
Ionic Mechanisms of Cholinergic 
Excitation in Molluscan Neurons 

Abstract. Acetylcholine appears to 
be an excitatory transmitter at synapses 
on two different types of molluscan 
nerve cells: the so-called D- and 
CILDA neurons. The action of this 
substance is different in the two cases. 
In D-neurons, this compound increases 
the permeability of the subsynaptic or 
somatic membrane to chloride ions, and 
through a net efflux of this anion, de- 
polarizes the cell. In CILDA neurons, 
on the other hand, acetylcholine depo- 
larzies the cell by increasing its per- 
meability to sodium ions. 

Pharmacological analysis of the nerv- 
ous system of some molluscs (1) has 
demonstrated the presence of a group 
of cells, called D-neurons, character- 
ized by an excitatory synaptic input 
which is probably cholinergic and by 
the absence of any inhibitory input. 
Iontophoretic application of acetylcho- 

Fig. 1. Effect of changes in the ionic com- 
position of the bathing solution on the 
ACh response of a D-neuron. The record- 
ings were displayed in a double-beam 
cathode-ray oscilloscope. The upper trace 
corresponds to the zero potential level, 
and the lower trace displays the intracel- 
lular recording. Acetylcholine was ap- 
plied iontophoretically (arrows) by pass- 
ing currents of 100 na during 300 msec. 
(a) The ACh-potential recorded when the 
neuron was artificially hyperpolarized from 
-44 to -60 mv; control saline solution. (b) 
The neuron was immersed in a Cl--free 
solution. Notice the increase in the am- 
plitude of the ACh-potential. (c) The Na+ 
content of the Cl--free Ringer was lowered 
to 32 mmole/liter (25 percent of the 
normal content). Notice that the depolar- 
izations in (b) and (c) are similar. (a') 
The neuron was artificially depolarized to 
-20 my. Application of ACh produced a 
hyperpolarizing response. (b') The Em is 
maintained at -20 my, and the neuron is 
bathed in a Cl-free Ringer solution. Ap- 
plication of ACh produces a depolariza- 
tion. 
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line (ACh) on the somatic membrane 
of these neurons produces a depolari- 
zation, the so-called ACh-potential. A 
similar response is observed in CILDA 
neurons (2), which also have a 

cholinergic excitatory synaptic input as 
well as a noncholinergic excitatory syn- 
aptic input and a long-lasting type of 
inhibition (2, 3). 

We have studied the ionic basis of 
the cholinergic excitatory action in both 
types of neurons and have found that 
the mechanism by which ACh depo- 
larizes is different in the two cases, 
causing a net efflux of C1- in D- 
neurons and a net influx of Na + in 
CILDA neurons. 

Intracellular recordings from the neu- 
rons of the land snail Cryptomphallus 
aspersa were made with double-barreled 
microelectrodes filled with 0.6M K2S04 
as previously described (4). Injections 
of ACh were performed as described in 
our paper on H-neurons (5). 

The reversal potential of the ACh- 

potential (EAch) was measured in D- 
neurons as described for H-neurons 
(5). In the case of CILDA cells, this 
technique could not be applied since 
the application of strong currents dam- 
aged the neurons in many cases. For 
this reason, the EACh was obtained by 
plotting the amplitudes of ACh-poten- 
tials against the membrane potential 
(Em) at which they were recorded (us- 
ually between -80 and -30 my). A 
straight line fitting these experimental 
points was drawn, in most of the cases 
by means of the least squares method; 
by extrapolating this line, EACh, the Em 
value at which the ACh-potential ampli- 
tude is null, was obtained. The ACh in- 
jections were always separated by inter- 
vals of 60 to 90 seconds to avoid re- 
ceptor desensitization effects (6). When 
the cells were bathed with solutions dif- 
ferent from the normal saline (7), only 
four experimental points were obtained 
to minimize possible ionic shifts. The 
modified solutions were: (i) a Cl--free 
solution in which SO42- replaced the 
entire C1- content; (ii) a Cl--free solu- 
tion containing a low concentration of 
Na+ (32 mmole of Na+ per liter, 25 
percent of the normal content); in both 
solutions the osmolarity was kept con- 
stant by the addition of sucrose; (iii) a 
solution containing an increased amount 
of K+ (15 mmole/liter); and (iv) a 
solution containing an increased amount 
of Ca2+ (24 mmole/liter). The last 
two solutions were slightly hypertonic. 

The effects of some of these solutions 
on the ACh-potential recorded in D- 
neurons are shown in Fig. 1. When a 

Cl--free solution bathed the cell (Fig. 
lb), the response to ACh recorded at 
the same Em was nearly 30 percent 
greater than that of the control. The 
replacement of the control solution by 
the Cl--free saline having a reduced 
amount of Na+ (Fig. ic) produced an 
effect similar to that of the Cl--free 
Ringer solution. Afterward, the same 
D-neuron immersed in normal saline 
was depolarized to -20 my when out- 
ward current was passed through the 
second barrel (Fig. la'). In this condi- 
tion, the injection of ACh evoked a 
hyperpolarization. When the normal 
saline was replaced with a Cl--free 
solution while the resting potential was 
kept at -20 mv (Fig. lb'), the ACh- 
potential again reversed so that injec- 
tion of ACh produced a depolariza- 
tion. 

Table 1 summarizes the value of 
EACh recorded in a series of D-neurons 
subjected to changes in their ionic en- 
vironment. The mean control value of 
EAChI (-25.1 mv) was reduced to -2.4 

Fig. 2. Effect of changes in the ionic com- 
position of the bathing solution on the 
ACh response of a CILDA neuron. 
Recording displaying in a double beam 
cathode-ray oscilloscope. Upper trace cor- 
responds to intracellular recording. Low- 
er trace monitors the ACh injecting cur- 
rent. (a) The Em equals -58 mv. The bath- 
ing solution is normal saline. (b) Cl-free 
Ringer. (c) Cl-free Ringer containing only 
25 percent of the normal Na+ content (32 
mM). Notice the lack of effect of changes 
of Cl- and the decrease of ACh response 
when Na+ is lowered. (d) The ACh-poten- 
tial recovers its initial amplitude after the 
neuron has been washed with normal sa- 
line. 
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Table 1. Values of EAch (millivolts) in D- 
neurons in different ionic environments. The 
numbers in parentheses are the means ? the 
standard errors. The mean change (cal- 
culated for paired data) between the EACh in 
the control and chloride-free solutions was 
-22.8 ? 2.64 mv (P < .001); between those in 
the control and chloride-free, low Na+ solu- 
tions, -24.0 ? 2.44 mv (P <.001); between 
those in the control and 24 mM Ca+ solu- 
tions, 0 mv; between those in the control and 
15 mM K+ solutions, -0.75 ? 0.48 mv 
(P > .1); and between the EACI'S in the 
chloride-free and the chloride-free, low Na+, 
0.20 ? 0.20 mv (P > .1). 

Solution 

Low 

Control Cl- Na-, 24 mM 15 mM 
free ci- Ca+ K+ 

free 

-27.0 - 3.0 - 3.0 -27.0 
-11.0 - 0.5 -11.0 
-34.0 -17.0 -18.0 
-21.0 7.0 -21.0 -20.0 
-30.0 0 0 -29.0 -28.0 
-26.0 2.0 - 2.0 -27.0 --26.0 
--27.0 -- 5.0 - 5.0 

(-25.1?_2.79) 
(-2.35?2.83) 

(-4.80+3.60) 
(-22.0?4.04) 

(-25.3+?1.80) 

mv in the Cl--free solution, but the 
Cl--free solution with reduced Na+ 
content had no further effect on the 

EACh of D-neurons, the mean value of 
-4.8 mv obtained in this condition be- 
ing very close to that measured after 
the removal of Cl- alone (Table 1). 
The participation of a change in Ca2+ 
and K+ permeabilities in the mecha- 
nism generating the ACh-potential can 
be ruled out, since the increase in the 
external concentrations of both cations 
had no effect on the EACIh (Table 1). 
From the results presented one may 
conclude that only changes in the per- 
meability to Cl- are involved in the 
genesis of the ACh-potential in D- 
neurons. 

A similar series of experiments was 
performed in the other type of cells, 
the CILDA neurons. Figure 2 illus- 
trates an experiment in a CILDA neu- 
ron with a resting potential of -58 
mv. The iontophoretic application of 
ACh onto the cell bathed with a nor- 
mal solution provoked a depolarization 
of 10 mv (Fig. 2a). The removal of 
Cl- from the cell environment did not 
affect the amplitude of the ACh-poten- 
tial (Fig. 2b). On the other hand, when 
the external concentration of Na+ was 
lowered to 32 mmole/liter, the ampli- 
tude of the response markedly decreased 
(Fig. 2c). This effect was rapidly re- 
versed when the preparation was 
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washed with the control saline (Fig. 
2d). The application of tetrodotoxin 
10-7 g/ml had no effect on the ampli- 
tude of the ACh-potential. 

In Table 2 the effect produced on 
EACh by changes in the Cl-, NaJ+, 
Ca2+, and K+ concentrations is sum- 
marized for a series of CILDA neurons. 
The mean EAch in normal saline was 
near 0 mv. When the external con- 
centration of Na+ was lowered to 32 
mmole/liter the mean EACh was in- 
creased by 20 mv. The removal of Cl- 
or the increase in the external concen- 
tration of K+ and Ca'+ did not affect 
EACh of the CILDA neurons. These re- 
sults indicate that ACh caused in 
CILDA neurons an increase of their 
membrane permeability to Na+. 

The results on D-neurons confirm 
evidence previously obtained by Frank 
and Tauc in Aplysia and by Oomura 
et al. in Onchidium (8), and they elim- 
inate the possibility that ions other than 
C1- participate in cholinergic excita- 
tion of these cells. The Cl- efflux 
caused by ACh indicates that C>l is 
not distributed passively and that its 
equilibrium potential (EC1) is less nega- 
tive than the Em. If we assume that 
EACh is equal to Ecl, then [Cl]i = [ICl 
exp (Ec1 F/RT) where [Cl]i is the 
internal concentration of Cl-; [Cl I0, 
its external concentration; Ec~ the 
equilibrium potential of chloride; F, 
the faraday; R, the gas constant; and 
T, the absolute temperature. Since 

EACh is about -25 mv, [Cl] would 
be about 43 mmole/liter, that is, 
two times greater than the expected 
for a passive distribution. To explain 
this high [Cl]i we have to postulate the 
existence of an inward pump of Cl-, 
as described for the squid giant axon 
(9). The [C1]i calculated from EAch ill 
D-neurons is higher than that of 27.5 
mmole/liter determined by Kerkut and 
Meech (see 10) in D-cells of H-elix 
aspersa. 

The probable existence in the snail 
nervous system of two kinds of chlo- 
ride pumps must be emphasized. We 
have presented evidence that H-neurons 
extrude C1- actively (5). In both H- 
and D-cells ACh increases the mem- 
brane permeability to Cl-; however, 
the effect of this synaptic transmitter on 
each of them is different, due to the 
existing electrochemical gradients: in 
D-neurons Cl tends to leave the cell 
under the action of ACh, thus depolar- 
izing the neuron; while in H-neurons 
Cl~ moves into the neuron and hyper- 
polarizes it. Thus, the effect of a synap- 
tic transmitter depends not only on the 

Table 2. Values of EACI (millivolts) in 
CILDA neurons bathed with different solu- 
tions. The values in parentheses are the means 
? the standard errors. The mean change (cal- 
culated for paired data) between the EACh'S in 
the control and low Na+, chloride-free solu- 
tions was 18.3 ? 2.53 mv (P <.001); between 
those in the control and chloride-free solu- 
tions, 1.75 ? 0.93 mv (P>.05); between 
those in the control and 24 mM Ca+ solu- 
tions, 0.40 ? .98 mv (P>.1); and between 
those in the control and 15 mM K+ solutions, 
0 mv. 

Solution 

Low 
Cotrol Na+ , Cl- 24 mM 15 mM 

Ctr - free Ca+ K 
free 

- 10.0 -25.0 
0 -21.0 

- 2.0 - 8.0 
0 -20.0 

- 5.0 -20.0 
0 -30.0 
0 -16.0 
3.0 -20.0 

- 2.0 
0 

12.0 
(-0.40?1.40) 

-15.0 
0 

- 2.0 
0 

- 2.0 

- 4.0 
0 

12.0 

-14.0 -10.0 
0 0 

- 2.0 

--. 5.0 

0 
0 0 

(-20.0?2.30) 
(-1.38?2.61) 

(-3.80?2.7) 
(-3.00?2.40) 

permeability change which it elicits 
but also on the intracellular ionic con- 
tent. It should be remembered that D- 
and H-neurons differ not only in their 

[Cl]i but in their ACh-receptors as well; 
only D-neuron receptors are blocked by 
hexamethonium (1]). 

If in CILDA neurons Na+ is the 
only ion involved in the origin of the 
cholinergic excitation, the EA.Ch should 
be more positive than 0 myv, the value re- 
ported here. Two possible explanations 
are first, that there was an error in the 
determination of EAc(h. The EACh was 
obtained by extrapolation from values 
of ESm between -80 and -30 mv with 
a linear relationship assumed to hold 
between the amplitude of the ACh-po- 
tential and Em over the entire range. 
Nonlinearity could introduce a serious 
error. Second, participation of K+ in 
the ACh-potential would make EACIh 
less positive than the equilibrium po- 
tential of Na+. Potassium ions may 
participate when the cell is depolarized 
to -35 mv or more. At this Em snail 
neurons show delayed rectification (12), 
suggesting that the permeability to K - 
is increased (13). The lack of change 
in EAc]h when the preparation was 
bathed with a saline containing 15 
mmole of K+ per liter could be ex- 
plained by a limited participation of 
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K+. In any case, with our results it is 
not possible to rule out a small partici- 
pation of K+. 

D. J. CHIARANDINI* 
E. STEFANIt 

H. M. GERSCHENFELDt 
Instituto de Anatomia General 
y Embryologla, Facultad de Ciencias 
Medicas, Buenos Aires, Argentina 
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We have described (1) a male infant 
with a disorder of metabolism which 
we believe was previously unrecog- 
nized. At birth he had neurological 
abnormalities which progressed until 
he was virtually decerebrate. Dislo- 
cated ocular lenses were noted at age 1 
year. He died at 32 months. Three of 
seven siblings were born with neurolog- 
ical abnormalities and died in early 
infancy for undefined reasons. The re- 
maining siblings and the parents appear 
normal on clinical examination and have 
not yet been shown to have any dis- 
orders of their metabolism. The pa- 
tient's urine contained greatly elevated 
concentrations of S-sulfo-L-cysteine, sul- 
fite, and thiosulfate and virtually no in- 
organic sulfate (2). The abnormal chem- 
ical findings are readily reconciled by 
postulation of a deficiency of activity 
of sulfite oxidase, the enzyme that cat- 
alyzes the conversion of sulfite to in- 
organic sulfate. In the presence of such 
a deficiency, sulfate excretion would 
be abnormally low, and sulfite would 
accumulate. The raised concentration 
of sulfite in body fluids could lead 

23 JUNE 1967 

We have described (1) a male infant 
with a disorder of metabolism which 
we believe was previously unrecog- 
nized. At birth he had neurological 
abnormalities which progressed until 
he was virtually decerebrate. Dislo- 
cated ocular lenses were noted at age 1 
year. He died at 32 months. Three of 
seven siblings were born with neurolog- 
ical abnormalities and died in early 
infancy for undefined reasons. The re- 
maining siblings and the parents appear 
normal on clinical examination and have 
not yet been shown to have any dis- 
orders of their metabolism. The pa- 
tient's urine contained greatly elevated 
concentrations of S-sulfo-L-cysteine, sul- 
fite, and thiosulfate and virtually no in- 
organic sulfate (2). The abnormal chem- 
ical findings are readily reconciled by 
postulation of a deficiency of activity 
of sulfite oxidase, the enzyme that cat- 
alyzes the conversion of sulfite to in- 
organic sulfate. In the presence of such 
a deficiency, sulfate excretion would 
be abnormally low, and sulfite would 
accumulate. The raised concentration 
of sulfite in body fluids could lead 

23 JUNE 1967 

8. K. Frank and L. Tauc, in The Cellular Func- 
tions of Membrane Transport, J. F. Hoffman, 
Ed. (Prentice-Hall, New York, 1964), p. 113; 
Y. Oomura, H. Ooyama, M. Sawada, Abstr. 
Int. Congr. Physiol. Sci. 23rd, 389 (1965). 

9. R. D. Keynes, J. Physiol. 169, 690 (1963). 
10. G. A. Kerkut and R. W. Meech, Life Sci. 

5, 453 (1966). 
11. L. Tauc and H. M. Gerschenfeld, J. Neuro- 

physiol. 25, 236 (1962). 
12. D. J. Chiarandini and E. Stefani, J. Gen. 

Physiol. 50, 1183 (1967). 
13. A. L. Hodgkin and A. F. Huxley, J. Physiol. 

116, 449 (1952). 
14. Supported by grants of the Consejo Nacional 

de Investigaciones Cientificas y Tecnicas, Ar- 
gentina, and the United States Air Force 
Office of Scientific Research (grant AF- 
AFOSR 656-65). 

* Fellow of the Consejo Nacional de Investiga- 
clones Cientificas y Tecnicas, Argentina. Pres- 
ent address: Laboratory of Neurophysiology, 
Department of Neurology, College of Physi- 
cians and Surgeons, Columbia University, New 
York, N.Y. 

t Fellow of the Consejo Nacional de Investiga- 
ciones Cientificas y Tecnicas, Argentina. Pres- 
ent address: Department of Biophysics, Uni- 
versity College, London, England. 

t Present address: Department of Neurobiol- 
ogy, Harvard Medical School, Boston, Mass. 

27 February 1967 l 

8. K. Frank and L. Tauc, in The Cellular Func- 
tions of Membrane Transport, J. F. Hoffman, 
Ed. (Prentice-Hall, New York, 1964), p. 113; 
Y. Oomura, H. Ooyama, M. Sawada, Abstr. 
Int. Congr. Physiol. Sci. 23rd, 389 (1965). 

9. R. D. Keynes, J. Physiol. 169, 690 (1963). 
10. G. A. Kerkut and R. W. Meech, Life Sci. 

5, 453 (1966). 
11. L. Tauc and H. M. Gerschenfeld, J. Neuro- 

physiol. 25, 236 (1962). 
12. D. J. Chiarandini and E. Stefani, J. Gen. 

Physiol. 50, 1183 (1967). 
13. A. L. Hodgkin and A. F. Huxley, J. Physiol. 

116, 449 (1952). 
14. Supported by grants of the Consejo Nacional 

de Investigaciones Cientificas y Tecnicas, Ar- 
gentina, and the United States Air Force 
Office of Scientific Research (grant AF- 
AFOSR 656-65). 

* Fellow of the Consejo Nacional de Investiga- 
clones Cientificas y Tecnicas, Argentina. Pres- 
ent address: Laboratory of Neurophysiology, 
Department of Neurology, College of Physi- 
cians and Surgeons, Columbia University, New 
York, N.Y. 

t Fellow of the Consejo Nacional de Investiga- 
ciones Cientificas y Tecnicas, Argentina. Pres- 
ent address: Department of Biophysics, Uni- 
versity College, London, England. 

t Present address: Department of Neurobiol- 
ogy, Harvard Medical School, Boston, Mass. 

27 February 1967 l 

secondarily, by way of known reac- 
tions, to the formation of abnormal 
amounts of S-sulfo-L-cysteine (3) and 
thiosulfate (4). We now report direct 
evidence that the patient was indeed 
markedly deficient in sulfite oxidase 
activity. 

Sulfite oxidase [sulfite: oxygen oxi- 
doreductase E.C. 1.8.3.1 (5)] of mam- 
mals has been studied by Fridovich 
and Handler and their associates (6, 
7). Their methods, with minor modifi- 
cations, were used for our study of tis- 
sues obtained from the patient and con- 
trols at postmortem examinations and 
stored at -50?C. To prepare an ace- 
tone powder, a tissue was minced in 
at least 15 times its weight of acetone 
at -50?C and thoroughly homogenized 
in a Waring Blendor. The suspension 
was filtered, and the residue was 
washed successively with acetone and 
dry, peroxide-free ethyl ether at -50?C. 
The resulting powder was dried at re- 
duced pressure and stored at 2?C. For 
extraction, the powder was stirred at 
0?C for 2 hours with 0.05M potassium 
phosphate buffer, pH 7.8, containing 
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0.005 percent Versene Fe-3 (8), 1 ml 
of buffer being used for each 100 mg 
of powder. Sulfite oxidase activity was 
assayed by determination of the sulfite- 
and enzyme-dependent reduction of cy- 
tochrome c. Absorbance changes at 
550.5 m[u (A550) were measured with a 
Beckman model DU spectrophotometer. 
The standard assay mixture, volume 
3.1 ml, included: tris-HCl buffer, pH 
7.6, 100 vmole; cytochrome c (horse 
heart, Type VI, Sigma Chemical Co.), 
2.6 mg; Na2SO3, 10 ,mole; Versene 
Fe-3, 5[g, and enzyme (20 to 50 
units). The solution was contained in 
a cuvette with a 1.0-cm light path 
and maintained at room temperature 
(19? to 20?C). The reaction was started 
by addition of enzyme. The reference 
solution against which absorbance of 
the assay mixture was determined con- 
tained only tris-HCl buffer and cyto- 
chrome c. Reaction rate was deter- 
mined during the period when extent 
of reaction varied linearly with time, 
generally between 2 and 12 minutes 
after enzyme addition. The observed 
reaction rate was corrected by sub- 
traction of two blank values. One was 
determined by incubation of enzyme 
and cytochrome c in the absence of 
added sulfite; the other, determined by 
omission of enzyme, represented the 
slow nonenzymatic reduction of cyto- 
chrome c by sulfite (0.001 absorbance 
unit per minute). A unit of enzyme 
activity was considered that amount 
of enzyme required to catalyze a change 
of 0.001 absorbance unit per minute 
under the standard conditions. Pro- 
tein was measured by the method of 
Lowry as described by Layne (9). All 
specific activities are expressed as ac- 
tivity per milligram of protein. 
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determined by incubation of enzyme 
and cytochrome c in the absence of 
added sulfite; the other, determined by 
omission of enzyme, represented the 
slow nonenzymatic reduction of cyto- 
chrome c by sulfite (0.001 absorbance 
unit per minute). A unit of enzyme 
activity was considered that amount 
of enzyme required to catalyze a change 
of 0.001 absorbance unit per minute 
under the standard conditions. Pro- 
tein was measured by the method of 
Lowry as described by Layne (9). All 
specific activities are expressed as ac- 
tivity per milligram of protein. 

Sulfite oxidase activity was readily 
demonstrable in crude extracts made 
from acetone powders of human liver. 
With some extracts a slow rate of en- 
zyme-dependent reduction of cyto- 
chrome c was observed in the absence 
of. added sulfite. To minimize or pre- 
vent this reduction, extracts were rou- 
tinely purified by passage over a col- 
umn of Sephadex G-25, maintained at 
2?C, equilibrated with tris-HCl buffer, 
0.05M, pH 7.6, containing 0.005 per- 
cent Versene Fe-3. Sulfite oxidase was 
quantitatively recovered after elution 
with the same buffer without significant 
change in specific activity. 

In tris buffer, the sulfite oxidase ac- 
tivity changed little from pH 7.6 to 
9.1. The reaction rate at pH 6.9 was 
60 percent of that at pH 7.6. The 
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Sulfite Oxidase Deficiency in Man: 

Demonstration of the Enzymatic Defect 

Abstract. An infant who died with neurological abnormalities, mental retarda- 
tion, and dislocated ocular lenses excreted in his urine abnormally large amounts 
of S-sulfo-L-cysteine, sulfite, and thiosulfate and virtually no inorganic sulfate. 
The present report establishes the occurrence of an enzymatic defect in this in- 
fant. His liver, brain, and kidney specifically lacked sulfite oxidase activity. De- 
ficiency of sulfite oxidase, which has not apparently been described in man, 
provides a reasonable explanation for the abnormalities in this infant. 
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