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Abstract-IJnstimulated and electrically stimulated brain cortex slices were exposed to 
compounds related to acetylc,~oline, and to Triton, with or without 1.96 Y. 10-l M (0.9 
per cent) ethanol. 

The lipid-insoluble substances acetylcholine, curare, deca- and suxa-methonium were 
inactive on the brain tissue respiration. In unstimulated tissue, the lipid-soluble acetyl- 
choline analogues pyridine-2-aldoximedodecyl iodide (PAD) and cetyltrimethyl- 
ammonium bromide (Cetavlon), like ethanol, caused a transient increase in respiration. 
Cetavlon, cetylpyridine chloride (CPC) and Triton reduced the respiration of both 
stir ulated and unstimulated tissue at approximately identical concentrations, the 
relative effect on unstimulated tissue being smaller. lo-* M PAD and 1.8 x IO-” M 
atrcpine abolished the response to stimulation almost completely leaving unstimulated 
tissue unaffected. Ethanol significantly increased the effect of atropine, PAD, Cetavlon 
and CPC on stimulated tissue. The non-ionized detergent Triton was not synergistic 
with ethanol. 

In intact rats, PAR potentiated ethanol action on the CNS Cetavlon acted similarly, 
but caused strong haemolysis when injected with ethanol. In vitro, haemolysis caused 
by Cetavlon was not increased by low ethanol concentrations. 

‘_ he results are consistent with the hypothesis that the acetylcholine system is 
involved in the reaction of brain slices to electrical stimulation, and indicate that 
ethanol may depress the functional response to stimulation by unspecific action on this 
system. 

ETHANOL at concentrations associated with intoxication in vivo increases the respira- 

tion of unstimulated brain slices at least transiently13 2 and depresses that of brain 
tissue stimulated with potassium ions29 3 or with applied electrical pulses.3p * As stated 
by Hunter and Lowry,5 in seeking an explanation for the mechanism of anaesthesia, 
the crucial problem is perhaps to decide between two alternative possibilities: inhibi- 

tion of a sensitive energy-yielding reaction essential for the functioning of nerves, or 
interference with specific transmission mechanisms. Work in these laboratories3+ * 

and by Beer and QuasteF ’ with brain cortex slices, and electrophysiological and 

metabolic evidence obtained with peripheral nerves, s-11 has led the author tentatively 
to adopt the view that the depression of respiration in stimulated brain tissue exposed 

to ethanol is a secondary effect due to inhibition of the functional response. Wallgren 
and Kulonen3 have also suggested that the effect of ethanol in increasing the respira- 
tion of unstimuiated tissue may be due to its well established depolarizing action. 

Rowselllla has demonstrated that combined acetylcholine is lost from cerebral 

cortex slices during electrical stimulation. During recent years, Nachmansohn’s 
theory of the essential role of the acetylcholine system in the excitation cycle of 
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conducting membranes (cf. the recent monograph12) has gained support from 

experiments with analogues of acetylcholine made lipid-soluble by substitution 
of one of the methyl groups with a long aliphatic chain. Some of the physiological 
effects of such a compound (PAD) were first described by Wilsonr3, and most of the 
results obtained thus far have been reviewed .12 Accepting Nachmansohn’s theory 
and supposing that the neurones are activated in brain slices during electrical 
stimulation, one would expect lipid-soluble quaternary ammonium ions selectively 
to depress the respiratory response to stimulation. Furthermore, such compounds 
would be expected to cause at least a transient increase in the respiration of 
unstimulated slices. In the present investigation, these problems were studied, and 
also the relationship between the effect of ethanol and any changes possibly induced 

by the quaternary ammonium compounds. 
Some of the compounds used were strong detergents, and their effects on brain 

tissue were compared with those of a non-ionized detergent. Haemolysis was used as a 
simple test of surface activity in a biological system and the results contrasted with 
those obtained with brain tissue in order to distinguish unspecific surface action from 
effects on systems specifically related to the function of nerve tissue. 

Compounds tested 
MATERIALS AND METHODS 

Acetylcholine chloride (Hoffmann-La Roche); decamethonium iodide (L. Light 

& Co.); suxamethonium iodide grade C (Cal. Corp. Biochem. Res.); D-tubocurarine 
(Theodor Schuchardt, G.m.b.H.); pyridine-2-aldoximedodecyl iodide (PAD, obtained 
through the courtesy of a local laboratory); pyridine-2-aldoximemethyl iodide (PAM, 
Dajac); cetylpyridine chloride (CPC, AS Bionova); cetyltrimethylammonium bromide 
(Cetavlon, Fluka AG.); the alkylarylpolyethoxy alcohol Triton X-100 (Rohm & Haas 
Co.); racemic atropine sulphate (Bidle Sawyer & Co.): eserine sulphate (C. F. Boeh- 
ringer & Soehne G.m.b.H.). 

Experiments with brain cortex slices 
Apparatus. All experiments were performed with conventional Warburg constant- 

volume respiratory manometers. A detailed description of the stimulators and 

electrode flasks has been given previously.3 The only change in the equipment was that 
the earlier vibrators (with the frequency 90-100 c/s) were exchanged for new ones 
(Philips 7934/02; with the frequency 50 c/s) giving a pulse frequency of lOO/sec. 
However, neither the stability nor the magnitude of the response was altered. A voltage 

gradient of 1.5-1.6 V/mm as measured with an electronic voltmeter was maintained 

between the electrodes. 
Experimental conditions. Phosphate buffered medium14 with 6 mM glucose was 

used throughout, the volume per flask being 2.5 ml. The gas phase was pure oxygen 

and the experimental temperature 37-5 “C. 
Adult rats of the laboratory stock were used. The preparation of the slices and the 

general procedure have been described. 3 All inhibitors were dissolved in the experi- 

mental medium, and the solutions were placed in the side-arm of the flasks after 

gassing. 
In some of the experiments, respiration was measured during a 20-min initial control 

period, after which the inhibitors were tipped into the main vessel and the recording 
of respiration continued from 25 to 85 min after the first reading. Any change in 
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respiration relative to the first 20-min period was thus observed. In other experiments, 
the inhibitors were added during the 5-min period between initiation of stimulation 
and commencement of manometer reading. The manometers were read at lo-min 
intervals. 

The experiments were usually set up with two standard flasks and two electrode 
flasks, although preliminary experiments were often made with unstimulated tissue 
only. When pulses were applied, one slice (20-40 mg) from each brain hemisphere 
was used for measuring respiration of unstimulated tissue, and two slices (30-50 mg) 
for that of stimulated tissue. The two pairs of flasks used in each experiment were thus 
provided with slices obtained from different lobes of the same brain and subjected to 
different conditions with respect to the inhibitor present. 

All compounds were tested in conjunction with ethanol: these experiments were 
always performed with one pair of flasks with the inhibitor only and the other pair with 
the same concentration of the inhibitor in the presence of I.96 x 10-l M (0.9 per cent) 
ethanol. Our earlier experiments with ethanol”, J were supplemented by measuring the 

effects of higher concentrations of ethanol. 

Experiments with intact animals 
The effect of PAD, PAM and Cetavlon on ethanol intoxication in rats was measured 

by means of the “tilted plane” test developed in these laboratories.15 In testing, the 
animal is placed, facing up the slope, on an inclined plane with a rough surface, the 
plane is tilted and the angle at which the animal slides down is recorded. The results 
are expressed as percentages of an initial sober value obtained immediately before the 
administration of alcohol. 

The animals were fasted overnight and the alcohol was injected intraperitoneally as 
a 10 per cent (w/v) solution in saline. PAD, PAM and Cetavlon, respectively, were 
dissolved in this solution when given together with ethanol. When given alone, PAM 
and Cetavlon were dissolved in saline, PAD in propylene glycol. Propylene glycol in 
the dose employed (2.5 ml/kg) did not affect the performance of the rats. 

In each series of experiments, the animals were of the same age and sex. 

Experiments on haemolysis 
The haemolytic effect of Cetavlon and Triton on whole blood and on washed red 

cells was measured in the absence and presence of ethanol. The experiments were 
carried out at room temperature. The compounds tested were dissolved in the experi- 
mental medium used for the brain slices. This was also used for washing and suspen- 
ding red cells. In experiments with whole blood, the amount of medium and detergent 
added was 4 per cent of the total volume. The compounds tested were allowed to act 
on the blood cells for 20 min, including the centrifugation time. The colour developed 
was measured with a spectrophotometer at 540 mp. 

Respiration qf brain slices 
RESULTS 

In Table 1, the results of experiments with a 20-min control period and subsequent 
measurement of the drug effects are summarized. For the active compounds, the 
lowest concentration with a clear depressing effect on the respiration of stimulated 
tissue is given. The physiologically highly active but lipid-insoluble quaternary 
ammonium compounds acetylcholine, curare, deca- and suxa-methonium were inactive 
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in the conditions used. By contrast, Cetavlon and CPC, both containing a long ali- 
phatic chain, depressed respiration at very low concentrations. In addition Cetavlon 
caused a transient increase in the respiration of unstimulated tissue, an effect which 
was not found with CPC. 

TABLE 1. EFFECTS OF VARIOUS COMPOUNDS ON OXYGEN CONSUMPTION OF BRAIN SLICES 

IN THE EXPERIMENTS WITH AN INITIAL CONTROL PERIOD 

The symbols indicate: (a) no effect; (b) depression; (c) response to stimulation 
completely abolished; (d) transient increase; (0) no modification of the effect in 
presence of ethanol; X, depression increased in presence of ethanol. 

Compound 

I 

Effect on oxygen 
Concentt;ra$n range consumptiG Synergism 

-’ with ethanol 
(M) Stimulated ~Gi\mulated 1 

I tissue tissue j 

Acetylcholine 
Eserine 
Acetylcholine -f 

eserine 
Curare 
Decamethonium 
Sux-amethonium 
Cetavlon 

CPC 

Triton 

1.i .A 10-t 
3.1 :i 10-S-13 : IO-3 
1.1 x 10-z 
3.1 x 10-j 
2.9 x’ lO-3 
3.9 x 10-j-2 ;,: IO-” 
3.9 i: 10-j-2 ,.’ 10-s 
5.5 X IO-j-l.4 .: 10-3 

1.5 x 10-j-4.7 ;: 10-a 

15-1000 pg/ml 

(a) 1 (a) 
(a) , (a) 

(a) / (a) 

g / 
ta) 

a Ia; 
@I, 03 at (b), ffd> at 

5.5 x 10-a ~ ,5*5 A 10-s 
U-9, (4 at , 

4.4 x IO-” (b) 
(b), (cl at 
150 pgjml 

!bWy;, 40 

(0) 
(0) 

(0) 

I:; 
(0) 

X 

X 

(0) 

Since Cetavlon and CPC are strong detergents and their effects might be due to 
unspecific surface activity, the non-ionized detergent Triton was used for com- 
parison. In the present conditions, the effects were similar to those of CPC. Triton 
even proved to be rather more selective than Cetavlon or CPC in depressing the 
respiration of stimulated tissue. 

Ethanol clearly augmented the depressing action of Cetavlon and CPC, but not that 
of Triton. However, the synergism between ethanol and Cetavlon or CPC, respectively, 
was not very strong, the effects being less than additive. The statistical signi~~ance of 
the increased depression in the presence of ethanol was P < O-05 for both compounds. 

In I-hr experiments in which the inhibitor was added immediately after the com- 
mencement of stimulation, the tissue respiration was considerably more sensitive to 
the inhibitor, and there was also a clearer tendency to selective action on the stimulated 
tissue. Results of I-hr experiments are presented in Table 2. All the compounds listed 
had a highly significant depressing action on the respiration of stimulated tissue. 
Only one, Cetavlon, si~ificantly depressed the respiration of unstimulated tissue 
(P < O-01). As indicated, ethanol increased respiration in the absence of stimuIatio~. 
The series with ethanol is from an earlier study,* but is included here since the oxygen 
uptake of the previous control series (198 pmoles/g fresh tissue/hr) did not deviate 
significantly from the present controls. The experiments with Cetavlon and Triton 
gave results consistent with those obtained earlier, except that Cetavlon had a 
stronger effect on stimulated tissue (-37 per cent) than on unstimulated tissue (- 14 
per cent). There was an initial increase in the respiration of unstimulated tissue. 
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The synergism of ethanol with Cetavlon was highly significant: with Triton, there 
was again no synergism. Atropine, a tertiary compound, also depressed respiration, but 
was considerably less effective than Cetavlon. However, with 1.8 x 1O-3 M, there was 
no response to stimulation, whereas unstimulated tissue did not react to the presence 
of atropine. Ethanol was clearly synergistic with atropine. 

TABLET. OXYGEN C~N~UMPTIONOFRATBRAINC~RTEXSLICESIN THE I-HREXPERIMENTS 

The oxygen consumption is expressed as pmoles/g fresh tissue/hr+ standard devia- 
tion. P < shows P-values for significance of the action of ethanol. Control and ethanol 
refer to different experimental series for which statistical evaluation was performed 
by means of Student’s t-test. In all other series, the two hemispheres of the same brain 
were used in parallel experiments with identical concentrations of inhibitor, but the 
tissue from one of the hemispheres was exposed to ethanol, that from the other was 
not. The significance of the effect of ethanol was calculated by means of the t-test for 
correlated measures. 

/ 
Stimulated tissue I Unstimulated tissue 

Experimental ____ 
conditions 1 No. of 

, expts. 
Mean oxygen j No. of ’ Mean oxygen 1 
consumptton , PC expts. consumption ! PC 

Control 
Ethanol 1.96 x 10-l M 
Cetavlon 1.1 x lO-4 M 
Cetavlon + ethanol 
Triton 15 pgiml 
Triton i ethanol 
Atropine 6.9 x lo-* M 
Atropine + ethanol 
PAD 2.4 s lo-$ M 
PAD - ethanol 
PAD 4.8 x lO-5 M 
PAD - ethanol 

21 
21 

ii 
9 

204 j, 17 
167 _t 12 
129 _C 16 
105 X 12 
141 + 12 
135 + 6 
162 -2 8 
142 < 20 
180& 8 
156 z 12 
165+ 6 
140 & 16 

O+lOl 

om1 
Not 

sig. 

O@OS 

0@05 

0.025 

31 
21 

9” 

; 

6” 
11 
il 

f :: 

95*19 i 
119c 9 

117 z 16 I sig. 
128 + 13 ’ Not 
125 i 19 I sig. 

0.005 
Not 

sig. 
Not 

sig. 
Not 

sig. 
Not 

/ 

The most important results were those obtained with PAD, which even at a very 
low concentration markedly depressed the respiration of stimulated tissue, whereas 
that of unstimulated tissue was unaffected. PAD at 4.8 x 1O-5 M was about as 
effective as ethanol at 1.96 x 10-l M. PAD was also synergistic with ethanol in 
stimulated tissue, the effects being aImost additive. The difference between the series 
with ethanol alone and with 2.4 x 1O-5 M PAD + ethanol appeared rather small, but 
it was statistically significant (P < 0~0.5). The finding with the higher concentration 
corroborated this point. 

In Fig. 1, the effect of increasing concentrations of PAD on respiration is shown 
graphically. At 9.6 x 1O-5 M PAD, the respiratory reaction to stimulation had 
almost disappeared whereas the respiration of unstimulated tissue was scarcely affected. 
However, the respiratory response to stimuIation was never immediately abolished: 
it was noticeable during the first 20 min of stimulation even with the highest concentra- 
tions of PAD employed. In Fig. 2, the effect on respiration of varying concentrations 
of ethanol is presented. The graphs for PAD and ethanol are very similar: however, 
PAD is about 4000 times more effective than ethanol as an inhibitor of respiratory 
response to stimulation. As with PAD, there was an initial weak response to stimula- 
tion also with the highest concentration of ethanol used. 
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FIG. 1. Effect of PAD on respiration of brain cortex slices. Stimulated tissue (- - -), unstimulated 
tissue ( -). The data in Table 2 concerning controls and PAD are included, the other points 

represent five determinations each. Vertical bars indicate standard deviation. 
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FIG. 2. Effect of ethanol on respiration of brain cortex slices. Stimulated tissue (- - -), unstimulated 
tissue ( -). Each point represents the average of at least ten determinations. Vertical bars indicate 

standard deviations. 
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In Fig. 3, the time course of the oxygen consumption various conditions pre- 
sented. PAD was to unstimulated the respiration initially 
well and later slightly below of the This was parallel to 
observations with With ethanol the respiration was elevated throughout 
the experimental period of 1 hr. However, when ethanol was added after 20 min, 

60- ’ ’ 
10 20 30 40 50 60 70 80 

Time,min. 

FIG. 3. Time course of oxygen consumption of brain cortex slices. Stimulated tissue (- )1 un- 
stimuIated tissue (-- -). Control medium (0); 4.8 x 10e5 M FAD (@); 1.96 x 10-l Methanol(e); 
PAD + ethanol (0); unstimulated tissue exposed to ethanol after initial 20-min control period (@) 
To avoid overlapping, the ordinates for I-hr experiments with unstimulated tissue have been reduced 
by 40 pmoles and those for experiments with initial control period by 30 pmoles. Each curve represents 

the average of at least eight determinations. 
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FIG. 4. Time course of intoxication in rats. Ethanol I.5 g/kg (0); PAD 15 mg/kg (e); ethanol + PAD 
(0). Each group comprised ten individuals. 
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respiration increased transiently and then returned to the initial level. PAM in con- 
centrations up to 5 x 1O-3 M did not influence respiration. 

Intoxication in intact animals 

Of thirty female rats, ten received 1.5 g ethanol/kg, ten 15 mg PAD/kg, and ten 1.5 g 
ethanol + 15 mg PAD/kg in one injection. The time course of intoxication as measured 
during 2 hr following injection is shown in Fig. 4. The means of the lowest values 
observed indicated that ethanol reduced performance by 15.5 & 4.4 per cent, PAD by 
11.5 & 3.7 per cent, and ethanol + PAD by 35 f 5.8 per cent (results k standard 

deviation). PAD thus potentiated the effect of ethanol. With PAD alone, the animals 
appeared curiously sleepy and depressed, but not into-ordinated in the same way as 
with ethanol. PAM in the same molar dose had no observable effects when given 
alone and did not modify ethanol intoxication. 

Cetavlon in a dose of 100 mg/kg approximately doubled the effect of 2 g/kg ethanol 
during the initial phase of intoxication. The animals treated (five males) became exanotic 
after about 90 min, and died of haemolysis within 2-23 hr after injection. Five males 

injected with the same dose of Cetavlon but no ethanol were not overtly intoxicated 
and there were only slight signs of haemolysis. No other untoward effects were 

observed. 

Haemolysis 

The observation of haemolysis in intact animals treated with Cetavlon and ethanol 
prompted in vitro measurements of the haemolytic effect of Cetavlon. When ethanol 
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FIG. 5. Haemolysis of washed red cells in presence of (A) Cetavlon, (B) Triton. Cetavlon (Triton) only 
(0); Cetavlon (Triton) L- 0.9 per cent ethanol (a). The curves for Cetavlon are averages of three 

series of measurements, those for Triton of two series. 

was added at a concentration (0.3 per cent) approximately corresponding to the 
highest concentration to be expected in the blood of the intact animals, no effect on 
the haemolysis caused by Cetavlon was observable either in whole blood or in washed 
red cells. Thus ethanol did not directly augment the haemolysis in the intact animals 
but apparently facilitated the uptake of Cetavlon from the intraperitoneal cavity. 
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The haemolytic effect of Cetavlon and Triton was then tested in vitro with and with- 
out addition of O-9 per cent ethanol in order to obtain effects which could be com- 
pared with those observed in brain tissue. The results (Fig. 5) indicate that in this 
preparation ethanol clearly augmented the effect of Triton, whereas that of Cetavlon 
was only slightly modified. 

DISCUSSION 

The lack of effect on respiration of acetylcholine and eserine in the present experi- 
ments corroborates the earlier findings of McIlwain16. The inactivity of curare, 
suxamethonium, decamethonium, and PAM is consistent with this observation. In 
accordance with Nachmansohn, one may assume that acetylcholine and related lipid- 
insoluble compounds fail to penetrate to the sites of action. These drugs seem to 
affect conduction at the points of transmission and are known to do so centrally 
also, for instance after topical application. Perhaps the explanation of the lack of 
effect on the stimulated slices is that the condenser discharges lead to simultaneous 

depolarization of all excitable structures without any spreading response. 
The most interesting finding with unstimulated tissue is the increase in respiration 

caused by ethanol, Cetavlon and PAD, all of which are known to be depolarizing 
agents. It supports the earlier suggestion3 that depolarization may be the basis of the 

increased respiration in unstimulated tissue exposed to ethanol. This argument is 
weakened, however, by the absence of such effects in the presence of CPC. Dodecyl- 
pyridine chloride depolarizes17 and one would accordingly expect CPC to act in the 

same way. On the other hand, there are exceptions to the general rule that quaternary 
ammonium compounds have a depolarizing effect.12 

Atropine also gave results confirming McIlwain’s16 observations. The selective 
depression of respiration of stimulated tissue by PAD, and also by Cetavlon, con- 
stitutes further evidence for the view that the acetylcholine system is involved in the 

response to stimulation. It also supports the notion that inability to penetrate to the 
site of action is the reason for inactivity of lipid-insoluble quaternary compounds. 

Although the predicted effects were obtained with the lipid-soluble quaternary 
compounds, this is no unequivocal demonstration of specific action on any of the 

supposed components of the acetylcholine system. On the basis of analogy with other 
preparations, however, the results. especially those with PAD and atropine, seem 
most readily explainable in terms of Nachmansohn’s theory. As regards the surface- 
active compounds, the main argument for a specific action of CPC and Cetavlon in 
nerve tissue is their marked synergism with ethanol and the absence of such syner- 

gism between ethanol and Triton. In the test for haemolysis, the effect of Triton was 
clearly increased by ethanol, whereas that of Cetavlon was only very slightly altered, 
thus suggesting that the synergism between ethanol and Cetavlon in brain slices is 
associated with a process specific to nerve tissue. 

Block of conduction by ethanol and by PAD is associated with depolarization. 
The similarity of their effects on brain tissue is striking. The only differences observed 

were, firstly the active concentrations, PAD being approximately 4000 times more 
effective than ethanol, and secondly the difference in the duration of the increase of 
respiration in unstimulated tissue. The difference in effective concentrations does not 
prove or disprove specificity of inhibition since it is penetration to the site of action 
that is decisive.12 However, no obstacles to the penetration of ethanol would be 
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anticipated. Especially in view of the synergism on the one hand, and the structural 
and chemical differences on the other, it does not seem unreasonable to suggest that 
PAD and ethanol act on the same system, the former in a specific, the latter in an 
unspecific manner. However, ethanol may act on some structure not directly connected 
with the acetylcholine system, whereas action on the conducting membranes appears 

highly likely on account of the synergism with the quaternary ammonium compounds 
and with atropine. 

The fact that the response to stimulation is not completely abolished with either 
PAD or ethanol may indicate that specific and complete inhibition of the acetylcholine 
system does not occur, or that operation of the acetylcholine system is not obligatory 
for the response of the slices to stimulation. The significance of reactions in the 
residual systems in presence of high concentrations of inhibitors is, however, very 
difficult to evaluate. 

The findings with intact animals indicate that the observed synergism between ethanol 

and the quaternary ammonium compounds in the brain slices may have relevance 
for an understanding of alcohol intoxication. Ethanol might be thought to facilitate 
penetration of PAD in the same way as Cetavlon was more easily absorbed in intact 
animals when injected together with ethanol. However, the work of Wilson13 suggests 
that PAD by itself is readily able to penetrate into brain tissue. Thus the results with 
the intact animals may reflect the same phenomena as were observed in the brain tissue. 

The main conclusions of the present work are thus as follows. Firstly, lipid-soluble 
quaternary ammonium compounds selectively depress the respiration of brain tissue 

stimulated electrically as compared with that of unstimulated tissue. This is consistent 
with the theory that the acetylcholine system is necessary for the functioning of 
excitable tissue. Secondly, the synergism with ethanol is also restricted to the stimulated 
preparation. This suggests that ethanol may act directly on processes linked with the 

excitation cycle of conducting membranes. 
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