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Abstract—Adenosine 3',5-monophosphate levels were measured in beds of incubated
synaptosomes from rat cerebral cortex and found to be 15-17 pmoles/mg protein (insoluble
protein after ethanol extraction) or 9-13 pmoles/mg protein (TCA precipitated). Periods of
incubation up to 60 min did not cause a change in these levels. Depolarizing agents such
as electrical pulses and elevated medium K™ and a physiologically active compound, nor-
adrenaline, which did producelarge increasesin theadenosine 3',5'-monophosphateof rat cere-
bral cortex slices did not alter the adenosine 3',5-monophosphate levels above those of
control synaptosome beds. Histamine, which was also without effect on adenosine
3',5'-monophosphate levels, caused a small but significant increase in the glutamate, GABA
and aspartate released to the medium, which was qualitatively similar to the larger effect
produced by electrical and K * stimulation. The small amount of adenosine 3',5'-monophos-
phate lost to the medium during incubation ( < 10 per cent) was not altered in response to
any of the agents used. Phosphodiesterase activity was also measured but showed no change
following application of electrical pulses, or in the presence of elevated medium K* (56
mM). High concentrations of theophylline in the medium were also without significant effect
on synaptosomal adenosine 3',5-monophosphate levels. It was verified that noradrenaline
and not histamine produces a significant increase in the adenosine 3',5'-monophosphate of
rat cerebral cortex slices. A postsynaptic site for the action of adenosine 3',5-monophos-
phate is proposed.

BrAIN contains very high activities of enzymes associated with adenosine
3',5-monophosphate synthesis, namely, adenylate cyclase,! its degradive enzyme,
phosphodiesterase? and a phosphoprotein kinase which is stimulated by adenosine
3',5'-monophosphate.: * These three enzymes or enzyme systems have further been
shown to be especially concentrated in nerve endings isolated from the brain®—® and
the phosphoprotein kinase has been further localized to synaptic membrane fractions
and synaptic vesicles.” These observations indicate that adenosine 3',5-monophos-
phate may play a part in neurotransmission itself or in processes accompanying
neurotransmission. Considerable increases in the levels of adenosine 3',5'-monophos-
phate are certainly shown in response to depolarizing agents, histamine and catechol-
amines in mammalian brain slices'®~!3 and it appeared possible that the effect was
at the nerve ending. In order to examine this possibility, adenosine 3',5-monophos-
phate was measured in beds of isolated nerve terminals. Incubation in this fashion
allows optimal performance of isolated nerve endings in terms of response and recov-
ery following exposure to depolarizing stimuli. Thus, putative transmitters such as
835



836 J. S. DE BELLEROCHE, . Das and H. F. BRADFORD

phystologically active amino acids and acetyl choline are released under these condi-
tions by calcium-dependent processes,'* !* suggesting that the isolated nerve end-
ings are at least partially working presynapses, in which one could reasonably expect
any system involving adenosine 3',5'-monophosphate to maintain part of its activity.

MATERIALS AND METHODS

Adult female Sprague-Dawley rats (200-250 g) were used in all these studies.

Preparation of synaptosome beds and cerebral cortex slices. The cerebral cortex was
removed from 15 rats and used to prepare eight synaptosome beds. Synaptosomes
were prepared by the method of Gray and Whittaker!® with modifications as de-
scribed by Bradford' 7 and the use of shorter centrifugation times as follows: pelleting
of the crude mitochondrial pellet at 17,500 g for 20 min and centrifugation of the
discontinuous sucrose gradient for 1 h at 73,000 g. Pellets from the synaptosome frac-
tion were gently resuspended in Krebs-bicarbonate medium of composition: (mM);
Nad(l, 124; K(Cl, 5; KH,PO,, 1-2; MgSO,, 1:3; CaCl,, 0-75; NaHCO;, 26 mM; pH
7-5 containing 10 mM glucose. Portions of the suspension were sedimented onto rec-
tangles of nylon gauze (17 x 2-4 cm), and identical pieces of gauze were placed on
top of the deposit to form synaptosome beds. The full details of this procedure are
described elsewhere.'* The synaptosome bed was manipulated by gripping the bare
edge of the nylon gauze with forceps, the synaptosome deposit remaining intact
between the gauzes.

Cerebral cortex slices were cut from the outer surface of the whole cerebral cortex

| using a strip of razor blade and a glass guide recessed to give slices 350400 ym in

thickness.!®

Incubation of synaptosome beds and cortex slices. Both synaptosome beds and cor-
tex slices were held between the jaws of Quick Transfer Holders as described for
slices by Mcllwain and Rodnight.!® The Holder was then dipped into medium, con-
tained in a small beaker (25 ml), thereby immersing the slice or bed in the medium.
Incubation was carried out at 37° in Krebs-bicarbonate medium (5 ml) of composi-
tion described above. The medium was gassed with 959 0,/5%, CO, and addi-
tions of compounds to the medium were made at the point of gassing to ensure rapid
mixing. Electrical stimulation was by application of square wave pulses of 10 V, 0-4
msec duration and alternating in polarity at the frequency of 100/sec (average con-
tinuous current 35 mA) to the electrodes of the Quick Transfer Holder which are
held on either side of the tissue sample.!*

Extraction. Adenosine 3',5'-monophosphate was extracted by either ethanol or
TCA extraction as indicated in the legends. By the former method, at the end of incu-
bation, the synaptosome beds were placed in 80%, ethanol {5 ml/7 mg synaptosome
bed), mixed, left in ice for 10 min and centrifuged at 9000 ¢ for 15 min. The resulting
pellet was further extracted with 60%, ethanol {5 ml), recentrifuged and the combined
supernatants were evaporated to dryness. By the second method. synaptosome beds
were placed in TCA (3 ml), mixed, and centrifuged at 9000 g for 15 min. The pellet
was retained for protein estimation and the supernatant was extracted three times
with three volumes of waterssaturated ether to remove TCA into the ether extract.
The aqueous fraction was dried. Cerebral cortex slices were extracted with 5% TCA
with homogenization, and then treated as above.
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At the end of incubation, the incubation medium was freeze dried. Where amino
acid analysis was carried out, a small portion of the medium (1 ml) was first removed
and this was placed in 1-0 M PCA (3 ml).

Adenosine 3',5'-monophosphate determination. The dry solid was redissolved in 50
mM Tris-HCI buffer, pH 7-4 (containing 8 mM theophylline and 6 mM 2-mercap-
toethanol). Adenosine 3'5’-monophosphate was then estimated by the method of
Brown et al.'® Each assay was performed at two dilutions and accompanied by stan-
dard control. *(H) adenosine 3'.5-monophosphate was obtained from the Radio-
chemical Centre, Amersham, Bucks, UK.

Adenosine, 3',5-monophosphate phosphodiesterase assay. The enzyme from incu-
bated synaptosome beds was extracted with 0-25 M sucrose, 0-04 M Tris-HCI, pH
7-5 (7 mg of synaptosomal protein/ml of buffer) and then centrifuged at 1000 g for
20 min at 4°. Adenosine 3',5-monophosphate phosphodiesterase was assayed in the
supernatant by the method described by Butcher and Sutherland? with some modifi-
cations.?® We used alkaline phosphatase to hydrolyze 5 AMP instead of crotalus
atrox venom. The assay mixture contained 40 mM Tris—-HC], 2 mM MgSO, and
1 mM adenosine 3',5"-monophosphate at pH 7-5. The reaction was terminated by the
addition of cold 209, TCA containing 19, activated charcoal (1 ml). One ml of this
solution was used for phosphorus determination as described by Dryer et al.?!
Adenosine 3',5-monophosphate and alkaline phosphatase were purchased from
Boehringer Co., UK.

Other analytical methods. Amino acids were analyzed by automated amino acid
analysis as described by Bradford and Thomas.?? Protein was estimated by the
method of Lowry et al.?3

RESULTS

The adenosine 3',5'-monophosphate content of incubated synaptosome beds and the
effect of depolarizing agents. When synaptosome beds were incubated in Krebs-bicar-
bonate medium and stimulated by elevated medium K* or electrical pulses, there
was no change in the adenosine 3',5-monophosphate content of the synaptosome
beds compared to the unstimulated beds (Table 1). The loss of adenosine 3',5'-mono-
phosphate to the medium during incubation was small (8-10 per cent of the total)
and similarly was found to show no change with both types of stimulation (Table
1). Incubation of synaptosome beds in medium containing theophylline (10 mM), as
an inhibitor of phosphodiesterase (the enzyme catabolizing adenosine 3',5-mono-
phosphate) also did not greatly alter the synaptosomal levels of adenosine
3',5-monophosphate (Table 1). Control levels (35 min incubation) of adenosine 3',5'-
monophosphate in synaptosome beds showed a 93 per cent drop in the presence of
theophylline.

The effect of time of electrical stimulation on synaptosomal levels of adenosine 3',5'-
monophosphate. The conditions chosen for stimulation i.e. high medium K * or appli-
cation of electrical pulses for a period of 10 min were those found to give a significant
or optimal (in the case of electrical stimulation) release of physiologically active com-
pounds (acetyl choline, GABA, glutamic acid and aspartic acid) from synaptosome
beds.'* ' However, in order to detect either short term or delayed changes, two
other periods of electrical stimulation were used. Electrical pulses applied for either
5 or 30 min (35 or 60 min total incubation respectively as there was an initial 30
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TABLE 1. ADENOSINE 3',5'-MONOPHOSPHATE LEVELS AND PHOSPHODIESTERASE ACTIVITY IN INCUBATED SYNAP-
TOSOME BEDS AND THE EFFECT OF POTASSIUM AND ELECTRICAL STIMULATION

Phosphodiesterase activity
{nmoles adenosine 3',5'-
Adenosine 3',5-monophosphate monophosphate catabolized/
(pmoles/mg synaptosome bed protein) mg protein/min)

Released to

Synaptosome bed the medium Synaptosome bed
40 min incubation

Control 1642 + 1-12(6) 16 + 0-1(4) 398 + 0-15(6)
K* stimulation 17-57 + 0-66(5) 14 4+ 0:05(4) 403 4+ 0-17(5)
(10 min)

Electrical 17:20 + 1-39(5) 362 + 0:36(5)
stimulation

(10 min)

35 min incubation
Control 17:13 + 0-53(5) e —
Control with
theophylline 10 mM 15-52 + 0-89(5) e —

Electrical 1613 + 1:01(5) — —
stimulation

{5 min)

Electrical 16:12 + 0-80(5) — —

stimulation with
theophylline 10 mM
(5 min)

60 min incubation

Control 1560 + 1-48(5) — —_
Electrical 1537 + 17U5) e —
stimulation

(30 min)

Synaptosome beds were incubated in Krebs-bicarbonate medium containing 10 mM glucose at 37° for
the incubation periods indicated above, Electrical or K* stimulation was commenced after an initial incu-
bation period of 30 min. Electrical stimulation of the synaptosome bed was by the application of electrical
pulses till the end of incubation and K* stimulation was brought about by raising the medium K* from
6 to 56 mM. Values are means + S.E. of the means for the no. of experiments in brackets. Ethanol

(80/60%,) was used for extraction of adenosine 3',5'-monophosphate.

min period of incubation in all cases) did not cause a significant increase in the
adenosine 3',5'-monophosphate levels above the control values (Table 1).

Phosphodiesterase activity. The appearance of a change in adenosine 3',5-mono-
phosphate concentrations may well have been prevented by an increased activity of
adenosine 3',5'-monophosphate phosphodiesterase due to the same stimuli. For this
reason the activity of this enzyme was measured under the same conditions as above,
and was found to show no change in response to electrical pulses or raised medium
K* (Table 1).

The effect of noradrenaline and histamine on synaptosomal adenosine 3',5'-monophos-
phate. Incubation of synaptosome beds in concentrations of noradrenaline and hista-
mine which produce large increases in the adenosine 3',5-monophosphate of cerebral
cortex slices did not have any measurable effect on the adenosine 3',5-monophos-
phate of the synaptosome bed or the small portion released to the medium (Table 2).
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Theophylline itself (0-5 mM) was shown to produce a small decrease (19-3 per cent)
in the levels of adenosine 3',5-monophosphate in control samples. Phenylalanine (0-5
mM), dissolved in dilute acid, as for noradrenaline, was added to the media of some
control synaptosome beds to provide a control consisting of a structurally related
but physiologically inactive compound, and this also produced no change. The
values referred to in this paragraph, were obtained from TCA extracts of the synapto-
some beds and were about 40 per cent less than the values obtained from 80/609%,
ethanol extracts (Table 1). The difference is due to the loss of ethanol soluble protein
in the latter case reducing the protein content of the bed and thus artificially elevat-
ing the values expressed on a protein basis. Adenosine 3',5-monophosphate values
thus appear smaller when the TCA method of extraction is used.

Although all three agents were without effect on synaptosomal levels of adenosine
3’5'-monophosphate, histamine did however, produce a significant release of the
physiologically active amino acids, glutamate, GABA and aspartate (Table 3). This
pattern qualitatively resembles the release, previously reported to occur, from cerebral
cortex synaptosome beds in response to eleyated medium K™ (56 mM) and electrical
pulses’ 4 but in quantitative terms it was considerably smaller (about 50 per cent).
On the other hand noradrenaline (0-5 mM) only caused a significant increase in
the amino acid glycine, all other amino acids being unaffected. The effects of glycine
appear to be in contrast to those of the other agents studied and this is being
further investigated. The presence of phenylalanine did not lead to any significant
increases in the release of physiologically active amino acids from synaptosomes.
However, the increases in alanine and glutamine and decrease in aspartate
occurring under these conditions may be a result of interference on the part of
phenylalanine with the uptake systems, especially those of structurally similar
amino acids.

The effect of histamine and noradrenaline on the adenosine 3',5'-monophosphate of
incubated cerebral cortex slices. The effects of noradrenaline and histamine on brain
sliceadenosine 3',5'-monophosphate are fairly wellestablished and were repeated in the
present studies in order to check the method of extraction and assay. Incubation of
cerebral cortex slices for 10 min in the presence of noradrenaline (0-5 mM) led to
a significant increase (144-5 per cent) in the adenosine 3',5-monophosphate of the
slice (Table 3) which was at the lower end of the range (120-2000 per cent increase)
previously reported for rat brain slices.**27

The large differences in the degree of increase in adenosine 3',5-monophosphate
with noradrenaline are partly a consequence of the method used for measurement,
The values at the lower end of the range are increases in endogenous adenosine 3',5-
monophosphate, while the higher values are increases in the amount of radioactively
labelled adenosine 3',5-monophosphate formed from a labelled precursor such as
adenine [**C] during a short period of incubation. In the latter case the pool of
adenosine 3',5'-monophosphate formed prior to incubation will not become labelled
to any great extent and the unstimulated sample will have a low value of radioact-
ively labelled adenosine 3’,5-monophosphate associated with it rather than the abso-
lute level measured by the former method.

Histamine (0-1 mM) was found to be without effect on rat cortex slices as reported
by other workers (Table 2 and Ref. 24). The presence of theophylline (0.5 mM) in
the incubation medium of cerebral cortex slices produced a significant decrease in the
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levels of slice adenosine 3',5-monophosphate as has already been reported by Kakiu-
chi et al.'* but the medium levels were slightly increased.

DISCUSSION

Despite the considerable activity of adenosine 3',5-monophosphate enzymes in
nerve ending fractions,’® no response was shown to electrical pulses, raised K* or
biogenic amines under the conditions of incubation of synaptosome beds used in the
present experiments. The significant changes in adenosine 3',5-monophosphate
caused by these agents in brain slices must indicate that another component not pres-
ent in nerve endings is responsible for translating the effect of depolarization or
amine stimulation and hence triggering off increased adenosine 3',5-monophosphate
production.

A great deal of evidence has now accrued from this and other laboratories demon-
strating that synaptosomes possess many of the properties expected of intact, meta-
bolically active, cytoplasmic bodies, and display some of the basic properties shown
by the presynapse in situ, namely, released putative transmitters by calcium-depen-
dent processes in response to depolarizing agents,!4 13+ 2829 and release of hypo-
physiotrophic hormones by similar mechanisms.*® Whether the incubated synapto-
some can be confidently regarded as an isolated working presynapse clearly remains
to be established. However it does provide a preparation in which any presynaptic
process involving cyclic AMP could be expected to show activity. Thus, considerable
ATP and phosphocreatine production by synaptosomes has been demonstrated?*: 17
and therefore any effect due to limited availability of ATP is likely to be minimal.
In spite of these apparently favourable circumstances, no change in cyclic AMP
levels was detected following treatment with the various agerits, some of which were
showing marked effects in releasing putative transmitters. Therefore with the limi-
tations drawn out above, it appears that the increased cyclic AMP levels observed
to occur in cortex slices, are not localized in the pre-synapse, though actions of this
compound in the presynapse not involving a changed concentration might still be
occurring.

It seems therefore, that changes in cyclic AMP may be occurring postsynaptically,
even involving the whole postsynaptic body. This conclusion is well supported by
biochemical and pharmacological studies carried out by Greengard and his co-
workers using the superior cervical ganglion. By this technique, they have shown that
cyclic AMP increases in the ganglion itself in response to pre-ganglionic stimula-
tion3! or application of dopamine, and probably occurs due to stimulation of the
dopaminergic interneurone.?? A post synaptic site of stimulation of cyclic AMP is
also strongly implied from the demonstration of Chasin et al.®® that agents which
block « and f receptors also inhibit cyclic AMP rises in guinea pig cerebellum slices
in response to histamine and noradrenaline. Inactivation by phosphodiesterase could
also occur in the immediate vicinity of the postsynaptic membrane in which its activ-
ity has been demonstrated.3#

The post synaptic thickening is, in fact, seen on many but not all synaptosomes,*>
but since the sections are only 5060 nm thick whilst synaptosomes are 1 ym in diam-
eter; this could be due to the planes of section simply missing the thickening.
Furthermore, De Robertis et al.® obtained an impressively large yield of postsynap-
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tic thickenings when other structures were dissolved away with detergents, suggest-
ing that synaptosomes do, in fact, carry a postsynaptic thickening.

The presence of a postsynaptic membrane in synaptosome preparations could
therefore provide one explanation for the presence of high concentrations of enzymes
associated with cyclic AMP, but in the absence of more of the post synaptic cell, acti-
vation of these enzymes is presumably not possible.
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