
pH 7.6, and dialyzed in Visking tubing 
against 8 liters of the same buffer, with 
two changes over a 48-hour period. The 
ADH activity was measured according 
to the method of Bonnishsen and Brink 
(10), which utilizes the generation of 
reduced nicotinamide adenine dinucleo- 
tide (NADH) as ethanol is oxidized. 
The enzymatic activity for each testicu- 
lar homogenate at each age of rats 
studied is shown in Table 1. The over- 
all total testicular ADH activity ex- 
pressed per gonad pair is lowest in the 
least mature animals. In contrast, spe- 
cific activity (ADH activity per milli- 
gram of testicular protein) is highest 
in the 20-day-old animals and declines 
progressively with increasing maturity. 

The ability of these same preparations 
to metabolize retinol to retinal was 
assayed according to the method of 
Mezey and Holt (9), where the retinal 
generated is determined spectrophoto- 
metrically by using its known absorp- 
tion maximum at 410 nm. The en- 
zymatic activity for retinal generation 
by 35 to 60 percent (NH4)2SO4 frac- 
tions of rat testicular homogenates is 
also shown in Table 1. The specific 
activity of ADH for retinal formation 
was also highest in the least mature 
preparation and declined with increas- 
ing age, which suggests that the enzyme 
is present in either the Leydig cells or 
the Sertoli cells. Finally, as shown in 
Fig. 1, it was demonstrated that etha- 
nol, in concentrations as low as 1/100 
of the concentration of retinol sub- 
strate and 1/10,000 of the maximum 
concentration found in the blood of 
legally nonintoxicated drinkers, inhib- 
ited retinal formation. 

The results show that testicular tis- 
sue is capable of retinal formation and 
that, at least in vitro, testicular retinal 

production is inhibited by coincident 
ethanol oxidation. While the concen- 
trations of retinol substrate available in 
testicular tissue in vivo are not at 

present known, the amounts of ethanol 

necessary for the inhibition of retinal 
formation appear to be well below the 
range of concentrations customarily 
found in alcoholic individuals. Specifi- 
cally, it is probable that an average 
male alcoholic ingesting 33 ounces 
(- 1 liter) of whiskey or its equivalent 
per day (4) and maintaining plasma 
concentrations of 50 to 150 mg per 
100 ml for prolonged periods, might 
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pair-fed rats does produce germinal cell 
injury in the alcohol-fed animal but 
not in the isocaloric control. Whether 
this injury is directly related to de- 
creased retinal formation within the 
testes, however, has not yet been deter- 
mined. Indeed, the consequences of 
ethanol ingestion on normal testicular 
function may be even more far-reach- 
ing. The presence of ADH within 
testicular tissue raises the possibility 
that ethanol ingestion may alter not 
only spermatogenesis but also testicular 
steroidogenesis as a consequence of 
cofactor utilization and the resultant 
change in the redox state of the Leydig 
cells. 
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Guanosine 3',5'-monophosphate (cy- 
clic GMP) is distributed in a wide 
variety of tissues, but little is known 
about its functional role (1). Cyclic 
GMP can be elevated in brain by the 
systemic administration of oxotremorine 
(2), an agent known to affect choliner- 
gic mechanisms in the central nervous 
system. Moreover, cyclic GMP con- 
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centrations in brain slices can be in- 
creased by acetylcholine (ACh) or other 
muscarinic cholinergic agonists (3, 4). 
These elevations of cyclic GMP can 
be antagonized by atropine (2, 4), 
which suggests that the effect may be 
related to the activation of muscarinic 
receptors. However, the functional sig- 
nificance of cyclic GMP in the nervous 
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Table 1. Effect of stimulation of preganglionic nerve fibers on the cyclic GMP content 
(picomoles per milligram of protein) of bullfrog sympathetic ganglia in normal and high-Mg 
(20mM), low-Ca (0.4mM) Ringer solution; and in normal Ringer solution and Ringer solu- 
tion containing atropine alkaloid (free base, 10 ,ug/ml; from Nutritional Biochemical Co.). Stim- 
ulus frequency was 10 hertz. The number of control and of stimulated samples analyzed is N; 
each sample contained 12 ganglia pooled from six bullfrogs. The data are given as mean ? 
standard error. 

Duration Cyclic GMP 
Ringer of 

solutiomula- N Control Stimulated Absolute Per- tion 
(pmog) (Pmo(pmole/mg) (pmolcetage (sec) increase 

Normal 120 5 0.85 -+ 0.18 1.78 -+ 0.40 0.93 ? 0.24 105 + 12 
High-Mg, low-Ca 120 5 0.45 ? 0.08 0.49 _? 0.08 0.04 ? 0.04 13 ? 9 

Normal 15 8 0.71 ? 0.10 1.22 ? 0.20 0.50 ? 0.16 76 ? 22 
Atropine 15 6 0.46 ? 0.06 0.45 ? 0.08 -0.01 + 0.05 -4 - 11 
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Guanosine 3',5'-Monophosphate in Sympathetic Ganglia: 
Increase Associated with Synaptic Transmission 

Abstract. Brief stimulation of cholinergic preganglionic nerve fibers resulted in 
an increase in guanosine 3',5'-monophosphate (cyclic GMP) in the bullfrog sym- 
pathetic ganglion. When the release of synaptic transmitter was prevented by a 
high-magnesium, low-calcium Ringer solution, stimulation of preganglionic nerve 
fibers did not increase cyclic GMP in the ganglion. The increase in cyclic GMP 
caused by preganglionic stinmulation was also blocked by the muscarinic antagonist, 
atropine. The data indicate that the increase in cyclic GMP is associated with 
synaptic transmission and support the possibility that cyclic GMP may mediate 
the postsynaptic action of acetylcholine at muscarinic cholinergic synapses. 
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system, and, particularly, the possible 
relationship of this nucleotide to cholin- 

ergic transmission, require further clari- 
fication. 

The sympathetic ganglion seemed well 
suited for an investigation of a possible 
role of cyclic GMP in cholinergic trans- 
mission, because the presynaptic fibers 
form cholinergic synapses with the 
neurons in the ganglion (5). Further- 
more, in the bullfrog sympathetic gan- 
glion, muscarinic cholinergic mechan- 
isms are involved in the generation of 
slow synaptic potentials (6, 7), and 
data are available on the ionic basis of 
these slow potentials (8, 9). We there- 
fore used the bullfrog sympathetic 
ganglion to investigate whether cyclic 
GMP content can be altered by stimu- 
lation of preganglionic nerve fibers. 

The ninth and tenth paravertebral 
sympathetic ganglia were excised from 
pithed bullfrogs (Rana catesbeiana) 
and placed in a bath of oxygenated 
Ringer solution, together with the 

corresponding ganglia from the contra- 
lateral side, which served as unstimu- 
lated controls (10). The preganglionic 
nerve fibers were stimulated at a fre- 

quency of 10 hertz for various periods 
of time, the postganglionic response 
being monitored throughout the period 
of stimulation. Immediately after stim- 
ulation, the stimulated pair of ganglia 
were immersed in 0.5 ml of distilled 
water in a boiling water bath for 3 
minutes. After six pairs of stimulated 
ganglia were accumulated for each 
chemical analysis, the samples were 
pooled, frozen, and stored at -700C. 
The six pairs of resting contralateral 
ganglia were treated in an identical 
manner. Cyclic GMP content of the 
ganglia was determined by radioim- 
munoassay (11). 

The mean cyclic GMP content of all 
resting sympathetic ganglia analyzed 
was 0.82 pmole per milligram of pro- 
tein (12). Stimulation of preganglionic 
nerve fibers produced a significant in- 
crease in cyclic GMP content, shown 
in Fig. 1 as a function of the duration 
of stimulation. Cyclic GMP was ele- 
vated by a period of stimulation as 
short as 6 seconds. The increase in 
cyclic GMP was rapid during the first 
15 to 30 seconds of stimulation, reach- 
ing a maximum concentration approxi- 
mately twice that of the control. This 
elevated cyclic GMP content was main- 
tained for at least 2 minutes, the long- 
est period of stimulation tested (13). 

The increase in cyclic GMP content 
of the ganglion, produced by pregan- 
glionic stimulation, raised the question 
6 DECEMBER 1974 
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Fig. 1. Effect of stimulation of pregan- 
glionic nerve fibers on the cyclic GMP 
content of bullfrog sympathetic ganglia. 
The stimulus frequency was 10 hertz for 
the time periods shown. Cyclic GMP con- 
tent is expressed as percentage (mean 
? standard error) of the value in un- 
stimulated contralateral control ganglia. 
Five to eight experimental samples and 
control samples were analyzed in du- 
plicate for each point; each sample con- 
tained 12 ganglia pooled from six bull- 
frogs. The preganglionic nerves were 
stimulated between the eighth and ninth 
ganglia, with rectangular pulses 1 msec in 
duration and 20 volts in amplitude, by 
using bipolar electrodes in a mineral oil 
pool. 

whether the increase was associated 
with impulse conduction along the 
nerve fibers or with synaptic transmis- 
sion. Ringer solution containing high 
Mg and low Ca is known to prevent 
transmitter release from nerve endings 
in the sympathetic ganglion (7), as 
well as at other synaptic junctions (14). 
In contrast, nerve impulses are con- 
ducted in the presence of high-Mg, 
low-Ca Ringer solution (15). To de- 
termine whether an increase in cyclic 
GMP would be observed if no synaptic 
transmitter were released, we studied 
the effect of preganglionic nerve stimu- 
lation on ganglionic cyclic GMP con- 
tent in high-Mg, low-Ca Ringer solution 
(16). As shown in Table 1, the increase 
in cyclic GMP content that occurred 
with 2 minutes of stimulation in normal 
Ringer solution was not observed in 
ganglia stimulated for the same period 
of time in high-Mg, low-Ca Ringer solu- 
tion. This result suggests that the in- 
crease in cyclic GMP in the sympathetic 
ganglion is associated with synaptic 
transmission, rather than with impulse 
conduction along the preganglionic 
nerve fibers. 

Since ACh is known to be released 
in amphibian sympathetic ganglia by 
stimulation of preganglionic nerves (5), 
we studied whether an ACh receptor 
might be associated with the increase 
in cyclic GMP. Slow synaptic potentials 
are mimicked by the iontophoretic ad- 
ministration of ACh (7, 17) and 

blocked by the administration of atro- 

pine (6) in frog sympathetic ganglia. It 
is gelerally accepted that atropine is a 
competitive antagonist of ACh at mus- 
carinic receptors (18). We therefore 
used atropine to determine whether 
muscarinic receptors might be involved 
in the increase in cyclic GMP following 
stimulation of preganglionic nerve 
fibers. Stimulation for 15 seconds at 10 
hertz approximates the number of im- 
pulses usually used to elicit the slow 
synaptic potentials in physiological ex- 
periments (8, 9). After the ganglia 
were stimulated for 1 5 seconds in 
normal Ringer solution, the cyclic GMP 
content was 176 percent of the control 
value. In the presence of atropine (10 
,Ig/nml), however, preganglionic stimu- 
lation for 15 seconds did not produce 
a significant change in the cyclic GMP 
content of the ganglion (Table I). 
Nicotinic cholinergic transmission 
through the ganglion (19), monitored 
by recording the postganglionic action 
potential, was not affected by the atro- 
pine. The results with atropine suggest 
that the activation of muscarinic re- 
ceptors is responsible for the increase 
in cyclic GMP, and that neither nico- 
tinic cholinergic transmission in sym- 
pathetic ganglion cells nor the asso- 
ciated propagation of impulses along 
the axons from these cells is responsible 
for the increase in cyclic GMP. 

Cyclic GMP in nervous tissue can be 
elevated by the administration of ACh 
or muscarinic cholinergic agonists (3, 
4), but it has not previously been dem- 
onstrated that the change in cyclic GMP 
is associated with synaptic transmission. 
The data reported here demonstrate 
that the cyclic GMP content of nervous 
tissue can be significantly increased by 
stimulation of presynaptic cholinergic 
axons. The increase in cyclic GMP pro- 
duced by stimulation of preganglionic 
cholinergic nerve fibers was antagonized 
by high Mg and low Ca concentrations 
and by atropine, which suggests that 
the increase is associated with synaptic 
transmission and involves the activa- 
tion of muscarinic postsynaptic recep- 
tors. In support of this conclusion. 
either ACh or bethanechol, a mus- 
carinic agonist, can increase the con- 
tent of cyclic GMP in slices of bovine 
sympathetic ganglia, and this response 
is antagonized by atropine (20). More- 
over, by using a histochemical proce- 
dure for localizing cyclic GMP (21), 
evidence has been obtained that the 
ACh-induced accumulation of cyclic 
GMP occurs in the postganglionic 
neurons (22). 
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Stimulation of cholinergic pregan- 
glionic axons not only increases cyclic 
GMP but also generates slow synaptic 
potentials in the bullfrog sympathetic 
ganglion (6, 7). The fact that both re- 
sponses are mediated by the activation 
of muscarinic receptors suggests that the 
generation of the slow synaptic poten- 
tial or potentials may be related to the 
increase in cyclic GMP. Compatible 
with this possibility, administration of 
dibutyryl cyclic GMP to rabbit (23) or 
bullfrog (24) sympathetic ganglia pro- 
duces a transient hyperpolarization fol- 
lowed by a depolarization of the gan- 
glia. In view of these data, it seems 
reasonable to hypothesize that ACh, 
released from presynaptic nerve termi- 
nals, activates muscarinic receptors on 

postsynaptic, neurons, causing an in- 
crease in cyclic GMP in the neurons, 
and that the increase in cyclic GMP 
results in a depolarization of the mem- 
brane, that is, a slow excitatory post- 
synaptic potential. It is possible that a 
cyclic nucleotide is also involved in the 
generation of the slow inhibitory post- 
synaptic potential. 
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by the addition of 4.0 ml of a solution con- 
taining trichloroacetic acid (5 percent) and 
Na5WOs (0.25 percent), pH 2.0. Analyses 
were performed on triplicate portions, in- 
cluding one with internal standard. Cyclic 
GMP in resting or stimulated ganglia could 
be completely hydrolyzed by beef heart 
phosphodiesterase. 

12. The value of 0.82 ? 0.07 pmole per milli- 
gram of protein (mean value ? standard er- 
ror) was obtained from analyses of 51 pooled 
samples of 12 ganglia each (ninth and tenth 
ganglia from six frogs). The experiments were 
conducted between October and May in two 
successive years. 

13. Cyclic AMP was also increased by pre- 
ganglionic stimulation; for example, stimu- 
lation for 2 minutes at 10 hertz increased 
the cyclic AMP content to 782 - 85 percent 
(N = 5) of the control value. 

14. R. Rubin, Pharmacol. Rev. 22, 389 (1970). 
15. B. Katz, The Release of Neural Transmitter 

Substances (Thomas, Springfield, Ill., 1969). 
16. The composition of the high-Mg, low-Ca 

Ringer solution was: 100 mM NaCl; 2 mM 
KCl; 20 mM MgC.,; 0.4 mM CaCl,; 4 mM 
tris Cl, pH 7.2; and glucose, 1 g/liter. The 

D. Kipnis [ibid. 247, 1106 (1972)] except that 
the antigen-antibody complex was precipitated 
by the addition of 4.0 ml of a solution con- 
taining trichloroacetic acid (5 percent) and 
Na5WOs (0.25 percent), pH 2.0. Analyses 
were performed on triplicate portions, in- 
cluding one with internal standard. Cyclic 
GMP in resting or stimulated ganglia could 
be completely hydrolyzed by beef heart 
phosphodiesterase. 

12. The value of 0.82 ? 0.07 pmole per milli- 
gram of protein (mean value ? standard er- 
ror) was obtained from analyses of 51 pooled 
samples of 12 ganglia each (ninth and tenth 
ganglia from six frogs). The experiments were 
conducted between October and May in two 
successive years. 

13. Cyclic AMP was also increased by pre- 
ganglionic stimulation; for example, stimu- 
lation for 2 minutes at 10 hertz increased 
the cyclic AMP content to 782 - 85 percent 
(N = 5) of the control value. 

14. R. Rubin, Pharmacol. Rev. 22, 389 (1970). 
15. B. Katz, The Release of Neural Transmitter 

Substances (Thomas, Springfield, Ill., 1969). 
16. The composition of the high-Mg, low-Ca 

Ringer solution was: 100 mM NaCl; 2 mM 
KCl; 20 mM MgC.,; 0.4 mM CaCl,; 4 mM 
tris Cl, pH 7.2; and glucose, 1 g/liter. The 

poral contexts. 

Although scientists agree that the hu- 
man brain is the organ of the body 
responsible for the elaboration of mean- 
ing, little is known of the neuropsycho- 
logical mechanisms involved. We report 
here that neuronal activity in the frontal 
lobes, as evidenced by changes in the 
wave form of evoked potentials re- 
corded from this area, is indicative 
of a change in the meaning of a 
stimulus. 

Several experiments have suggested 
that the wave shape of stimulus-locked 

potentials may reflect a change in mean- 
ing. For example, John et al. (1) demon- 
strated consistent differences in the late 

components of visual evoked potentials 
(VEP's) induced by two very similar 
stimuli, a square and a rotated square 
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Fig. 1. Stimuli used in experimental pro- 
cedures. Central stimulus is ambiguous. 
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Furthermore, the stimulus strength used was 
more than twice that required to maximally 
activate the C fibers. 
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(diamond), irrespective of the stimulus 
size. However, the interpretation of such 
experiments is difficult because the ex- 
perimental procedure involves a change 
in the physical stimulus as well as a 
change in meaning. Physical attributes 
of a stimulus change the wave form of 
VEP's (2, 3) so, in order to avoid con- 
founding the meaning change with the 
physical stimulus change, it is neces- 
sary to keep the latter constant. 

It is possible to alter the meaning of 
a constant stimulus by adding a new as- 
sociation using a conditioning pro- 
cedure, for example, pairing a visual 
stimulus with an auditory click (4). 
However, any change in the VEP as a 
result of this may reflect enhanced 
arousal or attention rather than the 

meaning change per se. Modification of 
VEP's by such variables as expectancy, 
affect, uncertainty, or attentional state 
have been demonstrated in many situa- 
tions (5). The conditioning procedure 
not only brings about a change in 
meaning but may also have a quanti- 
tative effect on one or more of these 
state variables. The difficulties inherent 
in equating both the physical stimulus 
and state variables may be circum- 
vented by the use of a symbolic stimu- 
lus that has two or more distinct mean- 
ings depending on the context in which 
it is presented. 

The central symbol in Fig. 1 can be 
interpreted as "B" or "13," depending 
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Electrophysiological Correlates of Meaning 
Abstract. The use of context-sensitive symbols offers an appropriate methodology 

for investigating the representation of meaning in the brain. This approach re- 
vealed that late components of frontal, but not occipital, evoked potentials reflect 
the change of meaning of a symbolic stimulus when it appears in different tem- 
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