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Summary.The rat superior cervical ganglion was investigated 
in vitro by means of extracellularly recorded compound action 
stals and of cyclic AMP content in relation to Ca2+-con- 
centrations in the extracellular fluid. Threshold concentra- 
tions for the appearance of the potentials were lower than 
1 mM. Raising the Ca2+- content in the Krebs solution above 
40 mM led to an increase of the slow excitatory negative po- 
tential and to the appearance of the slow inhibitory positive 
wave, while the fast excitatory compound action potential 
disappeared. This effect was calcium-specific. 
On the other hand, cyclic AMP accumulation in the ganglion 
seems to be calcium-independent. While high Ca2+-concentra- 
tions (60 mM) in the medium led to a significant decrease of 
the cyclic AMP content, neurotransmitter-induced cyclic AMP 
accumulation occurred regardless from varying the extracel- 
lular calcium content. High external Ca2+ antagonized the 
ability of the $-adrenergic blocker propranolol in preventing 
isoproterenol-induced cyclic AM@ accumulation to some extent. 
It was concluded that calcium ions are necessary for the ap- 
pearance of fast and slow postganglionic compound action po- 
tentials in the ganglion. These events seemed to be independ- 
ent from drug-induced changes in the ganglionic cyclic AMP 
content. 

Introduction. There is considerable evidence that calcium 

ions are directly involved with many molecular events in the 

nervous system (l-4). The most prominent role of this alka- 

line earth ion is its direct association with the release of 

transmitter molecules from nerve endings during nerve cell 

excitation (5-7). The link between nervous membrane excita- 

tion, release of the neurotransmitter ACh and calcium was 

first demonstrated in the superior cervical ganglion (SCG) 

of the cat by Harvey and Macintosh (5). They showed that re- 

moval of calcium from the perfusion medium abolished the re- 

lease of ACh from preganglionic nerve terminals. The essen- 
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tial requirement of calcium for synaptic transmission has 

been established over the last three decades (3). 

Cyclic AMP is believed to mediate the postsynaptic effects 

of certain neurotransmitters (4, 7-9). A relationship between 

calcium and cyclic AMP in the excitation-secretion process of 

neurotransmitter molecules has been proposed (8,9). But in 

spite of cumulating evidence in favour of such a link the 

complexicity of the responses of neurohumoral agents in the 

nervous system has as yet defied any simple interpretation 

(10,ll) * 

Returning to the original system - the superior cervical 

ganglion - where the first effects of calcium ions were de- 

scribed, it is of special interest to see if there is any 

causal relationship between ganglionic transmission, calcium 

and cyclic AMP. 

The rat SCG in vitro was used for extracellular recordings -- 
of ganglionic transmission and for concurrent measurements 

of cyclic AMP. Variation of calcium in the extracellular 

fluid led to substantial changes in the transmission process 

both of fast and slow components of the compound action po- 

tential (CAP). It is shown, however, that these variations 

of calcium concentrations in the bathing fluid do not affect 

drug-induced cyclic AMP accumulations in the ganglion. A pre- 

liminary account of this work has been presented (12). 

Materials and Methods. Male Wistar rats (250 - 300 g) were 
killed by cervical dislocation and the ganglia were rapidly 
removed and desheathed. Special care was taken to keep the 
attached nerve trunks as long as possible. After the dissec- 
tion procedure the ganglia were pre-incubated for one hour 
in oxygenated Krebs-Henseleit solution (95% 02/5% CO2) at 
370 C. For extracellularly recorded CAPS the ganglia were 
placed in a perspex chamber and superfused with the oxygen- 
ated saline at 37O C. Postganglionic CAPS were recorded via 
a suction electrode from the internal carotid nerve as de- 
scribed (13,14). Recording and amplification equipment was 
conventional. Photographs were taken with a Polaroid camera 
from a storage oscilloscope. 
Cyclic AMP was measured according to the method of Gilman 
(15) as described in detail earlier (16). For these determi- 
nations ganglia were pre-incubated in Krebs-solution for one 
hour at 37O C and then, unless otherwise stated, for a fur- 
ther 30 minutes in Krebs-solution containing IO-5 M 3-iso- 
butyl-I-methylxanthine (IBMX) in order to inhibit degradation 
of cyclic AMP by endogenous phosphodiesterases (17). For sta- 
tistical analysis the Student's t-test was used. 
Verapamil was kindly provided by Knoll, Ludwigshafen and 
Nifedipin by Bayer, Leverkusen. 
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Results 

1) Extracellularly recorded compound action potentials and 

their relation to Ca 2-k in the external medium from rat 

superior cervical ganglion in vitro. -- 

In electrophysiological experiments the postganglionic re- 

sponse (recorded at the internal carotid nerve) to suprama- 

ximal preganglionic electrical stimulation consisted of a 

fast compound action potential followed by a slow negative 

after potential (Fig. la). When Ca 2+ was omitted from the 

bathing fluid the ganglia did not respond to electrical stim- 

ulation. Raising the Ca 2+ -concentration to 1 mM resulted in 

a dose-dependent appearance of fast and slow CAPS in re- 

sponse to preganglionic stimulation (n = 15; data not shown). 

Optimal Ca2+ -concentrations for maximal CAP-amplitudes ranged 

from 1 mM to 5 mM (Fig. la). Within this concentration range, 

the shape and magnitude of CAPS were not changed. (n = 8). 

A gradual increase of Ca 2+ -concentration above 10 mM led to 

a progressive decrease in the amplitude of fast and slow po- 

tentials. At Ca 2+ -concentrations above 20 m.M no further po- 

tentials were recorded (n = 8). Raising the Ca 2+ -concentra- 
tion in the external Krebs-Henseleit solution beyond 40 mM 

resulted in a disappearance of the fast CAP within 30 seconds 

(Fig. lb, upper trace). Concomitantly with this decrease of 

the fast potential, the amplitude of the slow negative wave 

increased by up to 50% and time course increased by 45% 

(Fig. lb, lower trace). These effects occurred rapidly. With- 

in 30 seconds the reduction of the fast CAP and the increase 

of the slow potential could be readily seen (Fig. lb, upper 

trace) and within 1 minute the fast CAP disappeared complete- 

ly (Fig. lb, lower trace). After 5 minutes of incubation with 

the elevated Ca 
2+ -concentrations a new slow positive wave ap- 

peared (Fig. Ic). Stable recordings could be achieved for 

more than 45 minutes from beginning with the superfusion of 

elevated Ca2+ -concentrations (Fig. Ic). The effects of high 

Ca2+ in the bathing solution on the CAPS were readily revers- 

ible as shown in Fig. Id. Even 1 minute after superfusion 

with Krebs-saline containing the normal amount of Ca 2+ (i.e. 

2.2 mM) the fast CAP appeared again nearly completely (Fig. 

Id-e). The slow positive wave disappeared as soon as the 
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Figure 1: 
Time course of the effects of hiqh Ca 2+ -concentrations 
(40 RIM) in the medium and their reversibility on extracellu- 
larly recorded ChPs from rat SCG in vitro. 
a) Control recording (Ca2+: 2.2 3 - 
b) Upper tr?$e: Recording after 30 set of superfusion with 

40 mM Ca 
Lower trace: Recording after 
40 m ca2+ 

I min of superfusion with 

c) Recording after 10 and 45 min of superfusion with 40 mM 
Ca2+ 

d) Recording after 1 min of returning from high (49 mM) to 
control (2.2 mM) concentrations of Ca2+ 

e) Same conditions as d) after 5 min 
f) Same conditions as d) after 1 hr 
Calibration marks: a,b,d-f: 1 mV,lOO msec; c: 1 mV,ZOO msec. 

fast CAP returned. Activation of the slow negative wave was 
demonstrable even 1 hr after superfusion with normal Ksebs- 

solution (Fig. If). Although the dynamics of the activation 

of the slow negative wave and the disappearance of the fast 

CAP caused by high Ca 2+ -concentrations were not studied in 
detail, it should be noted that these effects on ganglionic 

303 



Vol. 86, No. 2, 1979 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

a 
L 1mV 

100 msec 

Figure 2: 
Effects of Ca2+-antagonists, atropine and of antidromic stim- 
ulation on calcium-induced effects of extracellularly record- 
ed CAPS from rat SCG in vitro. Ca2+-cont.: 40 mM. 
a) Control recording (caq.2 mM) 
b) 40 mM Ca2+ 
c) Ba2+ or Sr2+ (IO mM) 
d) Verapamil or Nifedipin (10B5 M) 
e) Atropine (10B5 M) 
f) Antidromic electrical stimulation 
Ca2+ -cont. in b-f: 40 mM; incub.-time: 10 min; pre-incub.- 
time with the blockers c)-e): 20 min. 
Calibration marks: a,c-f: 1 mV, 100 msec; b: 1 mV, 200 msec. 

transmission were sensitive to prior incubation with saline 

in which calcium concentrations were varied. This could be 

readily demonstrated when ganglia were superfused with Ca 2+- 

free saline and then switched immediately to high Ca 2+ -con- 

centrations. Under these experimental conditions only 30 mM 
Ca2+ -concentrations were needed for the activation of the 
slow negative wave and for inhibition of the fast CAP (Fig. 

lb-d). 

Prior incubation of ganglia with 10 mM Ba 2+ or with 10 mM 

Sr2+ did not influence the effects of high Ca 2+ on the fast 

and slow negative waves. But under these conditions there 
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Table 1: 

Effects of various Ca 
2+ -concentrations in the incubation medium on cyclic AMP content 

in superior cervical ganglia of the rat in vitro. -- Values are expressed as picomoles 

cyclic AMP per ganglion (mean + S.E.M.). n = 3 - 8. 

Incubation conditions time of incubation 

4 min 15 min 30 min 

Control: 2.2 mM Ca2+ 

- Ca2+ 

- Ca2+; + 1 mFl EGTA 

- Ca2+: +12mM Mg 2+ 

20 mM Ca2+ 

60 ml4 Ca2+ 

9.8 + 2.1 11.7 2 1.8 10.9 + 2.6 - 

10.4 + 0.9 12.8 + 2.8 11.9 + 3.0 

12.4 + 2.0 13.6 + 2.3 16.9 ; 1.5 ' - - 

10.3 + 1.0 14.8 + 2.2 15.8 
- 

+ 0.6 § 

8.9 + 2.9 7.8 + 1.7 8.0 + 3.1 - 

- 5.9 + 0.9 5 4.9 + 1.2 5 3.3 + 1.7 5 - - 

significantly different from control: 5 p < 0.05 

was no slow positive wave present (Fig. 2c, n = 5). Verapamil 

and Nifedipin, two selective Ca2+-antagonists, in concentra- 

tions of 10 
-5 1.1 failed to influence the effects of elevated 

Ca2+ (Fig. 2d versus 2b). Atropine at low concentrations 

(1o-5 PI) was able to suppress the slow negative wave nearly 

completely after 10 minutes of incubation in the presence of 

high Ca 2' (Fig. 2e). This is interpreted as an indication 

for participation of muscarinic cholinergic receptors in 

this Ca2+ -dependent process. Antidromic electrical stimula- 

tion of the ganglion showed no electrical activity in the 

preganglionic nerve indicating the absence of electrotonical- 

ly mediated Ca 2+ -effects (Fig. 2f). Ba 2+ and Sr2+ at high 

concentrations (20-60 m&l) caused the disappearance of all re- 

corded CAPS (Fig. 2f). 

2) Effects of variations of Ca 2+ -concentrations in the in- 

cubation medium on cyclic AMP content in rat superior 

cervical ganglion in vitro. -- 

In contrast to the electrophysiological observations where 

calcium-effects were prominent, cyclic AMP accumulation was 

not affected by Ca2+ to the same extent. Table 1 shows that 

the levels of cyclic AMP actually decreased when ganglia 

were incubated in saline containing high amounts of calcium 
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CONTROL Iso& 

2 z ml.4 co” 
PROP PROP 

-Ca”. 12 ml.3 -Co”. I rnM 
hlg” EGTA 

IS0 ISO+ 
PROP 

60 mb.4 CO” 

Figure 3: 
Eff cts of propranolol (PROP, 

& 
10 

-5 M) on isoproterenol (ISO, 
IO- M)-induced accumulation of cyclic AMP in rat SCG in vitro 
under different calcium-conditions in the external medsm. 
Incub.-time: 4 min (n = 5). * ** 
Significantly different from control: p(O.05; p<O.Ol. 

ions. Omission of Ca2+ from the incubation medium did not 

significantly influence cyclic AMP levels in ganglia. Incu- 

bation of the tissue in Ca 2+ -free medium and addition of 

either 1 mM EGTA or 12 mM Mg 2+ increased cyclic AHP levels 

within 30 minutes. 

Isoproterenol-induced cyclic AMP accumulation, via activation 

of ganglionic adenylate cyclase, was unchanged when ganglia 

were incubated in saline with different Ca 2+ -concentrations 

(Fig. 3). In connection with the unaffected amine-induced 

response, due to activation of the B-adrenergic receptor of 

the enzyme, the blocking ability of propranolol, a potent 
B-blocking agent (18,19), was not significantly different 

under the various calcium concentrations except at high 

Ca2+ -concentrations. 60 mH.Ca 2+ in the incubation medium 

reduced the blocking ability of propranolol significantly 

(Fig. 3). 

The effect of other biogenic amines and related neurotrans- 
mitters which are capable of activating ganglionic adenylate 

cyclase under control conditions (14,18,19) with the addi- 
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! 
CONTROL DA 

I 
1 

I .f 

iI- 
EPI 

* I! 
HIS PGE, 

1o-4 M 1o-3 M IO-‘ M 

Figure 4: 
Effects of dopamine (DA), epinephrine (EPI), histamine (HIS) 
and prostaglandin El (PGE1) on accumulation of cyclic AMP in 
rat SCG in vitro in the presence of low (2.2 mM = open bars) 
and of hzh(6omM = dotted bars) calcium concentrations. 
Incub.-time: 4 min (n = 5). * ** 
Significantly different from control: p<o.o5, pGO.01. 

tion of 60 mu Ca 2+ were investigated further. Although 

cyclic AMP concentrations fell markedly under high Ca 2+ -ad- 

ditions in the incubation medium, accumulation of cyclic AMP 

caused by the neurotransmitters was almost the same as under 
control conditions (Fig. 4). 

Discussion. 

There is growing evidence that Ca 2+ -induced potentials from 

nerve cells are mediated via special Ca 2+ -channels in the 

membrane (20-22). It is also known that other divalent alka- 

line earth ions are capable of replacing Ca 2+ at low concen- 

trations (l-4). Ba2+ and Sr2+ are among the most potent of 

these while Mg2+ and W2+ are ineffective or even inhibitory 
(24,25). In contrast to their effects at low divalent ion 

concentrations, Ca cannot be replaced at high concentra- 

tions by Ba2+ or bI'Sr2'. In addition, these two alkaline 

earth ions are unable to antagonize the Ca 2+ -induced changes 
in the transmission properties of the ganglion. 

Verapamil and Nifedipin failed also to influence the Ca 2+ - 
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effects although it was shown that these drugs could antagon- 

ize Ca2+-influx in the myocardium effectively (26-28). It 

must be noted however that both drugs showed no influence on 

any potentials recorded after electrical stimulation in the 

ganglion. 

Cholinergic participation in this process is suggested be- 

cause of the sensitivity to pre-incubation of ganglia with 

atropine of the Ca2+ -induced activation of the slow negative 

wave. From this and earlier studies (13,29) it may be assum- 

ed that ACh is the mediator of this excitatory negative wave. 

This wave was characterized previously by Dunant as the slow 

EPSP in the rat SCG (13). The activation of the slow EPSP by 

high Ca2+ in the extracellular fluid may reflect an indirect 

action of ACh. Elevated Ca 2+ -concentrations in the pregangli- 

onic nerve endings would be helpful for a further release of 

ACh and this enhanced release of the neurotransmitter may be 

the reason for the activation of this excitatory potential. 

A similar activation pattern of the slow EPSP could be a- 

chieved after prolonged stimulation of ganglia (13). It is 

known that electrical stimulation enhances Ca 2+ -influx in 

both preganglionic and postganglionic elements (30-32). It 

is also known that the amount of ionized Ca 2+ within the 

nerve cell is relatively low compared with the outside of 

the cell (1,31,32). It is possible therefore, that the in- 

creased amounts of ionized Ca 2+ in the nerve cells are able 

to trigger the observed effects on ganglionic transmission. 

The appearance of the slow positive wave may be the conse- 

quence of inhibition of the fast postganglionic CAP. The same 

phenomenon was observed after superfusion of ganglia with low 

concentrations of mecamylamine, a ganglionic blocker (13). 

From biochemical studies it has been suggested that calcium 

is able to elevate cyclic AMP concentrations in nervous tis- 

sues suggesting a direct connection of cyclic AMP, Ca 2+ and 

the transmission process (33). Findings from the present 

study show that elevated Ca 2+ -concentrations in the extra- 

cellular fluid lowered the cyclic AMP content significantly. 

In addition the rise in cyclic AMP accumulation when ganglia 

are incubated in the absence of Ca 2+ is consistent with this 

observation. It is possible, however, that the internal Ca 2t 

content even after one hour of incubation in Ca 2+ -free solu- 
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tion is still sufficient to preserve the full sensitivity of 

ganglionic adenylate cyclase to neurotransmitter activation. 

On the other hand, the inverse relationship between calcium 

and cyclic AN* content suggested rather a total independence 

of the enzyme from the divalent alkaline earth ion. The low- 

ering of cyclic AMP content in ganglia due to high Ca 2+ -con- 

centrations in the extracellular fluid may be the consequence 

of activation of Ca 2+ -dependent phosphodiesterase, which pro- 

bably overcame the inhibition by IBHX (19,34). The failure 

of Ca2+ in influencing the sensitivity of ganglionic adenyl- 

ate cyclase to neurotransmitters is probably the consequence 

of a complex relationship between Ca 2+ and the receptor pro- 

tein, which is responsible for binding and for the specifi- 

city of the activating transmitter. It is assumed that there 

is no causal relationship between the two processes, first 

the influx of Ca2+ into nerve cells due to activation by a 

preganglionic electrical pulse and secondly the activation 

of ganglionic adenylate cyclase by the neurotransmitter. The 

only significant interaction between calcium and the gangli- 
onic adenylate cyclase in the intact ganglion is the apparent 

decreased blocking ability of propranolol in preventing cy- 

clic AMP accumulation due to activation of the $-adrenergic 

receptor system (18,19,35). 

In summary it is concluded that, besides the direct effects 

of low Ca2+ in the external fluid on ganglionic neurotrans- 

mission, this alkaline earth ion caused at high extracellu- 

lar concentrations three readily demonstrable effects: 

Firstly, high Ca2+ -concentrations inhibited the fast post- 

ganglionic compound action potential probably due to its well 

known anaesthetic effects on nervous membranes (36). Second- 

ly, both the amplitude and time course of the slow negative 

wave increased under these conditions. This effect seemed to 

be calcium-specific although its mechanism is unclear. Third- 

ly, regarding neurotransmission, the consequence of high 

Ca2+ and the inhibition of the fast CAP is the appearance of 

a slow positive wave which can be tentatively interpreted 

as the slow IPSP (29). 

In contrast to these biophysical effects on the neuronal mem- 

brane the biochemical data present little evidence for a di- 
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rect and causal relationship between ganglionic transmission, 

Ca2+ -concentrations and the second messenger system. 

Therefore, interpretations of data which suggest a direct 

relationship between cyclic AMP and neurotransmission must 

be considered suspect (8,9). Other cell functions which are 

not directly linked with the transmission process cannot be 

overlooked. These functions include nerve cell metabolism, 

fast and slow axonal transport and the interrelationship be- 

tween nonneuronal cells and nerve cell function (37). 
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