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SUMMARY

1. Cyclic nucleotide levels and compound action potential magnitudes
were measured in frog sciatic nerves following exposure to carbachol,
isoprenaline and cyclic nucleotide related substances.

2. The resting cyclic AMP level was 2-4 p-mole/mg protein and the
cyclic GMP level was 0-27 p-mole/mg protein in desheathed nerves.

3. Isoprenaline (100 /M) caused a twofold increase in cyclic AMP
without affecting cyclic GMP levels. Carbachol (100 /tM) caused a twofold
increase in cyclic GMP without affecting cyclic AMP levels.

4. The phosphodiesterase inhibitor theophylline (5 mm) augmented
both cyclic AMP and cyclic GMP.

5. The magnitude of the resting or compound action potential was not
affected by isoprenaline, carbachol, or phosphodiesterase inhibitors.

6. The cyclic nucleotides and their butyryl derivatives did not affect
the magnitude of the resting or compound action potential, either when
applied alone or in the presence of a phosphodiesterase inhibitor.

7. In contrast to synaptic tissue we conclude that hormone mediated
cyclic nucleotide metabolism in peripheral nerve is unrelated to control
of axonal excitability.

INTRODUCTION

There is considerable evidence to support the hypothesis that the action
of certain neurotransmitters are mediated by cyclic nucleotides (Bloom,
1975; Greengard, 1976). For instance, adenosine 3',5'-monophosphate
(cyclic AMP) has been postulated to mediate the effects of noradrenaline
on the fi-adrenergic receptor (Robison, Butcher & Sutherland, 1971).
Guanosine 3',5'-monophosphate (cyclic GMP) has been postulated to
mediate the action of acetylcholine at muscarinic cholinergic synapses
and to produce a change in neuronal excitability. antagonistic to the
actions of the biogenic amines (Goldberg, O'Dea & Haddox, 1973).
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It has been assumed by most investigators that the cyclic nucleotide

related actions of neurotransmitters are confined to synaptic regions of
the neurone. However, little attention has been given to peripheral nerve
or other non-synaptic nervous tissue (McAfee & Greengard, 1972; Vande
Berg, 1974; Kebabian, Steiner & Greengard, 1975). This paper describes
the effects of neurotransmitter mimetics and cyclic nucleotide related sub-
stances on cyclic nucleotide content and action potentials in the frog sciatic
nerve. We observed that certain neuro-transmitter mimetics can specifi-
cally alter cyclic nucleotide levels in the nerve. However, neither exogenous
cyclic nucleotides nor the neuro-transmitter mimetics affect the compound
action potential of this preparation. A preliminary report of some of these
results has appeared (Horn & McAfee, 1976).

METHODS

Rana pipien8, averaging 25 g body weight were quickly decapitated, double
pithed, skinned, and pinned to a dissecting tray. The sciatic nerve of each leg was
sectioned distally and carefully dissected free from loose connective tissue, blood
vessels, and nerve branches between the popliteal fossa and the lumbosacral plexus.
When indicated nerves were desheathed in Ringer solution (Feng & Liu, 1949) by

girdling the connective tissue capsule and splitting the epineurium. Though not
directly visualized, the presence of the epineurium was inferred by reflected light
from the surface of the nerve and its breach by herniation of the superficial bundles
of axons through the split. When completely girdled the epineurium and capsule
were everted and peeled back over the surface of the nerve to each end.
The Ringer solution had the following composition (mM): NaCl, 73; KCI, 3;

NaHCO3, 35; NaHPO4, 1-8; NaH2PO4, 0-59; CaCl2, 2; dextrose, 16, and was equili-
brated with 95% 02, 5% C02. The pH of the solution was 74-7 6 at the temperature
of the experiments (22-26° C) and was unaffected by any of the agents used in the
experiments. The osmolarity of the Ringer as determined by freezing point depres-
sion was 230-240 m-osmole/l.

Extracellular recording. Sciatic nerves (3-4 cm) were secured by sutures to bipolar
palladium electrodes in a covered Plexiglas nerve chamber (Harvard Apparatus)
having a total volume of 10 ml. The distance between the stimulating cathode and
the proximal recording electrode was 2 cm and the recording interelectrode distance
was 1 cm. The portion of the nerve between the recording electrodes was crushed
with forceps and ligated with 1-0 suture to provide monophasic (killed end) recording
conditions. The nerve was immersed in Ringer solution which was continuously
bubbled by 95% 02-5% C02. At regular intervals (5 or 10 min) the bathing medium
was withdrawn by suction and compound action potentials were generated at 1 Hz
with the nerve suspended in the moist oxygenated atmosphere. Within 2 min
measurements of compound action potential magnitude were obtained and normal
Ringer or one modified by the addition of drugs was returned to the nerve chamber.
Under these conditions the nerve remained viable with only a small decrement (about
10%) in the magnitude of the compound action potential over several hours. The
nerve was supramaximally stimulated by isolated rectangular pulses (50 /rssec, 5 V),
and the compound action potential conducted in myelinated axons and its electronic
integral displayed on an oscilloscope (Fig. 1). Measurements of the amplitude of both
the compound action potential and the integral were made by calipers from the face
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of the oscilloscope (storage mode) or from photographic records. Variation in the
recording interelectrode impedance during recording periods was minimized by
suctioning dry the wall of the chamber between the recording electrodes. This pro-
cedure greatly reduced the fluctuation in recorded amplitudes caused by electrolyte
short circuiting. Another source of error was the occasional failure to completely
maintain monophasic recording conditions during the course of the experiment.
Attenuation of the duration of the 'monophasic' signal derived from the proximal
recording electrode could occur if a significant amount of activity appeared at the
distal recording electrode. This results in an underestimate of the integral rather than
the amplitude of the compound action potential.

2 0

Fig. 1. A typical record of the compound action potential (trace 1) and its
integral (trace 2) elicited in response to supramaximal stimulation of the
frog sciatic nerve. The vertical bars in each trace indicate the position and
amplitude of the two parameters measured in these experiments. The
compound action potential was detected by a differential amplifier (2-10
kHz). The integral was derived by an operational amplifier with capacitive
feed-back (time constant = 0-5 msec) that was directly coupled to the
output of the differential amplifier. The calibration bars indicate 5 mV,
2-5 1V sec, and 1 msec.

Sucro8e gap recording. In a few experiments the sucrose gap technique was em-

ployed using a Plexiglas chamber (Kosterlitz, Lees & Wallis, 1968; McAfee & Green-
gard, 1972). The advantages of this approach were that changes in resting membrane
potential could be detected, the compound action potential remained monophasic
and could be continuously monitored, and the short circuiting impedance (-n1 MC)
was stabilized. The potential across the gap was detected by calomel electrodes with
a differential electrometer and displayed on an oscilloscope (DC-tO kHz) and chart
recorder (DC-2 Hz). One side of the gap was always perfused (0r2-0-3 ml./min) with
drug-free Ringer and the other side with drug-containing Ringer during the experi-
mental period. The sucrose solution had an osmolarity of 240 miosmole5l.

Cyclic nucleotide levels. Nerves were isolated and desheathed as before and then
divided into proximal and distal halves. Thus each frog leg provided two lengths of
nerve which were paired as control and experimental tissue. After a 60 mn pre-
incubation during which the nerve pairs were continuously superfused with normal
oxygenated Ringer, one member of each pair (control nerve) was removed and
homogenized in 250 su. ice-cold conc. HC-absolute ethanol mixed 1:60 (wl/w). The
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treated nerve was exposed to neurotransmitter mimetics for specific periods of time,
removed and homogenized in the same manner as the control nerve. In some cases
both members of the nerve pair were exposed to selective transmitter receptor
antagonists or phosphodiesterase inhibitors for 30 min. Following this pretreatment
period one member of the pair was removed and homogenized (control nerve) and
the other exposed to a neurotransmitter receptor agonist (experimental nerve).
The homogenates were centrifuged at low speed, the supernatant separated and

the precipitate containing the protein assayed (Lowry, Rosebrough, Farr & Randall,
1951) after dissolution with 1 N-NaOH. The supernatant was dried down in air at
700 C and redissolved in 0 5 M acetate buffer pH 6-2. Aliquots of this material were
assayed for cyclic AMP and cyclic GMP by a modification of a commercially avail-
able radioimmunoassay (Steiner, 1973). The modification consisted principally of a
reduced incubation volume (150 ul.) and a shortened, 3 hr, incubation period (non-
equilibrium assay).

Chemical and sources. Bovine serum albumin and Folin's reagent used for the
protein assay were purchased from Sigma, St Louis, Mo, U.S.A. Theophylline and re-
agents for the cyclic AMP and cyclic GMP radioimmunoassays were purchased from
Schwarz Mann, Orangeburg, N.Y. Adenosine-3',5'-monophosphoric acid (cyclicAMP),
and N6-monobutyryl-adenosine-3',5'-monophosphate (mbc AMP), guanosine-3',5'-
monophosphate (cyclic GMP) and, N2-2'0-dibutyryl-guanosine-3',5'-monophos-
phate (dbc GMP), as monosodium salts were purchased from both Sigma and
Boehringer Mannheim. Caffeine, carbamylcholine chloride (carbachol), D,L-iso-
prenaline HCl, procaine as the free base, atropine sulphate, and tetrodotoxin were

obtained from Sigma. RO 20-1724 and MJ 1999 (Sotalol-HCL) were generous gifts
of Hoffmann-La Roche and Mead Johnson respectively.

RESULTS

Effects of exogenous neurotransmitter mimetics

Cyclic nucleotide levels. The endogenous level of cyclic AMP in 105 un-
treated desheathed nerves was 2-4 + 0-1 (s.E. of mean) p-mole/mg protein.
In eighty-seven nerves the cyclic GMP level was 0-27 + 0-02 (s.E. of mean)
p-mole/mg protein or about tenfold less than cyclic AMP. In paired
studies there was no significant difference in the cyclic nucleotide content
of proximal lengths of sciatic nerve as compared to distal lengths or

between nerves from the right side as compared to nerves from the left
side of the animal. The variance in cyclic nucleotide content of the sciatic
nerve between animals was greater than the variance within an indi-
vidual animal which justifies the paired experimental design.
The effect of isoprenaline and carbachol on cyclic nucleotide levels is

presented in Fig. 2. Isoprenaline augments cyclic AMP to maximal levels
(twofold) within 2 min but does not significantly affect cyclic GMP
levels. Carbachol augments cyclic GMP to maximal levels (twofold)
within 2 min but does not significantly affect cyclic AMP levels.
The ability of isoprenaline to augment cyclic AMP in the sciatic nerve

was blocked by the /-adrenergic antagonist MJ 1999 and sustained in the
presence of the phosphodiesterase inhibitor, theophylline (Fig. 3). The
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antagonist MJ 1999 had no effect on cyclic nucleotide levels (data not
shown), but theophylline augmented both cyclic AMP and cyclic GMP.

Isoprenaline was not effective in augmenting cyclic AMP levels in
sheaths collected from the nerves used in this experiment. The endo-
genous levels of cyclic AMP in the nerve sheath (1.9+02p-mole/mg
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Fig. 2. Cyclic nucleotide levels in sciatic nerve following exposure to neuro-
transmitter mimetics for various periods of time. Desheathed frog sciatic
nerves were superfused with Ringer containing 1i00 /m isoprenaline (part
A) or 100 /Sm carbachol (part B) and then analysed for cyclic AMP, cyclic
GMP and protein. Data are plotted as the mean +s.E. of mean for the
number of nerves in parentheses. In part A, cyclic AMP levels are sign.
ficantly elevated by isoprenaline (P < 0-05, Student's t test) at 60 sec and
thereafter. In part B, cyclic GMP levels are significantly elevated by car-
bachol (P < 0.05, Student's t test) at 300 sec.

protein) was nearly the same as that of axonal tissue. The small quantity
of this connective tissue precluded measurements of cyclic GMP.
The ability of carbachol to augment cyclic GMP levels was blocked by

atropine (Fig. 4). While theophylline during 30 min significantly elevated
cyclic GMP (Fig. 3), carbachol was unable to further augment cyclic
GMP when added to the bathing medium during the last 5 min of ex-
posure to theophylline (Fig. 4).

Electrical stimulation (10 Hz, 5 min) of the sciatic nerve produced no
statistically significant change in cyclic nucleotide levels. However, a
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high K+ (76 mM) Ringer solution in which KCI was substituted for NaCi

generated a significant increase in cyclic GMP. In sucrose gap experiments

this concentration of potassium shifted the gap potential 40 mV in the

depolarizing direction. This increase in cyclic GMP level was not pre-

vented by atropine at a concentration which blocked the increase caused

by carbachol.

400

o. 300
-

o 200

100

Isopren. Isopren. Isopren. Theophyl. Isopren.
Experimental + sheath +

Mi 1999 Theophyl.

Control Untreated Untreated Untreated Untreated Theophyl.

Fig. 3. The cyclic nucleotide content as % of control in paired sciatic nerves
or nerve sheaths following exposure to isoprenaline and certain antagonists.
Each bar is a measure (±+ s.E. of mean) of cyclic AMP (A) or cyclic GMP
(G) content in experimental tissue relative to control. Nerves or nerve

sheaths were exposed to 100 uM isoprenaline for 5 min and analysed for
cyclic nucleotide and protein content. Some nerves were exposed to MJ
1999 (200 /FM) for 20 min or to theophylline (5 mM) for 30 min. Isoprenaline
was present for the last 5 min of the incubation as indicated. In these ex-

periments four to seven tissue pairs were statistically evaluated by the
paired t test. The asterisks indicate P < 0 05.

Resting and compound action potential. Both of the neurotransmitter
mimetics used in this study are known to affect cyclic nucleotide levels
and excitability of synaptic tissues. The data in Fig. 5, drawn from a

single sucrose gap experiment, is representative of three experiments in

which compound action potentials and changes in the resting potential
were monitored during exposure to Ringer containing carbachol and iso-

prenaline. However, in these experiments neither agent, at doses which

augment cyclic nucleotides, caused any change in the magnitude of the

compound action potential or resting membrane potential of desheathed

sciatic nerve. Procaine and 76 mM-K+ Ringer (data not shown) did re-
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duce both the compound action potential and the resting membrane
potential proving that changes in these parameters were detectable in our
measuring system.

Effect of exogenous cyclic nucleotides
Exogenous cyclic nucleotides have been shown to affect the membrane

potential and discharge frequency of neurones in synaptic tissue (Bloom,
1975). We tested the effects of cyclic nucleotides and related substances

So*
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A G AG A G A G AG A G

Carb. Carb. Carb. K+ K+ Stim.
Experimental + + +

Atropine Theophyl. Atropine
Control Untreated Atropine Theophyl. Untreated Atropine Untreated

Fig. 4. The cyclic nucleotide content as % of control in paired sciatic nerves
following exposure to carbachol, high K+, or electrical stimulation. Each
bar is a measure ( +S.E. of mean) of cyclic AMP (A) or cyclic GMP (G)
content in experimental tissue relative to control. In some experiments
one member of each nerve pair was exposed to the various agents while the
other served as the untreated control. Experimental nerves were exposed to
100 /tM carbachol, 76 mM-K+ Ringer, or electrical stimulation (O/sec) for
5 min, and analysed for cyclic nucleotide and protein content. In the
other experiments both members of the pair were preincubated with atro-
pine (25 /FM) or theophylline (5 mM) for 30 min, one member (control nerve)
removed and the other exposed to these antagonists with carbachol (100
FSM) or high K+ Ringer for an additional 5 mn. In these experiments four to
fourteen pairs were statistically evaluated by the paired t test. The asterisks
indicate P < 0-05.

on the compound action and resting potentials of frog sciatic nerves
(Table 1, Fig. 6).
Sheathed nerves. Exposure to 0-1-1 mm concentrations of cyclic AMP,

cyclic GMP, and their butyryl derivatives for 30 min did not change the
magnitude of the compound action potential of sciatic nerves with the
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sheath and epineurium intact (see Table 1). The phosphodiesterase in-
hibitors caffeine, RO 20-1724, and theophylline were without effect on the
compound action potential. Under these conditions procaine and tetro-
dotoxin reversibly decreased the amplitude of the compound action
potential 20-30%. During a 10 min exposure, procaine only desynchro-
nized the compound action potential since the amplitude but not the
integral was depressed.

I I I I I I I I I I

_o co 0 <%xbO~000a000 )00°°PO
O>30- U 45 _ 100puM Carbachol 1 mM procaine0 100juM Isoprenaline

*- .

0 20 30u -4

0 0 I{2302.1C

0 20 40 60 80 100 120 140 160 180
Time (min)

Fig. 5. The effect of neurotransmitter mimetics on the action potential
amplitude (0), integral (V), and DC potential (continuous line) in de-
sheathed sciatic nerve as measured by the sucrose gap technique. The
nerve was continuously superfused (0-2-0-3 ml./min) with normal Ringer
or Ringer containing 100#am carbachol, 1 mm procaine, or 100 /M iso-
prenaline (indicated by the arrows), and supramaximally stimulated once
every 2-5min. A small amount of procaine left in the reservoir tubing
caused a transient depression of the signals at the start of isoprenaline super-
fusion. The DC potential measured across the sucrose gap is proportional
to the resting membrane potential and a downward deflexion indicates
depolarization.

Desheathed nerves. Since the sheath and epineurium of the sciatic nerve
may limit the penetration of exogenous compounds (Feng & Liu, 1949;
Crescitelli, 1951; Ritchie & Greengard, 1966), experiments were performed
on desheathed nerves to increase the likelihood that the exogenous agents
would penetrate to the axoplasm.

Fig. 6 illustrates typical results obtained from three different nerves.
Both procaine and tetrodotoxin were more effective in blocking the con-
ducted compound action potential in desheathed nerves than in nerves
where the sheath and epineurium remained intact (Table 1). For example,
the compound action potential was completely inhibited within 5 min by
tetrodotoxin on desheathed nerves but only depressed 10-20% in sheathed
nerves.
However, theophylline and the cyclic nucleotides did not affect the

magnitude of the compound action potential in these desheathed nerves.
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Fig. 6. For legend see facing page.
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Three different phosphodiesterase inhibitors (caffeine, RO 20-1724,
theophylline) and the more permeable butyryl derivatives of the cyclic
nucleotides were tested at relatively high concentrations (Table 1). In
addition three sucrose gap experiments demonstrated that the cyclic
nucleotides did not change the resting potential of the frog sciatic nerve
(Fig. 6).

DISCUSSION

The results presented above demonstrate that exogenous cyclic nucleo-
tides have no significant effect on the magnitude of compound action
potential or resting potential in frog sciatic nerve. The concentration of
the cyclic nucleotides and phosphodiesterase inhibitors employed were
similar to those used in other tissues, including nervous tissue, to produce
a response which mimicked a cyclic nucleotide dependent hormone effect
(Robison et al. 1971; McAfee & Greengard, 1972; Kalix, McAfee, Schor-
deret & Greengard, 1974). Attempts were made to increase the sensi-
tivity of the axon to the applied cyclic nucleotide by use of the more
permeable butyryl derivatives, phosphodiesterase inhibitors to reduce
degradation and increase endogenous cyclic nucleotide levels, and de-
sheathing to reduce penetration barriers. The mechanical reduction in
penetration barriers was effective since local anaesthetics such as procaine
and tetrodotoxin were more effective and quicker acting on desheathed
nerves.

These observations in axonal tissue are in contrast 'to observations
elsewhere in the nervous system. Exogenous cyclic nucleotides and phos-
phodiesterase inhibitors seem able to penetrate and affect the excitability
of certain neurones presumably at presynaptic or post-synaptic sites
(McAfee & Greengard, 1972; Siggins, Oliver, Hoffer & Bloom, 1971;
Dretchen, Standaert, Skirboll & Morgenroth, 1976; however, see Lake &
Jordan, 1974; Miyamoto & Breckenridge, 1974). Because the several

Fig. 6. The amplitude of the compound action potential (o) and its integ-
ral (El) during exposure of desheathed nerves to cyclic nucleotides, theo-
phylline, and local anaesthetics. The values are plotted as % of the respon-
ses preceding the first exposure to drug-containing Ringer. Parts A and B:
data obtained from compound action potential recorded via extracellular
palladium electrodes. The arrows mark the onset and termination of periods
of exposure to Ringer containing the experimental substances. The con-
centration of tetrodotoxin (TTX) in part A was 10 nM. Part C: sucrose gap
recordings of compound action potential (0) and integral (V) as % of con-
trol and DC potential across the gap (continuous line). These parameters
were continuously monitored while the nerve was stimulated at I/min and
superfused (0-2-0.3 ml./min) with normal Ringer or Ringer containing
cyclic nucleotides and procaine. For convenience every third data point is
plotted.
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methods used to increase tissue cyclic nucleotide content failed to alter
the compound action potential or resting potential, myelinated frog
axons, unlike synaptic tissue, probably lack the machinery by which
cyclic nucleotides control membrane excitability.
We have no explanations for the disparity between our results and a

short report (Vande Berg, 1974) where a 30 min exposure to cyclic AMP
or phosphodiesterase inhibitors decreased by 50 % the compound action
potential of sheathed frog sciatic nerves. McAfee & Greengard (1972)
reported that cyclic GMP slightly depolarized the rabbit vagus nerve.
However, in these studies neither cyclic AMP nor cyclic GMP significantly
affected the C fibre elevation of the vagus nerve during a 5 min exposure.
Furthermore, theophylline (2.5 mM) was innocuous to vagal conduction of
action potentials over a 30 min period. Further experimentation is neces-
sary to determine if certain fibre types (e.g. unmyelinated axons) or
axons of certain species are more sensitive to exogenous cyclic nucleo-
tides than the frog myelinated nerve.
Of considerable interest is the observation that isoprenaline and car-

bachol increase the cyclic nucleotide content of sciatic nerve. Based on
the nature of the agonists and antagonists used in this study we tenta-
tively conclude that activation of fl-adrenergic receptors in the nerve
augments cyclic AMP and muscarinic activation augments cyclic GMP.
However, agonist dose-response studies and other specific antagonists
need to be employed to unambiguously identify the receptors which
augment the cyclic nucleotides. The concentration of the agonists and
antagonists used in this study are relatively high but comparable to those
employed in superfused autonomic ganglia to maximally augment cyclic
nucleotide levels (Kalix et al. 1974; Weight, Petzold & Greengard, 1974;
Greengard & Kebabian, 1974). In fact the concentration of carbachol was
less by tenfold than the dose of acetylcholine needed to produce a change
in the compound action potential of the rabbit vagus nerve (Armett &
Ritchie, 1960). The cell type upon which these receptors are located is
unknown. However, the nerve sheath was not responsive to isoprenaline.
There was no electrogenic effect of either adrenergic or cholinergic agonists
as measured by the sucrose gap technique. It is possible that these agonists
act on Schwann cells or related periaxonal connective tissue to augment
cyclic nucleotides. It is also possible that the cyclic nucleotides increase in
the axoplasm but that they control processes other than membrane
excitability. For instance cyclic nucleotides have been implicated in the
control of neuronal metabolism, microtubule function and axoplasmic
transport (Costa, Guidotti & Hanbauer, 1974; Goodman, Rasmussen, Di
Bella & Guthrow, 1970; Sloboda, Rudolph, Rosenbaum & Greengard,
1975; Boegman & Wood, 1976).
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Application of exogenous neurotransmitter receptor agonists augment
cyclic nucleotides in the nervous system and this result is often assumed
to occur in the subsynaptic regions of neurones. Our results clearly
demonstrate that these agents can augment cyclic nucleotide levels in
nonsynaptic nervous tissue. Thus it will be important to exclude responses
from nonsynaptic nervous tissue in any experiments purporting to demon-
strate cyclic nucleotide dependent synaptic transmission.

We wish to acknowledge the excellent technical assistance of Gary Whiting in
performing biochemical assays and Alina Cosio in preparation of the manuscript.
This work was supported by USPHS Grants NS 11552 and NS 05820, and the Palm
Beach Chapter of the Florida Heart Association.
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