
ethyl chromatography. 

A recent report (1) demonstrated 
that ornithine transcarbamylase (OTC) 
(2) activity could be both repressed 
and induced by arginine in late ex- 
ponential-phase cells of Bacillus licheni- 
formis. Since it was clearly established 
that the induction of the enzyme 
activity could not be a derepression, a 
control system that would allow both 
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Fig. 1. Heat denaturation of induced and 
normal enzyme activities. Enzyme extracts 
were diluted to about 0.4 unit of. OTC 
activity per milliliter in 5 mM tris-HCl 
buffer, pH 7.5, containing 1.0 mM mer- 
captoethanol (TM buffer) and incubated 
at 22?, 37?, and 55?C. At the times indi- 
cated, 0.1-ml samples were removed and 
immediately diluted to 0.9 ml with a 
solution (at 0?C) containing 100 ,umole 
of tris-HCl buffer, pH 8.5, and 5 ,umole 
of L-ornithine. After warming the solu- 
tion to 37?C and adding 5 ,umole of car- 
bamyl phosphate, the OTC activity was 
then determined. Open circles, 22?C; 
closed circles, 37?C; x's, 55?C; broken 
lines, induced activity; solid lines, normal 
activity. 

events to occur in a single cell was 
difficult to envisage. Such a phenom- 
enon has never been demonstrated; 
therefore it was important to determine 
whether the repressible and inducible 
OTC activities found in extracts of 
B. licheniformis have separate or iden- 
tical physical identities. 

Bacillus licheniformis, strain A-5, 
was grown in 1-liter lots to late-expo- 
nential phase in a minimal medium (3) 
with 20 mM glucose and 50 mM am- 
monium lactate as the carbon and ni- 
trogen sources. Cells were harvested 
and washed twice at 0?C by centrifu- 
gation at 10,000g in a Sorvall RC-2 
centrifuge. They were suspended in 
2 mM tris-HCl buffer, pH 7.5, con- 
taining 1 mM .mercaptoethanol and 
were disrupted for 2 minutes in a 20-kc 
MSE sonic oscillator. The crude extract 
was centrifuged at 0?C for 45 minutes 
at 37,000g and the supernatant solution 
was dialyzed against several changes of 
the same buffer and then frozen. The 
OTC activity in these extracts ranged 
from 0.2 to 0.5 unit per milligram of 
protein, one unit being defined as that 
amount of activity producing 1.0 /mole 
of citrulline per minute when measured 
by the method of Archibald (4). Protein 
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