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Abstract 

The distribution and regulation of the state of phosphorylation of Protein I have been studied in 
the rabbit superior cervical sympathetic ganglion. The data indicate that the ganglion contains two 
pools of Protein I: a presynaptic pool that represents 60% of the total ganglion Protein I and a 
postsynaptic pool that represents 40% of the total ganglion Protein I. The state of phosphorylation 
of presynaptic Protein I, but not that of postsynaptic Protein I, is regulated by nerve impulse 
conduction, by dopamine, and by a high K’ concentration. Studies of the extracellular calcium 
requirements for Protein I phosphorylation, as well as peptide-mapping analyses of Protein I, suggest 
that the effects of nerve impulse conduction and of a high K+ concentration are mediated through 
the activation of calcium-dependent protein kinases and that the effect of dopamine is mediated 
through the activation of cyclic AMP-dependent protein kinase. The total amount of postsynaptic 
Protein I, but not that of presynaptic Protein I, is decreased by short periods of exposure to 
cycloheximide, a protein synthesis inhibitor. It is proposed that Protein I located in presynaptic 
nerve terminals plays a functional role in those terminals and that the Protein I located in cell 
bodies is newly synthesized and en route to nerve terminals. 

Increasing evidence suggests that protein phosphoryl- 
ation is a final common pathway through which a wide 
variety of regulatory compounds exert diverse biological 
effects in nervous, as well as in non-nervous, tissue 
(Greengard, 1978). One approach to elucidate the molec- 
ular mechanisms of those biological processes that in- 
volve protein phosphorylation is to detect and study 
those proteins in intact or broken cell preparations whose 
phosphorylation is regulated by endogenous protein ki- 
nases. Over the past several years, specific substrate 
proteins for cyclic AMP-dependent, cyclic GMP-depen- 
dent, and calcium/calmodulin-dependent protein kinases 
have been identified in nervous tissue (Greengard, 1982). 
One such substrate protein is Protein I. Protein I is 
present only in neurons (Ueda and Greengard, 1977), 
where it is concentrated in presynaptic nerve terminals 
(De Camilli et al., 1979, 1980; Bloom et al., 1979; P. De 
Camilli, W. B. Huttner, M. Harris, R. Cameron, and P. 
Greengard, manuscript in preparation). Moreover, Pro- 
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tein I appears to be present in a large majority of, and 
possibly in all, presynaptic nerve terminals (De Camilli 
et al., 1980; P. De Camilli, W. B. Huttner, M. Harris, R. 
Cameron, and P. Greengard, manuscript in preparation), 
where it is at least partially associated with neurotrans- 
mitter vesicles (Ueda et al., 1979; Bloom et al., 1979; 
Fried et al., 1982; P. De Camilli, W. B. Huttner, M. 
Harris, R. Cameron, and P. Greengard, manuscript in 
preparation). Protein I is an endogenous substrate in 
nervous tissue for both cyclic AMP-dependent (Ueda 
and Greengard, 1977) and calcium/calmodulin-depen- 
dent (Krueger et al., 1977; Huttner and Greengard, 1979; 
Kennedy and Greengard, 1981) protein kinases. Protein 
I contains one serine residue in the collagenase-insensi- 
tive region of the molecule that is phosphorylated by 
both a cyclic AMP-dependent and a calcium/calmodulin- 
dependent protein kinase and two serine residues in the 
collagenase-sensitive region of the molecule that are 
phosphorylated by a second calcium/calmodulin-depen- 
dent protein kinase (Huttner et al., 1981; Kennedy and 
Greengard, 1981). The neurotransmitters serotonin and 
dopamine, apparently acting through cyclic AMP (Dol- 
phin and Greengard, 1981a, b; Nestler and Greengard, 
1980), and depolarizing agents, apparently acting through 
calcium (Forn and Greengard, 1978; Dolphin and Green- 
gard, 1981b; Nestler and Greengard, 1980), have been 
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shown to increase the state of phosphorylation of Protein 
I in intact preparations of the central and peripheral 
nervous systems. In those studies, however, it was not 
possible to determine whether the observed changes in 
Protein I phosphorylation occurred presynaptically or 
postsynaptically. Furthermore, a question related to 
whether neurotransmitters and depolarizing agents reg- 
ulate Protein I phosphorylation, is whether nerve impulse 
conduction also might regulate Protein I phosphorylation 
and, if so, whether such regulation occurs presynaptically 
or postsynaptically. To answer these questions, we chose 
to study Protein I phosphorylation in the rabbit superior 
cervical ganglion, a well characterized neuronal prepa- 
ration that is suitable for both physiological and bio- 
chemical studies. In the present study, we have deter- 
mined the distribution of Protein I in the ganglion and 
show that impulse conduction and dopamine increase 
the state of phosphorylation of presynaptic Protein I but 
not that of postsynaptic Protein I. 

Materials and Methods 

Surgical deneruation. Female New Zealand white rab- 
bits (1.5 to 2.5 kg) were used for denervation studies of 
the superior cervical ganglion. Rabbits were anesthetized 
with methoxyflurane (Pitman-Moore); surgery was per- 
formed under aseptic conditions. The cervical sympa- 
thetic nerve was ligated and transected approximately 2 
cm proximal to the ganglion either unilaterally or bilat- 
erally. Animals were used 1 to 4 weeks after surgery by 
which time denervation is complete (Ostberg et al., 1976; 
Raine and Chubb, 1977; Nja and Purves, 1978). The 
activity of choline acetyltransferase in denervated gan- 
glia was less than 5% of that in intact ganglia, indicating 
the success of the denervation (choline acetyltransferase 
activity was kindly assayed by Edwin Meyer, Yale Uni- 
versity). 

Inhibition of protein synthesis in vivo. Female Ne, 
Zealand White rabbits (1.5 to 2.5 kg) and male Sprague- 
Dawley rats (150 to 200 gm) were injected subcutane- 
ously with cycloheximide (Sigma; 30 mg/kg) every 4 hr. 
This schedule has been shown to inhibit protein synthesis 
in vivo (Yu and Feigelson, 1972). Control animals were 
injected subcutaneously with 50% ethanol, the vehicle 
used for the cycloheximide injections. The animals were 
killed 4 hr after the last injection and sodium dodecyl 
sulfate (SDS) extracts were prepared from rabbit supe- 
rior cervical ganglia and rat adrenal medullae as de- 
scribed below. The longest period of protein synthesis 
inhibition studied was 8 hr (i.e., two injections of cyclo- 
heximide) because the animals did not consistently sur- 
vive longer periods of exposure to cycloheximide. 

The efficacy of cycloheximide treatment was con- 
firmed in rabbits using a modification of the procedure 
of Rainbow et al. (1980a). The level of protein synthesis 
observed in superior cervical ganglia from a rabbit sac- 
rificed 2 hr after a single injection of cycloheximide was 
33% of that observed in ganglia from a control rabbit. 
These data indicate a degree of protein synthesis inhibi- 
tion comparable to that observed in other studies (Rain- 
bow et al., 1980a, b). 

Radioimmunoassay of Protein I. The Protein I con- 
tent of rabbit superior cervical ganglia and rat adrenal 

medullae was determined in triplicate by a detergent- 
based radioimmunoassay (Goelz et al., 1981). The tissue 
samples to be assayed were homogenized in 1% SDS 
(approximately 4 mg of protein/ml) and boiled for 5 min. 
The boiled SDS homogenates then were centrifuged in 
a Beckman Microfuge for 2 min. The supernatant fluids 
(“SDS extracts”), which contained all of the Protein I, 
were either assayed immediately or frozen and stored for 
up to 2 days at -20°C before being assayed. SDS extracts 
of ganglion and adrenal medulla competed in the assay 
in a manner parallel to Protein I purified from rat or 
bovine brain, indicating the immunological similarity of 
the Protein I from the different sources. 

Radioimmunolabeling of Protein I in polyacrylamide 
gels. SDS extracts of rabbit superior cervical ganglia 
were subjected to SDS-polyacrylamide gel electropho- 
resis as previously described (Ueda and Greengard, 1977). 
Each gel included several concentrations of pure Protein 
I for comparison. At the completion of electrophoresis, 
the gels were fixed for 2 hr in 50% methanol, 10% acetic 
acid, 40% Hz0 (v/v/v) and washed for 2 hr, with several 
changes, in a buffer containing 150 mM NaCl, 50 mM Tris 
(pH 7.4), 0.05% sodium azide (w/v). The gels then were 
radioimmunolabeled according to the procedure of Adair 
et al. (1978) as modified for Protein I (De Camilli et al., 
1979). Briefly, the washed gels were incubated in antise- 
rum (1:250 dilution in NaCl/Tris/sodium azide buffer; 
the volume of diluted antiserum was twice the volume of 
the gel) for 6 hr and washed in an excess volume of NaCl/ 
Tris/sodium azide buffer for 15 hr with several changes. 
The gels then were incubated in lz51-labeled Protein A 
(2 x 10” cpm/ml of NaCl/Tris/sodium azide buffer; the 
volume of the Protein A solution was twice the volume 
of the gel) for 6 hr and washed in an excess volume of 
NaCl/Tris/sodium azide buffer for 15 hr with several 
changes. The gels were dried, immunolabeled Protein I 
bands were identified by autoradiography, and the “‘1 
content of the bands was measured in a Beckman Bio- 
gamma II. By comparing the 1251 labeling of the Protein 
I in tissue samples to that of purified Protein I, an 
estimation of the amount of Protein I in the tissue 
samples was achieved. 

Isolation, incubation, and stimulation of rabbit su- 
perior cervical ganglia. Female New Zealand White 
rabbits (1.5 to 2.5 kg), with intact or denervated superior 
cervical ganglia, were injected intravenously with 1 ml 
(50 mg) of sodium pentobarbital (Nembutal, Abbott) and 
then killed by air embolism. The two superior cervical 
ganglia of each rabbit with their pre- and postganglionic 
nerves were dissected quickly, placed into a chamber, 
and superfused at room temperature with oxygenated 
Locke’s buffer of the following composition: 136 mM 
NaCl, 5.6 mM KCl, 20 mM NaHC03, 1.2 mM NaHzPO+ 
2.2 mM CaC12, 1.2 mM MgC12,0.18% glucose (pH 7.4). The 
ganglia were decapsulated carefully during superfusion 
and then superfusion was continued for an additional 30 
to 60 min. One ganglion from each rabbit served as the 
“test” ganglion and the other was the control. Test 
ganglia were treated in a variety of ways. For the exper- 
iments on impulse conduction, the preganglionic nerve 
(or, in some cases, the postganglionic nerves) supplying 
the test ganglion was stimulated via a suction electrode 
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with supramaximal pulses for various durations at var- 
ious frequencies. The effectiveness of the stimulation was 
monitored by recording compound action potentials from 
postganglionic nerves via a second suction electrode. For 
the experiments on dopamine and other compounds, test 
ganglia were transferred to a vial containing the appro- 
priate compound in 5 to 10 ml of oxygenated Locke’s 
buffer. Ascorbate (0.01%) was always included in buffer 
containing dopamine; ascorbate per se did not alter the 
results of the experiments. For the experiments on high 
K’ concentration, test ganglia were transferred to a vial 
containing 5 to 10 ml of oxygenated modified buffer (60 
mM KCl, 81.6 mM NaCl). As a control, some test ganglia 
were either mounted in suction electrodes and not stim- 
ulated or transferred to a vial containing oxygenated 
Locke’s buffer. Following the experimental manipula- 
tions, test and contralateral control ganglia were homog- 
enized in 400 ~1 of 1% SDS using conical glass tissue 
homogenizers (Bellco). The SDS homogenates were 
boiled for 5 min and then centrifuged for 2 min in a 
Beckman Microfuge. The supernatants, referred to as 
“SDS extracts,” contained essentially all of the Protein 
I as determined by radioimmunolabeling of the gels. SDS 
extracts were used to quantitate the amount of dephos- 
pho-Protein I and the amount of total Protein I. 

Quantitation of the state of phosphorylation of Pro- 
tein I. Dephospho-Protein I was assayed by a “back 
phosphorylation” technique according to which the Pro- 
tein I in SDS extracts was first immunoprecipitated and 
then phosphorylated with purified protein kinases. The 
immunoprecipitation reaction was carried out at 0 to 4°C 
in plastic Microfuge tubes. Aliquots (60 ~1) of SDS ex- 
tracts were adjusted by the addition of a 200-1-11 solution 
to contain (final concentrations): 250 mM NaCl, 50 mM 

NaF, 14 mM EDTA, 10 mM sodium phosphate (pH 7.4), 
1.5% (v/v) Nonidet P-40. Four microliters of the y-glob- 
ulin fraction of Protein I antiserum (prepared as de- 
scribed by Campbell et al., 1970) was added to the SDS 
extract. The mixture was incubated for 20 min after 
which time 3 pg of purified rabbit IgG (Sigma) and 20 ~1 
of the IgG fraction of goat anti-rabbit IgG (Sigma; 1 ml 
of goat IgG was able to precipitate 2 to 3 mg of rabbit 
IgG) were added. After a 3- to 4-hr incubation period, 
the mixture was centrifuged in a Microfuge for 1 min. 
The pellet was washed with 200 ~1 of ice cold 150 mM 

NaCl, 10 mM sodium phosphate (pH 7.4), 0.02% NaN:s 
and then dissolved in 50 ~1 of ice cold 11 mM citric acid 
(final pH, -3). 

The dissolved pellet was phosphorylated as described 
(Nestler and Greengard, 1980) with the following modi- 
fications. The assay mixture (final volume, 70 ~1) con- 
tained: 50 mM HEPES (pH 7.4), 10 mM MgC12, 0.1 PM 

purified catalytic subunit (beef heart cyclic AMP-depen- 
dent protein kinase; kindly provided by Angus C. Nairn 
of our laboratory), 15 mM dithiothreitol, 0.005% (v/v) 
Nonidet P-40. The phosphorylation reaction was initi- 
ated by the addition of 30 ~1 of [Y-~~P]ATP (final concen- 
tration, 2 to 3 pM; specific activity, 0.5 to 1 X 10” cpm/ 
nmol; prepared according to the method of Glynn and 
Chapell, 1964) and was carried out for 30 min at 30°C. 
The reaction was terminated by boiling the mixture in 
“SDS-stop solution” of the following composition (final 

concentrations): 50 mM Tris.HCl (pH 6.7), 4% (v/v) 
glycerol, 2% (v/v) 2-mercaptoethanol, 2% SDS, with 
bromophenol blue as a marker. The boiled phosphoryl- 
ated extract then was subjected to SDS-polyacrylamide 
gel electrophoresis as described (Nestler and Greengard, 
1980) except that the lower (resolving) gel contained 9% 
acrylamide with a ratio of acrylamide to methylenebis- 
acrylamide of 30:1.6. The “lP contained in the Protein I 
region of dried gels was located by autoradiography and 
measured using Cerenkov radiation. Each ganglion ex- 
tract was immunoprecipitated and phosphorylated in 
duplicate. Under the conditions used, phosphorylation of 
Protein I was maximal and was linear over a lo-fold 
concentration range of ganglion extract. The recovery of 
both ‘““I-labeled and ““P-labeled pure Protein I, added to 
the SDS ganglion extract prior to immunoprecipitation, 
in the final immunoprecipitate was about 95%. Moreover, 
the amount of phosphate that could be incorporated per 
mol of pure Protein I was not affected by the immuno- 
precipitation procedure (data not shown). 

One-dimensional peptide mapping (Cleveland et al., 
1977) was used to analyze the sites in Protein I that were 
phosphorylated under the assay conditions used. Gel 
slices containing 32P-labeled holo-Protein I were soaked 
in 5 ml of 125 mM Tris (pH 6.7), 0.1% SDS for 10 min at 
room temperature and then placed into the sample wells 
of a polyacrylamide gel. Each gel slice was overlaid with 
50 to 100 ~1 of 125 mM Tris (pH 6.7), 0.1% SDS, 20% 
glycerol with bromophenol blue as a marker and then 
overlaid with 5 pg of Staphylococcus aureus V8 protease 
(Miles) in 20 ~1 of 125 mM Tris (pH 6.7), 0.1% SDS, 10% 
glycerol with pyronin y as a marker. The concentration 
of acrylamide in the lower (resolving) gel was 15% with 
a ratio of acrylamide to methylenebisacrylamide of 3O:O.g. 
Electrophoresis was carried out at 60 V. At the comple- 
tion of electrophoresis, the gels were dried and ““P-la- 
beled fragments of Protein I were identified by autoradi- 
ography. The “P contained in the bands then was quan- 
titated by liquid scintillation spectrometry. Two major 
phosphopeptide fragments result when Protein I is di- 
gested by this technique (Huttner and Greengard, 1979). 
The one phosphorylation site in the collagenase-insensi- 
tive region of Protein I, which is an endogenous substrate 
for both a cyclic AMP-dependent and a calcium/calmod- 
ulin-dependent protein kinase, is contained in a it!, = 
10,000 fragment. The two phosphorylation sites in the 
collagenase-sensitive region of Protein I, which are en- 
dogenous substrates for a second calcium/calmodulin- 
dependent protein kinase, are contained in a M, = 34,000 
fragment (Huttner and Greengard, 1979; Kennedy and 
Greengard, 1981). Most of the 32P incorporated into Pro- 
tein I in ganglion extracts under the assay conditions 
used was recovered in the M, = 10,000 fragment. A small 
amount of 32P was recovered in the M, = 34,000 fragment. 
(Even though the sites in the M, = 34,000 fragment are 
not endogenous substrates for cyclic AMP-dependent 
protein kinase, a sufficiently high concentration of the 
kinase was used in the assay intentionally in order to 
partially phosphorylate these sites.) Under the peptide- 
mapping conditions used, the amount of 32P recovered in 
the two phosphopeptide fragments was typically 65% of 
that present in the holo-Protein I starting material. Be- 
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cause of the much larger amount of phosphate incorpo- 
rated into the ~?l~ = 10,000 fragment, changes observed in 
holo-Protein I were more indicative of changes in the M, 
= 10,000 fragment than of those in the M, = 34,000 
fragment. 

The total amount of Protein I in each ganglion extract 
was determined in triplicate by radioimmunoassay (Goelz 
et al., 1981). The assay was linear over a IO-fold concen- 
tration range of rabbit ganglion extract. Under resting 
conditions, the two ganglia of a rabbit contained equiv- 
alent amounts of Protein I (the left ganglion contained 
101 f 5% of the amount of Protein I contained in the 
right ganglion; mean f SEM; six pairs of ganglia). In 
addition, none of the experimental treatments used in 
this study significantly altered the total Protein I content 
of test ganglia compared to that of contralateral control 
ganglia. Thus, the changes observed in the amount of 
dephospho-Protein I in test ganglia compared to that in 
control ganglia reflected changes in the state of phos- 
phorylation of Protein I and not changes in the total 
amount of Protein I. 

Peptide-mapping analysis of Protein I in extracts of 
control ganglia revealed that, under the assay conditions 
used, 0.78 +- 0.03 mol of phosphate was incorporated per 
mol of Protein I in the phosphorylation site in the colla- 
genase-insensitive region of the molecule (mean + SEM; 
20 ganglia). Similar amounts of phosphate were incor- 
porated into this phosphorylation site when either pure 
Protein I or Protein I from control denervated ganglia 
was used (data not shown). In previous studies, only 
about 0.2 mol of phosphate could be incorporated into 
this site maximally per mol of pure Protein I (Huttner et 
al., 1981) or of bovine ganglion Protein I (Nestler and 
Greengard, 1980). It was found (data not shown) that the 
improved incorporation of phosphate into Protein I ob- 
served in the present studies was due to the presence of 
both dithiothreitol and a trace amount of Nonidet P-40 
in the phosphorylation reaction mixture. Presumably, 
these agents inhibit the aggregation of Protein I and 
thereby improve the accessibility of Protein I to the 
protein kinase. In support of this interpretation, Walter 
and Blobel (1980) found that trace amounts of a non- 
ionic detergent were necessary to prevent the aggregation 
of another extrinsic membrane protein. The ability to 
incorporate about 0.8 mol of phosphate into this site per 
mol of Protein I from control intact and control dener- 
vated rabbit ganglia indicates that the large majority of 
the Protein I in both types of control ganglia was present 
in the dephosphorylated form. In contrast to the phos- 
phorylation site in the collagenase-insensitive region of 
Protein I, only 0.13 + 0.01 mol of phosphate was incor- 
porated per mol of Protein I in the phosphorylation sites 
in the collagenase-sensitive region of the molecule from 
control intact ganglion (mean + SEM; 20 ganglia). Sim- 
ilar amounts of phosphate were incorporated into these 
phosphorylation sites of Protein I from control dener- 
vated ganglion (data not shown). The reason for the low 
level of phosphate incorporated into the collagenase-sen- 
sitive region of Protein I is not known. 

Comments on the quantitation of dephospho-Protein 
I in the rabbit superior cervical ganglion. It proved 
necessary to develop the procedure described in the 

previous section for quantitating the amount of dephos- 
pho-Protein I in rabbit ganglia. This was because the 
technique used previously (Forn and Greengard, 1978) to 
quantitate the amount of dephospho-Protein I in rat 
cerebral cortex slices was found to be not applicable to a 
study of Protein I in rabbit superior cervical ganglion. 
According to the technique used earlier, brain slices were 
homogenized in the presence of Zn”, which prevented 
changes during homogenization in the state of phos- 
phorylation of Protein I by inhibiting endogenous kinase 
and phosphatase activities. Protein I then was solubilized 
from the particulate fraction of the homogenate by re- 
homogenizing the sample in pH 3 buffer. The pH 3 
extract was neutralized and then “back phosphorylated” 
with purified protein kinase. Obviously, this procedure 
can only be used to assay dephospho-Protein I in those 
tissues from which Protein I can be solubilized from Zn’+ 
pellets by pH 3. Homogenization in pH 3 did not solubil- 
ize Protein I from Zn”’ pellets either of rabbit superior 
cervical ganglion or of many other peripheral nervous 
tissues studied. The explanation for the failure of pH 3 
to solubilize Protein I from Zn”’ pellets of these tissues 
remains unknown. 

Studies of the extraction properties of Protein I present 
in rabbit superior cervical ganglion showed that, of the 
many conditions tried, only homogenization and boiling 
in 1% SDS consistently and completely solubilized Pro- 
tein I as determined by radioimmunolabeling of gels 
(data not shown). These extraction properties necessi- 
tated the development of a procedure to quantitate the 
amount of dephospho-Protein I in SDS tissue extracts. 
Since protein kinase activity is destroyed by ionic deter- 
gents, it was necessary to remove the SDS from the 
Protein I prior to back phosphorylation. This was accom- 
plished by immunoprecipitating the Protein I from solu- 
tion with Protein I antiserum and goat anti-rabbit IgG. 
The resulting immune pellet was dissolved in pH 3 (pH 
3 disrupts immune complexes; Campbell et al., 1970) and 
the solution then was neutralized in the presence of 15 
mM dithiothreitol (dithiothreitol denatures immunoglob- 
ulins; Parkhouse et al., 1970). The Protein I, now purified 
with respect to other ganglion proteins and SDS, was 
phosphorylated with purified protein kinase. Figure 1 
shows examples of phosphorylated immunoprecipitates, 
analyzed by SDS-polyacrylamide gel electrophoresis, 
when ganglion extract was excluded from (left lane) and 
included in (right lane) the immunoprecipitation mix- 
ture. The phosphoproteins in the left lane, therefore, 
represent serum proteins. Only one additional major 
phosphoprotein, a doublet, was observed in back phos- 
phorylated immunoprecipitates when ganglion extract 
was included in the immunoprecipitation mixture. This 
phosphoprotein was indistinguishable from pure Protein 
I by apparent molecular weight and by secondary one- 
and two-dimensional peptide-mapping analysis (Huttner 
and Greengard, 1979; data not shown). 

Results 

Effect of denervation. All of the Protein I detected 
immunocytochemically in the superior cervical ganglion 
appeared to be presynaptic (De Camilli et al., 1979; P. 
De Camilli, S. B. Huttner, M. Harris, R. Cameron, and 
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Figure 1. Autoradiograph showing the proteins that are 
“back phosphorylated” in immunoprecipitates. Protein I anti- 
serum, rabbit IgG, and goat anti-rabbit IgG were added to 60 
~1 of 1% SDS (left lane) or to 60 ~1 of SDS extract of rabbit 
superior cervical ganglion (right lane). The resulting immuno- 
precipitates were back phosphorylated and subjected to SDS- 
polyacrylamide gel electrophoresis. 

P. Greengard, manuscript in preparation); no Protein I 
was detected in the cell bodies of ganglionic neurons. 
The distribution of Protein I between presynaptic and 
postsynaptic elements now has been studied further by 
examining the effect of denervation on the Protein I 
content of the superior cervical ganglion. The superior 
cervical ganglion consists predominantly of presynaptic 
cholinergic nerve terminals and postsynaptic ganglionic 
cell bodies. Transection of the cervical sympathetic (pre- 
ganglionic) nerve has been shown to destroy about 95% 
of the nerve endings in the ganglion as determined by 
ultrastructural morphometry (Ostberg et al., 1976). In 
contrast, the level of Protein I in denervated ganglia, 

measured by radioimmunoassay, was about 40% of that 
in contralateral intact ganglia (Table I). Thus, it would 
appear that about 60% of the total ganglion Protein I is 
presynaptic and 40% is postsynaptic. 

Effect of inhibition of protein synthesis in vivo. The 
presence of Protein I in denervated superior cervical 
ganglia suggested that the cell bodies of ganglionic neu- 
rons contain Protein I. Possibly, Protein I contained in 
the cell bodies represents newly synthesized Protein I 
that is about to be transported to the nerve terminals 
elaborated by the cell bodies. This possibility was studied 
by determining the effect of cycloheximide, a protein 
synthesis inhibitor, on the Protein I content of intact and 
denervated rabbit superior cervical ganglia. A short pe- 
riod (8 hr) of protein synthesis inhibition in vivo de- 
creased the level of Protein I in intact ganglia by about 
20% and in denervated ganglia by about 50% (Table II; 
Fig. 2). The cycloheximide-induced decrease in Protein 
I was approximately the same in denervated ganglia (214 
fmol) as it was in intact ganglia (223 fmol). Similarly, the 
denervation-induced decrease in Protein I was approxi- 
mately the same in cycloheximide-treated ganglia (612 
fmol) as it was in control ganglia (621 fmol). In contrast 
to the superior cervical ganglion, exposure of rats to 
cycloheximide for 8 hr did not alter the Protein I content 
of the adrenal medulla (data not shown). 

Regulation of Protein Iphosphorylation in the rabbit 
superior cervical ganglion. When the preganglionic 
nerve supplying a rabbit ganglion was stimulated for 30 
set at 10 Hz, a frequency of impulse conduction observed 
in viuo (Douglas and Ritchie, 1957), there was a decrease 

TABLE I 
Effect of denervation on Protein I levels in rabbit superior cervical 

ganglia 
One superior cervical ganglion of each rabbit was denervated, and 1 

to 4 weeks after denervation, the Protein I content of denervated and 

of contralateral intact ganglia was determined by radioimmunoassay. 
Data are expressed as the mean f SEM. The numbers in parentheses 
represent the number of ganglia. 

Protein I 
Ganglion 

Fmol/Ganglion Percent Intact Ganglion 

Intact 937 f 87 (18) 

Denervated 332 f 28 (18) 38 + 2 (18) 

TABLE II 

Effect of cycloheximide on Protein I levels in intact and denervated 
rabbit superior cervical ganglia 

Rabbits were exposed to cycloheximide for 8 hr as described under 
“Materials and Methods” and the Protein I content of superior cervical 
ganglia was determined by radioimmunoassay. Data are expressed as 
the mean & SEM. The numbers in parentheses represent the number 

of ganglia. 

Protein I 

Condition 
Intact Denervated 

Intact - 
Denervated 

Control 
Cycloheximide 

Control - 
Cycloheximide 

fmol/ganglion 

1039 f 77 (14) 418 + 18 (14) 621 
816 f 64 (14) 204 + 22 (14) 612 

223 214 
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Normaf Oenervated 
-- 

Protein I Z “, 

I 

Cycloheximide - - + 
Figure 2. Autoradiograph of a gel radioimmunolabeled for Protein I illustrating the effect of cycloheximide on Protein I levels I levels 

in normal and denervated rabbit superior cervical ganglion. Rabbits with intact or denervated ganglia were exposed to in normal and denervated rabbit superior cervical ganglion. Rabbits with intact or denervated ganglia were exposed to 
cycloheximide for 8 hr. Control rabbits received vehicle injections. SDS extracts were prepared from ganglia and 70 ~1 of each cycloheximide for 8 hr. Control rabbits received vehicle injections. SDS extracts were prepared from ganglia and 70 ~1 of each 
extract (400 ll/ganglion) were subjected to SDS-polyacrylamide gel electrophoresis. The gel then was radioimmunolabeled for extract (400 ll/ganglion) were subjected to SDS-polyacrylamide gel electrophoresis. The gel then was radioimmunolabeled for 
Protein I. 

in the amount of dephospho-Protein I in stimulated 
ganglia compared to that in contralateral control ganglia 
(Fig. 3; Table III). In contrast, the two ganglia of each 
rabbit contained equivalent amounts of dephospho-Pro- 
tein I when neither ganglion was stimulated (Fig. 3; Table 
III). In addition, dopamine, under conditions which pro- 
duced physiological effects in rabbit ganglia (Libet, 1970; 
Dun and Nishi, 1974) and decreased the amount of 
dephospho-Protein I in bovine ganglion sections (Nestler 
and Greengard, 1980), also decreased the amount of 
dephospho-Protein I in rabbit ganglia (Fig. 4; Table III). 
Denervated ganglia contained about 40% of the amount 
of dephospho-Protein I contained in intact control gan- 
glia (Fig. 4; Table III). Dopamine did not decrease the 
lowered amount of dephospho-Protein I in denervated 
rabbit ganglia further (Fig. 4; Table III), in contrast to 
the effect of dopamine in intact ganglia. Similarly, a high 
K’ concentration, under conditions which decreased the 
amount of dephospho-Protein I in bovine ganglion sec- 
tions (Nestler and Greengard, 1980), decreased the 
amount of dephospho-Protein I in intact, but not in 
denervated, rabbit superior cervical ganglia (Fig. 5; Table 
III). Since the total amount of Protein I, determined by 
radioimmunoassay, was not altered significantly by nerve 
impulse conduction, by dopamine, or by a high K+ con- 
centration, the results demonstrate that these three ma- 
nipulations increase the state of phosphorylation of Pro- 
tein I in intact rabbit superior cervical ganglia. 

dopamine on Protein I phosphorylation was blocked 
when ganglia were preincubated in phenoxybenzamine, 
a ganglionic dopamine receptor antagonist (Libet, 1970; 
Kalix et al., 1974). In contrast, the effect of nerve impulse 
conduction on Protein I phosphorylation was not blocked 
when ganglia were preincubated in phenoxybenzamine 
plus hexamethonium (a nicotinic cholinergic antagonist) 
plus atropine (a muscarinic choline@ antagonist), con- 
ditions which abolish the three postsynaptic potentials 
observed in the rabbit superior cervical ganglion (Kos- 
terlitz and Wallis, 1966; Libet, 1970; Kalix et al., 1974; 
McAfee et al., 1980) (Table III). Moreover, &bromo- 
cyclic AMP, under conditions which increased Protein I 
phosphorylation in bovine ganglion sections (Nestler and 
Greengard, 1980), also increased the state of phosphoryl- 
ation of Protein I in rabbit ganglia (Table III). In addition 
to B-bromo-cyclic AMP, forscolin, which activates ade- 
nylate cyclase in intact tissue preparations (Seamon et 
al., 1981), also increased the state of phosphorylation of 
Protein I in rabbit ganglia (Table III). 

The effects of nerve impulse conduction and of a high 
K+ concentration, but not those of dopamine and of 8- 
bromo-cyclic AMP, were abolished under calcium-free 
conditions (Table III). The inability of nerve impulse 
conduction to increase Protein I phosphorylation under 
calcium-free conditions was not a result of the deterio- 
ration of the preparation. Thus, returning ganglia, which 
had been preincubated in calcium-free Locke’s solution, 
to calcium-containing Locke’s solution for 15 min re- 
stored the ability of nerve impulse conduction to increase 
Protein I phosphorylation (data not shown). 

In contrast to orthodromic impulse conduction (stim- 
ulation of preganglionic nerves), antidromic impulse con- 
duction (stimulation of postganglionic nerves) failed to 
alter Protein I phosphorylation (Table III). The effect of Analvsis of DhosDhorvlation sites. Several of the ex- 
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Experimental Control 
Rabbit Rabbit 

Protein I Z 
\ 

Ganglion left right left right 

Nerve 
Stimulation - + 

- - 
Figure 3. Autoradiograph showing the effect of impulse conduction on the state of phosphorylation of Protein I in the rabbit 

superior cervical ganglion. The preganglionic nerve of the right ganglion of a rabbit was stimulated via a suction electrode for 30 
set at 10 I-Iz. The contralateral left ganglion and the two ganglia of a second rabbit were not stimulated. The ganglia then were 
homogenized in 1% SDS. The Protein I contained in the SDS extracts was immunoprecipitated, back phosphorylated, and 
subjected to SDS-polyacrylamide gel electrophoresis. 
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TABLE III 
Regulation of the state ofphosphorylation of Protein I in rabbit superior cervical ganglia 

Pairs of intact (A and B) and denervated (C) rabbit superior cervical ganglia were preincubated for 30 to 60 min in the following buffers: A and 

C, standard Locke’s buffer (a to e, h, and i), standard Locke’s buffer containing 100 pM phenoxybenzamine (0, or standard Locke’s buffer 
containing 100 pM phenoxybenzamine, 0.5 mM hexamethonium, and 25 pM atropine (8); B, calcium-free Locke’s buffer (modified from standard 
buffer; 2.2 mM MgC12 and 1 mM EGTA were substituted for 2.2 mM CaCl2) (a to d and h). One ganglion of each rabbit served as the test ganglion 
and the other was the control. Test ganglia in A were treated in a variety of ways: (a) the preganglionic nerve was mounted in a suction electrode 
and not stimulated or the ganglion was transferred to a vial containing standard Locke’s buffer; (b) the preganglionic nerve was mounted in a 

suction electrode and stimulated for 30 set at 10 Hz; (c) the ganglion was transferred to a vial containing 100 pM dopamine in standard Locke’s 
buffer and incubated for 4 min; (d) the ganglion was transferred to a vial containing modified Locke’s buffer (60 mM K’) and incubated for 1 min; 
(e) the postganglionic nerves were mounted in a suction electrode and stimulated for 30 set at 10 Hz; (f) the ganglion was transferred to a vial 
containing 100 pM dopamine and 100 pM phenoxybenzamine in standard Locke’s buffer and incubated for 4 min; (g) the preganglionic nerve was 
mounted in a suction electrode and stimulated for 30 set at 10 Hz in the presence of 100 pM phenoxybenzamine, 0.5 mM hexamethonium, and 25 

pM atropine; (h) the ganglion was transferred to a vial containing 4 mM 8-bromo-cyclic AMP in standard Locke’s buffer and incubated for 15 min; 
and (i) the ganglion was transferred to a vial containing 100 pM forscolin (Calbiochem/Behring Corp.) in standard Locke’s buffer and incubated 
for 15 min. Test ganglia in B were treated as were those in A except that calcium-free Locke’s buffer was used in place of standard Locke’s buffer. 
Test ganglia in C were treated as were those in A. Incubations and stimulations were terminated by homogenizing test and contralateral control 
ganglia in 1% SDS. The amount of dephospho-Protein I in SDS extracts then was assayed and the amount of dephospho-Protein I in each test 
ganglion was compared to that in its contralateral control ganglion. Data are expressed as the mean + SEM. The numbers in parentheses 

represent the number of pairs of ganglia. Control denervated ganglia contained 46 -t 5% (mean + SEM; four pairs of ganglia) of the amount of 
dephospho-Protein I contained in control intact ganglia. 

Dephospho-Protein I 

Condition (4 
Intact 

+ Calcium 

(R) 
Intact 

- Calcium 

I’ contralalerat control 

CC) 
Denervated 
+ Calcium 

a. Control 
b. Preganglionic nerve stimulation 
c. Dopamine 

d. High K+ concentration 
e. Postganglionic nerve stimulation 
f. Dopamine + phenoxybenzamine 
g. Preganglionic nerve stimulation + phen- 

oxybenzamine, hexamethonium, and 

atropine 
h. 8-Bromo-cyclic AMP 
i. Forscolin 

102 + 4 (6) 99 + 10 (2) 107 + 6 (3) 
56 f 4” (7) 102 + 6 (6) 
69 f 3” (10) 68 AI 3” (7) 102 f 3 (5) 
54 f 3” (6) 102 f 8 (4) 102 f 4 (5) 
99 + 4 (6) 

102 + 5 (6) 
63 f 7” (6) 

61 f 4” (4) 60 f 5” (3) 
53 f 4” (3) 

n Significantly different from control (p < 0.05) by two-tailed t test. 

perimental conditions reported in Table III were found 
to regulate the state of phosphorylation of holo-Protein 
I. One-dimensional peptide mapping was used to deter- 
mine which of the phosphorylation sites in Protein I were 
affected. As shown in Table IV, the decreases observed 
in dephospho-holo-Protein I (Table III) in response to 
nerve impulse conduction, to nerve impulse conduction 
in the presence of phenoxybenzamine, hexamethonium, 
and atropine, or to a high K’ concentration were reflected 
in equivalent quantitative decreases in both the collagen- 
ase-insensitive (i.e., the M, = 10,000 fragment) and col- 
lagenase-sensitive (i.e., the M, = 34,000 fragment) regions 
of Protein I. In contrast, the decreases observed in de- 
phospho-holo-Protein I (Table III) in response to dopa- 
mine, to 8-bromo-cyclic AMP, and to forscolin were 
reflected in statistically significant decreases only in the 
collagenase-insensitive (i.e., the M, = 10,000 fragment) 
region of Protein I (Table IV). Dopamine also elicited a 
decrease in the collagenase-sensitive (i.e., M, = 34,000 
fragment) region of Protein I, but this decrease was not 
statistically significant (Table IV). Furthermore, Table 
IV shows that postganglionic nerve stimulation or dopa- 
mine in the presence of phenoxybenzamine, conditions 
which did not alter dephospho-holo-Protein I (Table III), 

also did not alter the phosphorylatiol 
region of Protein I. 

Discussion 
Using a radioimmunoassay procedure 

state of either 

o determine the 
total amount of Protein I, we have found that denervated 
ganglia contained 40% of the Protein I present in intact 
ganglia. Moreover, results obtained by assaying the 
amount of dephospho-Protein I, in denervated and intact 
ganglia, indicated a similar distribution. Thus, it appears 
that 60% of ganglion Protein I is located in presynaptic 
nerve terminals and the remainder is in the cell bodies. 
The inability to detect this postsynaptic Protein I by 
immunocytochemical methods (De Camilli et al., 1979) 
might be expected if the Protein I in the cell bodies is 
present in a considerably lower concentration than that 
in the presynaptic nerve terminals. 

Cycloheximide was shown to reduce Protein I levels by 
the same amount in intact and in denervated ganglia 
and, conversely, denervation was shown to reduce Pro- 
tein I levels by the same amount in normal and in 
cycloheximide-treated ganglia. The simplest interpreta- 
tion of these data is that the superior cervical ganglion 
contains two “pools” of Protein I: a presynaptic pool that 
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Protein I 

Intact 
Ganglia 

I 

Denervated 
Ganglia 

left right left right 

Dopamine - + - + 
Figure 4. Autoradiograph showing the effect of dopamine on the state of phosphorylation of Protein I in superior cervical 

ganglia of intact or bilaterally denervated rabbits. The right intact or right denervated ganglion of a rabbit was incubated in 
standard Locke’s buffer containing 109 pM dopamine for 4 min. The left intact or denervated control ganglia were incubated in 
standard Locke’s buffer. The ganglia then were homogenized in 1% SDS. The Protein I contained in the SDS extracts was 
immunoprecipitated, back phosphorylated, and subjected to SDS-polyacrylamide gel electrophoresis. 
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Intact Denervated 
Ganglia Ganglia 

Protein I Z 

High K+ + + 

Figure 5. Autoradiograph showing the effect of a high K+ concentration on the state of phosphorylation of Protein I in superior 
cervical ganglia of intact or bilaterally denervated rabbits. The right intact or right denervated ganglion of a rabbit was incubated 
in modified Locke’s buffer containing 60 mM K+ for 1 min. The left intact or denervated control ganglia were incubated in standard 
Locke’s buffer. The ganglia then were homogenized in 1% SDS. The Protein I contained in the SDS extracts was innnunoprecip- 
itated, back phosphorylated, and subjected to SDS-polyacrylamide gel electrophoresis. 

is destroyed by denervation but unaffected by short which Protein I is primarily, and possibly exclusively, 
exposure to cycloheximide and a postsynaptic pool that presyuaptic (Fried et al., 1982). These observations are 
is unaffected by denervation but decreased by short consistent with the idea that the Protein I contained in 
exposure to cycloheximide. In support of this interpre- the cell bodies of ganglionic neurons is newly synthesized 
tation, short exposure to cycloheximide failed to alter the and en route to the nerve terminals arising from the cell 
Protein I content of the adrenal medulla, a tissue in bodies. That cycloheximide failed to reduce Protein I 
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TABLE IV 
Regulation of the state ofphosphorylation of Protein I in rabbit 

superior cervical ganglia: Analysis ofphosphorylation sites 
Rabbit superior cervical ganglia were treated as described in the 

legend to Table III, Column A. The 32P-labeled holo-Protein I bands 

obtained from those experiments were subjected to one-dimensional 

peptide-mapping analysis. The “P contained in the M, = 10,000 and M, 
= 34,000 phosphopeptide fragments of Protein I from test ganglion and 
contralateral control ganglion was quantitated. The amount of dephos- 
phopeptide fragment in test ganglion was compared to that in its 
contralateral control ganglion. Data are expressed as the mean f SEM. 
The numbers in parentheses represent the number of pairs of ganglia. 

Dephospho-Protein I 

Condition M, = 10,ooo M, = 34,oca 
Fragment Fragment 

E: 

i: 

e. 

f. 

g. 

h. 

i. 

Control 
Preganglionic nerve stimula- 

tion 

Dopamine 
High K+ concentration 
Postganglionic nerve stimula- 

tion 
Dopamine + phenoxybenz- 

amine 

Preganglionic nerve stimula- 
tion + phenoxybenzamine, 
hexamethonium, and atro- 
pine 

8-Bromo-cyclic AMP 

Forscolin 

% contralateral control 

102 + 4 (6) 96 f 6 (6) 
53 f 7” (7) 57 f 4” (7) 

68 f 3” (10) 80 f 6 (IO) 
57 + 4” (6) 50 f 6” (6) 

105 f 8 (6) 103 + 7 (6) 

105 + 3 (6) 105 f 7 (6) 

64 f 6” (6) 69 + 4” (6) 

52 f 6” (4) 115 + 26 (4) 
43 + 9” (3) 122 f 43 (3) 

” Significantly different from control (p < 0.05) by two-tailed t test. 

levels in denervated ganglia to zero may be explained by 
the observation (see “Materials and Methods”) that cy- 
cloheximide only partially inhibited in vivo protein syn- 
thesis. 

The development of the procedure described here for 
quantitating the state of phosphorylation of Protein I in 
SDS extracts of nervous tissue has allowed us to study 
the regulation of Protein I phosphorylation in the rabbit 
superior cervical ganglion. The results of this study dem- 
onstrate that impulse conduction, at a physiological fre- 
quency (Douglas and Ritchie, 1957), increased the phos- 
phorylation of Protein I in the rabbit ganglion. In a 
related study (Nestler and Greengard, 1982), we have 
shown that as few as 20 nerve impulses caused a half- 
maximal increase in Protein I phosphorylation and that 
as few as 50 nerve impulses maximally increased Protein 
I phosphorylation in the rabbit ganglion. In addition to 
nerve impulse conduction, dopamine and a high K’ con- 
centration also were found to increase Protein I phos- 
phorylation in the rabbit superior cervical ganglion as 
had been observed in bovine ganglion sections (Nestler 
and Greengard, 1980). 

The changes observed in Protein I phosphorylation in 
response to impulse conduction, to dopamine, and to a 
high K’ concentration appeared to occur in the presyn- 
aptic nerve terminals that innervate the ganglion. Thus, 
in contrast to the situation with intact rabbit ganglia, in 
which dopamine and a high K’ concentration increased 
Protein I phosphorylation, dopamine and a high K’ 
concentration did not increase Protein I phosphorylation 
in denervated rabbit ganglia. Similarly, whereas stimu- 

lation of preganglionic nerves (orthodromic impulse con- 
duction) increased Protein I phosphorylation in intact 
rabbit ganglia, stimulation of postganglionic nerves (an- 
tidromic impulse conduction) did not increase Protein I 
phosphorylation in intact rabbit ganglia. Finally, the 
increase in the state of phosphorylation of Protein I 
elicited by preganglionic nerve stimulation was not 
blocked by neurotransmitter antagonists that abolish the 
three known postsynaptic potentials observed in rabbit 
ganglia. These latter results not only indicate that the 
effect of impulse conduction on Protein I phosphoryla- 
tion occurs on Protein I located in presynaptic nerve 
terminals but also suggest that the effect is a direct one, 
not secondary to released endogenous neurotransmitter 
acting on presynaptic nerve terminals. 

Most of the Protein I present in control ganglia was in 
the dephosphorylated form (see “Materials and Meth- 
ods”). The maximal decrease observed in dephospho- 
Protein I in intact ganglia, as a result of its phosphoryl- 
ation by various stimuli, was about 50%. Since this de- 
crease apparently occurred in presynaptic nerve termi- 
nals, which contain only 60% of the total ganglion Protein 
I, stimulation of ganglia appears to have resulted in the 
conversion of more than 80% of the presynaptic Protein 
I from the dephosphorylated to the phosphorylated form. 
The reason for the inability of dopamine and of a high 
K+ concentration to stimulate the phosphorylation of 
postsynaptic Protein I in rabbit ganglia remains unknown 
but raises the possibility that postsynaptic Protein I is 
not accessible to endogenous protein kinases. 

The effects of nerve impulse conduction and of a high 
K’ concentration were dependent on extracellular cal- 
cium, but those of dopamine and of 8-bromo-cyclic AMP 
were not. Similar results were obtained in experiments 
on bovine superior cervical ganglion sections (Nestler 
and Greengard, 1980). The findings are consistent with 
the view that impulse conduction and a high K+ concen- 
tration increase Protein I phosphorylation through the 
activation of calcium-dependent protein kinases and that 
dopamine and 8-bromo-cyclic AMP increase Protein I 
phosphorylation through the activation of cyclic AMP- 
dependent protein kinase. Activation of calcium-depen- 
dent protein kinases would be expected to increase the 
state of phosphorylation of Protein I both in the colla- 
genase-insensitive and in the collagenase-sensitive re- 
gions of the molecule. In contrast, activation of cyclic 
AMP-dependent protein kinase would be expected to 
increase the state of phosphorylation of Protein I only in 
the colIagenase-insensitive region of the molecule. Con- 
sistent with this interpretation are the observations that 
nerve impulse conduction and a high K’ concentration 
stimulated the phosphorylation of both regions of Protein 
I and that dopamine, 8-bromo-cyclic AMP, and forscolin 
(an activator of adenylate cyclase) stimulated the phos- 
phorylation only of the collagenase-insensitive region of 
the molecule. 

The conclusions based on the present studies of the 
rabbit superior cervical ganglion are summarized in Fig- 
ure 6. The state of phosphorylation of presynaptic Pro- 
tein I was regulated by impulse conduction, by dopamine, 
and by a high K+ concentration, whereas the total 
amount of presynaptic Protein I was not decreased by 
short periods of exposure to cycloheximide, a protein 
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SYNAPTIC P-1: POSTSYNAPTlC: 

-PHOSPHORYLATION REGULATED BY: -PHOSPHORYlATION m REGULATED BY: 

IMPULSE CONDUCTION IMPULSE CONDUCTION 

DOPAMINE DOPAMINE 

DEPOLARIZING AGENTS DEPOLARIZING AGENTS 

-TOTAL A)IOUNT w DECREASED -TOTAL AMOUNT DECREASED 

BY SHORT EXPOSURE TO BY SHORT EXPOSURE TO 

CYCLOHEXIMIDE CYCLOHEXIMIDE 

Figure 6. Schematic representation of the distribution and regulation of Protein 
I in the rabbit superior cervical ganglion. See the text for discussion. 

synthesis inhibitor. In contrast to presynaptic Protein I, 
the state of phosphorylation of postsynaptic Protein I 
was not regulated by impulse conduction, by dopamine, 
or by a high K’ concentration, whereas the total amount 
of postsynaptic Protein I was decreased by short periods 
of exposure to cycloheximide. These results are con- 
sistent with the scheme that the Protein I located in 
presynaptic nerve terminals plays a functional role and 
that the Protein I located in cell bodies is newly synthe- 
sized and is en route to nerve terminals. 

Protein I appears to be present at a high concentration 
in most, and possibly in all, neurons (P. De Camilli, W. 
B. Huttner, M. Harris, R. Cameron, and P. Greengard, 
manuscript in preparation), suggesting that it plays an 
essential role in neuronal function. Furthermore, Protein 
I appears to be concentrated in most, and possibly all, 
presynaptic nerve terminals (De Camilli et al., 1980; P. 
De Camilli, W. B. Huttner, M. Harris, R. Cameron, and 
P. Greengard, manuscript in preparation), suggesting 
that it plays an essential role in synaptic function. The 
apparent localization of Protein I to neurotransmitter 
vesicles (Bloom et al., 1979; Ueda et al., 1979; P. De 
Camilli, W. B. Huttner, M. Harris, R. Cameron, and P. 
Greengard, manuscript in preparation) suggests that Pro- 
tein I is involved in some aspect of the functioning of 
those vesicles, such as neurotransmitter release. In con- 
trast to the ubiquity of Protein I in nervous tissue, 
Protein I is virtually absent from non-nervous tissue, 
including even those tissues with a secretory function 
(De Camilli et al., 1979; Fried et al., 1982; P. De Camilli, 
W. B. Huttner, M. Harris, R. Cameron, and P. Greengard, 
manuscript in preparation). These findings suggest that 
Protein I may play a role in a neuron-specific regulation 
of the release process rather than in the release process 
per se. It is interesting to note in this regard that cyclic 

AMP and calcium, both of which have been shown to 
regulate Protein I phosphorylation in various neuronal 
preparations, also have been found to facilitate neuro- 
transmitter release at a variety of synapses (Miyamoto 
and Breckenridge, 1974; Kupfermann, 1980; Rosenthal, 
1969; Erulkar and Rahamimoff, 1978). For example, cate- 
cholamines, including dopamine, apparently acting 
through cyclic AMP, produce a long lasting facilitation 
of acetylcholine release in vertebrate sympathetic ganglia 
(Kuba et al., 1981). Similarly, brief periods of impulse 
conduction, apparently acting through calcium, produce 
a long lasting facilitation of acetylcholine release in the 
rabbit superior cervical ganglion, a process referred to as 
post-tetanic potentiation (Zengel et al., 1980). It is pos- 
sible, therefore, that an increase in the state of phos- 
phorylation of Protein I represents a common molecular 
pathway through which certain neurotransmitters and 
brief periods of impulse conduction facilitate neurotrans- 
mitter release. 
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