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1. Introduction 

There is now considerable evidence that some of 
the effects of neurotransmitter substances on their 
receptor cells are mediated through the synthesis of 
adenosine 3’5’-monophosphate (cyclic AMP) (see 
[ 11). A number of studies have further suggested that 
such effects might occur through modification of the 
state of phosphorylation of synaptic membrane 
proteins. In intact cell-containing preparations of 

nervous tissue, for example, protein phosphorylation 
is stimulated by various putative neurotransmitters 

[2-51. This may be related to the phosphorylation 
of endogenous proteins in synaptic membrane frag- 
ments by intrinsic cyclic AMP-stimulated protein 

kinase activity [6-l 11. Cyclic AMP-stimulated phos- 
phorylation of at least four protein components was 

found in such preparations [9] . If any of these 
proteins were specifically involved in synaptic trans- 

mission it would be expected that they would only 
occur in tissue containing synapses. We have there- 
fore investigated the distribution of phosphorylated 

proteins in crude membrane fractions from two 
regions of bovine cerbral cortex: grey matter, which 

contains neurons with synaptic contacts as well as 
other cells and white matter, which lacks synaptic 
contacts and consists predominantly of oligoden- 
droglial cells. 
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2. Methods 

Fresh ox cerebra were obtained from the local 
slaughter-house. The cortical grey matter and white 

matter were carefully dissected and homogenised in 
9 vol. 10% (w/w) sucrose. The homogenates were 
eentrifuged at 800 X g for 20 min and the super- 
natants so obtained recentrifuged at 9000 X g for 
20 min. The resulting post-mitochondrial supernatants 

were centrifuged at 100 000 X g for 1 h to obtain 
crude microsomal pellets. Before using for phospho- 

rylation experiments the pellets were washed once 
with 5 mM Tris-HCl, pH 7.4, twice with the same 
buffer containing 150 mM NaCl, and three times with 

buffer without NaCl (approximately 10 ml buffer/mg 
protein in each wash). The resulting crude membrane 

fraction was resuspended in the same buffer and 
stored at -20°C at a protein concentration of 10 
mg/ml. 

Phosphorylation was carried out at 37’C for 20 s 
in a reaction mixture (final volume 200 ~1) contain- 
ing 5 PM [Y-~‘P] ATP, ammonium salt (Amersham 

Buchler), 1 mM MgClz, 30 mM Tris-HCl, pH 7.4, 
with or without 10 PM cyclic AMP. The reaction was 
initiated by addition of crude membrane protein 

(final concentration 0.5 mg/ml). The incorporation 
of 32P was stopped with 20 fi of a solution contain- 
ing 10 mM non-radioactive ATP (to dilute the specific 

radioactivity of the substrate) and 10 mM CuC12 
(to inhibit subsequent dephosphorylation by intrinsic 
phosphoprotein phosphatase activity [6] ). The phos- 
phorylated membranes were concentrated by centri- 
fugation at 100 000 X g for 1 h. 

For electrophoresis the phosphorylated crude 
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membrane pellets were resuspended in 25 ~1 of 
deionised water by sonication, followed by addition 
of 25 d of a solution containing 8% (w/v) sodium 
dodecyl sulphate (SDS), 10% (v/v) 2-mercaptoethanol, 
4 mM Tris-HCl, pH 6.8. The membranes were 
solubilised by heating at 50°C for 90 min before 
adding 20 ~1 glycerol and 5 ~10.05% bromophenol 
blue. Electrophoresis was performed on polyacryl- 
amide disc-gels (7.5% acrylamide, 0.25% N,N’- 
methylene-bisacrylamide, 5 mm diameter) in the 
presence of 0.1% SDS using the discontinuous, Tris- 
buffered system described by Laemmli [ 121. At the 
end of electrophoresis the gels were frozen at -70°C 
and cut into 1 mm slices at - 15°C. Cerenkov radia- 
tion was measured in each slice after adding 10 ml 
water. 

The total incorporation of 32P into acid-insoluble 
material using. the above incubation conditions, but 
in a final volume of 25 1.11, was determined by 
pipetting 20 ~1 aliquots of reaction mixture onto 
1.7 cm squares of Whatman 3MM chromatography 
paper [ 131 after inhibiting further incorporation of 
32P with 5 ~1 ATP/CuCl* solution as described above. 
The papers were washed three-times in a solution of 
10% (w/v) trichloroacetic acid containing I M phos- 
phoric acid (50 ml/sample/wash) to remove soluble 
phosphates, and Cerenkov radiation was measured 
in 10 ml of water. 

Protein was measured by the method of Lowry 
et al. [ 141 using bovine serum albumin as standard. 

3. Results 

The distribution of 32P among membrane com- 
ponents separated by polyacrylamide gel electro- 
phoresis is shown in fig. 1. The patterns of phospho- 
rylation were quite different in crude microsomal 
fractions from grey matter and white matter. Twelve 
phosphoprotein fractions were obtained. All fractions 
showed cyclic AMP-stimulated phosphorylation which 
in fraction H was as much as eight-times the basal 
activity (table 1). 

In contrast to the complex pattern of cyclic AMP- 
stimulated phosphorylation observed in crude micro- 
somal preparations from grey matter, most of that in 
white matter was associated with fraction L (fig.lb). 
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Fig.1. Distribution of [32P]phosphoproteins after poly- 
acrylamide gel electrophoresis of microsomal fractions 
labelled in the presence (dotted lines) or absence (solid 
lines) of 10 PM cyclic AMP. Crude microsomal membranes 
from bovine cerebral cortex were phosphorylated, subjected 
to electrophoresis and cut in 1 mm slices as described in 
Methods. In each case 100 fig of protein was applied to the 
gel. (a) Grey matter, (b) White matter. df = bromophenol 
blue dye front. 

The basal and cyclic AMP-stimulated phosphorylation 
of this component were enriched in membranes from 
white matter by factors of 5.6 and 1.5 respectively 
(table 1). On the other hand, cyclic AMP-stimulated 
phosphorylation in fractions A-K was enriched by 
as much as 50-fold in membranes derived from grey 
matter. The basal phosphorylation in these fractions 
was similar in microsomal preparations from both 
tissues. 
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Table 1 

March 1977 

Distribution of “P among phosphoproteins from grey matter and white matter 

Fraction 

(pm01 “‘P/mg microsomal protein) 
Ratio 

Grey matter White matter Grey : White 

Basal Cyclic AMP- Basal Cyclic AMP- Basal Cyclic AMP- 
stimulated stimulated stimulated 

A 
B 
C 
D 
E 
F 
G 
H 
1 
J 
K 
L 
df 
Total 

recovereda 
Total 

incorporatedb 

2.6 13.8 
2.8 6.1 
1.4 5.8 
1.5 3.1 
0.7 1.8 
0.7 3.4 
1.0 4.6 
1.1 8.3 
0.7 5.0 
1.3 3.2 
3.8 5.7 
0.7 3.1 
5.0 4.3 

32.4 72.0 

26.9 63.8 111 7.2 0.2 9 

2.9 

1.1 

1.7 0.2 0.6 25 

1.0 0.6 0.7 8 

1.8 0.3 2.0 20 
3.9 4.6 0.2 0.7 

81.7 2.1 0.1 2 
116 6.0 0.3 12 

0.4 

0.1 

0.9 33 

1.3 50 

a Calculated from gels 
b Determined as trichloroacetic acid-insoluble 32P (see Methods) 

Values are given as pmol “P incorporated in 20 s/mg original membrane protein and are based on three 
determinations. Fractions correspond to those in fig.1. Where no values are shown the incorporation 
of “P was not statistically different from background radioactivity. Standard deviations were in all 
cases less than + 20% of the mean. Cyclic AMP-stimulated incorporation is that measured in the 
presence of cyclic AMP minus basal incorporation. 

4. Discussion 

In this report we have shown that a crude micro- 
somal fraction prepared from the grey matter of 
bovine cerebral cortex contains at least 12 proteins 
which can be phosphorylated in vitro by means of 
intrinsic, cyclic AMP-stimulated protein kinase activ- 
ity. In contrast, a similar crude membrane prepara- 
tion from bovine white matter lacked most of these 
cyclic AMP-stimulated components (Fractions A-K 
of fig. 1 a) but was enriched in the smallest protein 
component (fraction L). It is important to note, 
however, that the fact that two membrane 
preparations contain phosphoproteins having the same 
relative mobilities does not imply that the proteins 
are identical. 

The higher concentration of fraction L in mem- 
branes from white matter raises the question as to the 
source of this material. It is unlikely to be derived 
from myelin since the phosphorylation of myelin 
proteins is unaffected by cyclic AMP [ 151. Axolemma 
fragments are also an improbable source since 
membrane fractions prepared from peripheral nerves 
containing mainly axons and lacking synaptic struc- 
tures are devoid of intrinsic protein klnase activity 
[7] . It is therefore most likely that fraction L is 
derived from oligodendroglial cells. The extent to 
which it might be specific to such cells remains to be 
determined. Phosphoproteins having similar molecular 
weights (approximately 50 000) have been described 
in erythrocyte membranes [ 161, in plasma membranes 
from skeletal muscle [ 171 and in membranes from a 
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number of other tissues [8]. Direct comparison of the 

results obtained from different studies is, however, 
difficult since various conditions for incubation of 
the membranes and subsequent electrophoresis have 
been used. Nevertheless, it is interesting to speculate 
that a membrane-bound protein such as that found 
in fraction L might mediate the effects of cyclic AMP 
in glial cells [18]. 

In general, very few cyclic AMP-dependent 
phosphoproteins are found in membranes from non- 
neuronal tissues (e.g. [8,16,17]). The complexity of 
such proteins in neuronal membranes is therefore 
exceptional. The presence of fractions A-K in crude 
microsomes from grey matter (containing synaptic 
contacts) in contrast to their absence in similar 
preparations from white matter (devoid of synapses) 
is consistent with a role for these proteins in synaptic 

transmission. Synaptic membrane fragments are 
indeed constituents of crude microsomal fractions 

from grey matter [19]. Further, it has been reported 
recently that the bulk of the endogenous cyclic AMP- 
stimulated protein phosphorylation system is found 

in subcellular fractions from brain which contain 
predominantly synaptic junctions [20]. These obser- 
vations, together with the data presented here, suggest 

that synaptic junctions contain various substrates for 
their intrinsic, cyclic AMP-stimulated protein kinase. 
It is thus possible that cyclic AMP could regulate a 

number of events at the synaptic junction through 
the phosphorylation of specific membrane proteins. 
However, it is not yet clear whether such phosphory- 
latable proteins are located pre- or post-synaptically. 
Nor is it possible to say whether the multiplicity of 

substrates for cyclic AMP-stimulated protein kinase 
represents the homogeneous distribution of these 

proteins among all synapses or if specific proteins are 
phosphorylated at different synapses. 

References 

[ 1 I Bloom, F. E. (1975) Rev. Physiol. Biochem. Pharmacol. 
74, I-103. 

[2] Reddington, M., Rodnight, R. and Williams, M. (1973) 
Biochem. J. 132,475-482. 

[ 31 Williams, M. and Rodnight, R. (1976) Biochem. J. 154, 
163-170. 

[4] Williams, M. (1976) Brain Res. 109, 190-195. 
[ 51 Levitan, I., Madsen, C. and Barondes, S. (1974) 

J. Neurobiol. 5,51 l-525. 
[61 Weller, M. and Rodnight, R. (1971) Biochem. J. 124, 

511-406. 
[ 71 Weller, M. and Rodnight, R. (1973) Biochem. J. 132, 

[81 

[91 

1101 

1111 

1121 
1131 

1141 

(151 
1161 
1171 

I181 

1191 

(201 

483-492. 
Ueda, T., Maeno, H. and Greengard, P. (1973) J. Biol. 
Chem. 248,8295-8305. 
Routtenberg, A. and Ehrlich, Y. H. (1975) Brain Res. 
92,415-430. 
Weller, M. and Morgan, I. (1976) Biochim. Biophys. 
Acta 436, 675-685. 
Dunkley, P., Holmes, H. and Rodnight, R. (1976) 
Biochem. J. 157,661-666. 
Laemmli, U. K. (1970) Nature 227,680-685. 
Reimann, E. M., Walsh, D. A. and Krebs, E. G. (1971) 
J. Biol. Chem. 246, 1986-1995. 
Lowry, 0. H., Rosebrough, N. J., Farr, A. L. and 
Randall, R. J. (1951) J. Biol. Chem. 193, 265-275. 
Miyamoto, E. (1976) J. Neurochem. 26, 573-577. 
Rubin, C. S. (1975) J. Biol. Chem. 250,9044-9052. 
Pinkett, 0. M. and Perlman, R. L. (1974) Biochim. 
Biophys. Acta 372, 379-387. 
Schultz, J., Hamprecht, B. and Daly, J. W. (1972) 
Proc. Natl. Acad. Sci. USA 436, 1266-1270. 
De Blas, A. and Mahler, H. R. (1976) Biochem. Biophys. 
Res. Commun. 72, 24-32. 
Weller, M. and Morgan, 1. (1976) Biochim. Biophys. 
Acta 391, 162-169. 

64 


