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In Situ Protein Phosphorylation in Hippocampal Tissue Slices 

Rick K. Yip” and Paul T. Kelly 

Department of Neurobiology and Anatomy, University of Texas Health Science Center, Houston, Texas 77225 

We have studied the subcellular distribution of phosphopro- 
teins in intact hippocampal slices and examined factors that 
regulate their phosphorylation and dephosphorylation in situ. 
The presence of Ca *+ in slice equilibration and prelabeling 
buffers and high-K+-induced depolarization markedly in- 
creased $*Pi incorporation into endogenous proteins. Ca*+- 
stimulatory effects were significantly reduced by Ca2+-chan- 
nel blockers and the calmodulin antagonist W-13. Certain 
proteins were dephosphorylated in situ, and their dephos- 
phorylation was dependent on both Ca2+ and depolarization. 
A number of proteins phosphorylated in situ was similar to 
those previously characterized in synaptic fractions phos- 
phorylated in vitro. Many phosphoproteins were identified 
on the basis of molecular weight, isoelectric point, immu- 
noreactivity, and phosphopeptide mapping; these included 
the 87 kDa substrate of protein kinase C, synapsin I, the 50 
and 60 kDa subunits of Ca2+/calmodulin-dependent protein 
kinase II (CKII), tubulin, B-50, the a-subunit of pyruvate de- 
hydrogenase and myelin basic proteins. CKII phosphoryla- 
tion in situ appeared similar but not identical to its in vitro 
counterpart. Phosphopeptide mapping analysis of in situ la- 
beled substrate proteins indicated that CAMP-, Ca2+/cal- 
modulin-, and Ca2+/phospholipid-dependent protein kinases 
were all active in slice preparations under basal conditions. 
Increased a2Pi labeling of hippocampal proteins following tis- 
sue depolarization appeared to be associated with in- 
creased activity of endogenous protein kinases since de- 
polarization did not result in 32Pi-labeling of any new 
phosphoproteins. 

Protein phosphorylation is thought to play an important role in 
neuronal function (Nestler and Greengard, 1984; Browning et 
al., 1985). Increasing evidence suggests that protein phosphory- 
lation is an important mechanism in the transduction of extra- 
cellular signals that modulate diverse cellular processes such as 
metabolism, excitability, neurotransmitter release, and synaptic 
plasticity (Nestler and Greengard, 1984; Melchers et al., 1988). 

Two major classes of protein kinase have been described in 
the nervous system and they are the Ca*+- and cyclic nucleotide- 
dependent protein kinases (Naim et al., 1985). Previous studies 
have shown that Ca2+ influx into synaptosomes leads to a Ca*+- 
dependent phosphorylation of many endogenous proteins 
(Krueger et al., 1977; Wu et al., 1982; Robinson and Dunkley, 
1983a; Wang et al., 1988) and the activation of Ca2+/calmodu- 
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lin-, Ca2+/phospholipid-dependent protein kinases and protein 
phosphatases (Dunkley et al., 1986; Robinson et al., 1987; Wang 
et al., 1988). Ca*+ influx also activates adenyl cyclase (Brostrom 
et al., 1975; Cheung et al., 1975), leading to an increase in 
intracellular CAMP which could activate CAMP-dependent pro- 
tein kinase. The majority of studies on protein phosphorylation 
in the brain have been carried out in vitro by using subcellular 
fractions or synaptosomes and [yJ2P]-ATP as phosphate donor. 
Few studies have been carried out under in situ conditions. The 
relationship between in situ and in vitro protein phosphorylation 
is crucial to understanding the physiological significance of pro- 
tein phosphorylation in neural tissues. In the present studies, 
we have examined the Ca2+-dependent protein phosphorylation 
systems under in situ conditions using hippocampal slices. We 
have investigated the subcellular distribution, activity, and sub- 
strates of protein kinases and phosphatases in hippocampal tis- 
sue slices. We have studied factors that regulate the in situ state 
of phosphorylation of hippocampal proteins. We have focused 
on Ca2+/calmodulin-dependent protein kinase II (CKII) because 
of its high concentration in the nervous system (Bennett et al., 
1983; Erondu and Kennedy, 1985), synaptic junctions (Kelly 
and Cotman, 1978), and postsynaptic densities (Kennedy et al., 
1983; Goldenring et al., 1984; Kelly et al., 1984), and its pro- 
posed role in synaptic transmission (DeLorenzo et al., 1979; 
Llinbs et al., 1985) and synaptic plasticity (Wasterlain and Far- 
ber, 1984; Goldenring et al., 1986). We have compared the in 
situ and in vitro phosphorylation characteristics of CKII and the 
phosphorylation of endogenous substrate proteins. Our results 
demonstrated that Ca*+- and cyclic nucleotide-dependent pro- 
tein kinases and protein phosphatases were active under basal 
conditions, and their activities were further stimulated by high- 
K+ depolarization. We have identified CKII in all hippocampal 
subcellular fractions and reported differences between its phos- 
phorylation properties observed in situ and in vitro. A prelim- 
inary report of this study has appeared elsewhere (Yip and Kelly, 
1986). 

Materials and Methods 
In situ phosphorylation ofhippocampal slices. Sprague-Dawley male rats 
(100-174 g-m) were decapitated and hippocampi placed in dxygenated 
low-nhosnhate Krebs Rinaer bicarbonate buffer (KRB, DH 7.3) con- 
tain&g (in mM) NaCl, 124.5; KCl, 5.0; NaHCO,, 25.0; Na$HPO,, 6.075; 
MgSO,, 1.5; and glucose, 10.0. Tissue slices (0.30 x 0.30 x 2 mm) 
were prepared with a McIlwain tissue chopper, washed twice with KRB, 
and placed in KRB containing either 1 mM CaCl, or 1 mM EGTA. Slices 
were equilibrated at 37°C fo; 30 min in a covered shaking water bath 
in 95% C&/5% CO,. Slices were then nrelabeled with 3ZP-orthoohosnhate 
(1.5 mCijml; New England Nuclear) for 45 min under the samecon- 
ditions. After 32P, prelabeling, some slices in KRB plus Ca2+ were in- 
cubated an additional 5 min in one of the following agents (final con- 
centration in mM): verapamil, 0.5; D-600, 0.25 (Knoll Pharmaceutical 
Co.); MnCl,, 25.0; CoCl,, 25.0; or EGTA, 1.0. Twenty minutes prior 
to high-K+ depolarization, W-l 3 (0.3 mM; Seikagaku America Inc.) was 
added to one group of slices in KRB plus Ca2+. Certain slices were then 
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depolarized in high-K+ KRB media (57.5 mM KCI, final concentration) analyzed by 1 -dimensional SDS-PAGE as described by Laemmli (1970) 
for 1 min. The tonicity of the high-K+ KRB media was maintained by or by 2-dimensional gel electrophoresis (O’Farrell, 1975) as modified 
decreasing the NaCl concentration accordingly. Control slices were in- by Kelly et al. (1985). Molecular-weight standards (14-92 kDa; BioRad) 
cubated in either KRB plus Ca2+ or KRB plus EGTA for 50 min. Slices were included in each gel. One-dimensional peptide mapping was car- 
were then depolarized for 1 min with high-K+ KRB in the presence of ried out as described by Cleveland et al. (1977) using S. aureus V8 
either CaZ’ or EGTA. protease (2.5 &/gel slice; Miles) and analyzed on 12-20% gradient gels. 

The duration of 12P, prelabeling was examined for its effects on protein 
phosphorylation in CaCl,-containing versus Ca2+-free media. The over- 
all patterns and degree of protein labeling in different subcellular frac- 
tions changed very little between 45 and 70 min of prelabeling (l- 
dimensional gel analysis). Prelabeling periods of 85-100 min resulted 
in overall decreases in protein phosphorylation and suggested a decline 
in the specific activity of ‘*P-ATP pools and/or viability of tissue slices. 
Thus, the 45 min prelabeling periods used in these experiments appeared 
to represent a time at which protein phosphoxylation had reached steady- 
state levels. 

Identical amounts of in situ labeled proteins from different subcellular 
fractions were analyzed by l- and 2-dimensional gel electrophoresis and 
autoradiography with intensifying screens (DuPont). Multiple exposures 
of each gel were performed to obtain autoradiographic images of in- 
dividual proteins that ranged in intensity by 1- to 4-fold and to ensure 
that exposures were approximately linear with respect to silver grain 
development. Only changes in the phosphorylation of a given protein, 
which differed more than 2-fold between any 2 experimental conditions, 
have been described. 

Immunoblotting. Proteins were transferred to nitrocellulose as de- 
scribed bv Towbin and Gordon (1984). Nitrocellulose transfers (im- 
munoblots) were incubated 4 hr at 45°C in Tris-buffered saline [TBST; 
10 mM Tris-HCl. DH 8.0. 150 mM NaCl. and 0.05% (vol/vol) Tween 
201 containing 10% BSA. Blots were incubated overnight at 4°C in TBST 
containing 0.5% BSA plus polyclonal antibodies against CKII (1:50-l: 
100 final dilution). CKII antiserum has been previously described by 
Kelly et al. (1987). Control immunoblots were incubated with preim- 
mune serum at the same dilutions. Blots were washed in TBST con- 
taining 2% BSA and incubated (1 htY25”C) in alkaline phosphatase- 
conjugated secondary antibody (1:7500; goat anti-rabbit, Organon 
Teknika). After 5 washes, immunoreactive bands were visualized with 
nitroblue tetrazolium and 5-bromo-4-chloro-3-indoyl phosphate (Pro- 
mega). 

Analyses of in situ protein phosphorylation comprised a total of 11 
independent experiments. Within each experiment, individual ‘lP,-la- 
beling conditions were carried out in duplicate; a minimum of 22 in- 
dependently isolated subcellular fractions were analyzed by both l- and 
2-dimensional gel electrophoresis for each labeling condition. Experi- 
ments employing Ca2+-channel blockers and W 13 were examined in 
duplicate in 2 separate experiments and analyzed on 1 -dimensional gels. 
Our results describe changes in protein phosphorylation patterns that 
were observed in at least 9 out of 11 experiments. 

Zmmunoprecipitation. 32P,-labeled proteins (6-24 pg) were solubilized 
in buffer A containing (in mM): Tris-HCl, pH 7.0, 20.0; EDTA, 5.0; 
dithiothreitol. 1.0: PMSF. 1.0; and 1% (wt/vol) SDS at 80°C for 5 min. 
SDS-solubilized samples’ were diluted ( 1: 10) with buffer B containing 
(in mM): Tris-HCl, pH 7.0, 10.0; EDTA, 5.0; PMSF, 1.0; NaF, 150.0; 
and 0.25% (vol/vol) Nonidet P-40 (NP-40). Samples were incubated 
with CKII antiserum (1:50-l : 100 final dilution) overnight at 4°C. Con- 
trols were incubated with preimmune serum. Immune complexes were 
precipitated with 50 ~1 Pansorbin (10% suspension, Calbiochem) after 
incubation for 1% hr at 4°C. Pansorbin-immune complexes were col- 
lected by centrifugation (10,000 x g, 10 min), washed 5 times in buffer 
C (150 mM NaCl, 15 mM Tris, and 0.25% NP-40), solubilized in SDS- 
sample buffer, and analyzed on 1 -dimensional gels. 

Subcellular fractionation. All procedures were done at 4°C. Following 
experimental treatments, slices-were quickly rinsed 3 times with KRB 
plus Ca*+ containing 20 mM NaF, 1 mM EDTA, 0.1 mM phenylmethyl- 
sulfonyl fluoride (PMSF), 2 &ml leupeptin, and 5 &ml soybean tryp- 
sin inhibitor. Slices were homogenized in 800 ~1 buffer (pH 7.3) con- 
tainine 2 mM Tris-HCl. 10 mM NaF. 1 mM EDTA. 0.1 mM PMSF. 2 
pg/rnl leupeptin, and 5 &ml soybean trypsin inhibitor with a Tefldn- 
glass homogenizer. Homogenates were centrifuged at 16,000 x g for 10 
min. The resulting supematants (cytosolic or S 1 fractions) were collected 
and pellets were resuspended in 200 ~1 of 2 mM Hepes (pH 7.2) and 
centrifuged at 11,000 x g for 10 min. The resulting supematants were 
discarded, and the crude particulate fractions were resuspended in 350 
~1 of 0.32 M sucrose (0.5 mM Hepes, pH 7.3) and centrifuged at 450 x 
g for 8 min to remove nuclei and cell debris. Crude nuclear pellets were 
discarded and l/lOth volume of 4% Triton X- 100 was added to the 
remaining synaptosomal/mitochondrial suspension. Triton X-lOO/par- 
ticulate suspensions were incubated for 15 min and centrifuged at 16,000 
x g for 15 -min. The resulting Triton soluble (TXs) fractions were col- 
lected and Triton-insoluble (TXi) nellets were resuspended in 200 ~1 of 
2 mM Hepes (pH 7.2). Protein concentrations were-determined by the 
method of Lowry et al. (195 1). Subcellular fractions were stored at 
- 80°C. 

Results 
Conditions for in situ phosphorylation 
Eficts of calcium. Representative patterns of phosphorylated 
proteins in various subcellular fractions after in situ labeling of 
hippocampal tissue slices are shown in Figure 1 (Fig. 1, A-C, 
lanes 2-5). Compared with low-phosphate (75 FM) Krebs-Ringer 
buffer, inclusion of 1.5 mM phosphate in Krebs-Ringer buffer 
during slice equilibration and prelabeling significantly decreased 
the overall incorporation of 32Pi into individual proteins in dif- 
ferent slice fractions (results not shown). Subsequent equilibra- 
tion and prelabeling conditions employed buffers that were low 
in phosphate (75 PM). To examine conditions for maximum in 
situ phosphorylation of hippocampal proteins, the effects of Ca*+ 
on 32P1 incorporation was examined during slice equilibration 
and prelabeling periods. Under basal conditions, chelation of 
exogenous Ca*+ with 1 mM EGTA during equilibration and 
prelabeling caused uniform reductions in protein phosphory- 
lation (Fig. 1, A-C, lane 2). Inclusion of 1 mM CaCl, in equili- 
bration and prelabeling buffers markedly stimulated zzP,-incor- 
poration into proteins in all subcellular fractions (Fig. 1, A-C, 
lane 4). The stimulatory effect of Ca2+ was prominent in cytosolic 
fractions where Ca2+ significantly increased the phosphorylation 
of93,80,48,45,19, and 14 kDa proteins compared with EGTA/ 
basal conditions (Fig. lA, lane 4 vs 2). In particulate-derived 
fractions, the presence of Ca*+ during equilibration and prela- 
beling stimulated the phosphorylation of many proteins com- 
pared with EGTA/basal conditions, particularly 150, 130, 93, 
66, 64, 60, 50, 45, and 14 kDa phosphoproteins in TXs (Fig. 
1 B, lane 4 vs 2) and 5 1,42,40,38, and 14 kDa phosphoproteins 
in TXi fractions (Fig. 1 C, lane 4 vs 2). The phosphorylation of 
the 93 kDa in cytosolic and 60-66 kDa proteins in TXs fractions 
appeared to be Ca2+ dependent. 
‘ifects of high-K+ depolarization. In the presence of exogenous 

Phosphorvlation of synaptic junction (SJ) proteins and purified cyto- 
solic &II. Preparation ofSJ fractions and purified cytosolic CKII was 
carried out as nreviouslv described (Kelly et al., 1987). SJ fractions (20 
pg) and purified cytosolic CKII (0.04-2 $) were phosphorylated in vitro 
as outlined previously (Kelly et al., 1984). For comigration experiments, 
2 pg purified CKII were phosphorylated with unlabeled ATP and added 
to in situ 32P,-labeled hippocampal proteins prior to electrophoretic 
analyses. 

Back-phosphorylation of hippocampal proteins. In situ phosphoryla- 
tion of hiDDocampa1 proteins was carried out in KRB containing 1.5 
mM Na,HPO, and noi2P, under conditions outlined above. Back-phos- 
phorylation was performed using the in vitro protocol described by Kelly 
et al. (1984). Subcellular fractions (10 fig protein) were phosphorylated 
in buff‘er containing EGTA (2 mM) or CaCl, (1 mM) plus calmodulin (20 
&ml). Phosnhorvlation was initiated bv the addition of 5 uCi I-r-“Pl- 
‘AVTP (15 ~~‘finafconcentration) and shifting reactions to 3O“C for 30 
sec. Reactions were terminated by the addition of 4X-SDS sample buff- 
0.. 

Gel electrophoresis and peptide mapping. Subcellular fractions were 
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Figure 1. Autoradiograms of in situ 3ZP-incorporation into hippocampal proteins in different subcellular fractions: A, cytosolic; B, Triton X- 100 
soluble; and C, Triton X-100 insoluble. Slices were prelabeled for 45 min with 32Pi in buffer containing either 1 mM CaCl, (lanes 4-10) or 1 mM 
EGTA (lanes 2 and 3). Slices were then incubated for 1 min in either control (lanes 2 and 4) or high-K+ buffer (lanes 3 and 5-10) containing the 
same concentration of either CaCl, (lanes 4-10) or EGTA (lanes 2 and 3). Ca*+-channel blockers, 0.5 mM verapamil (lane 6), 0.25 mM D-600 (lane 
7), 25 mM MnCl, (he 8), or 25 mM CoCl, (he 9) were added 5 min before depolarization, or the calmodulin antagonist W-13 (0.3 mM, he 
IO) was added 20 min before depolarization. Lane I contains hippocampal proteins phosphorylated under in situ conditions in the absence of 32Pi, 



CaZ+ (1 mM), high-K+ depolarization resulted in an overall in- 
crease of 32P, incorporation into slice proteins in all subcellular 
fractions compared with Ca2+/basal conditions (Fig. 1, A-C, lane 
5 vs 4). In the cytosolic fractions, high-K+ depolarization in Ca2+ 
increased the phosphorylation of 310, 250, 93, 87-80, 60, 50, 
48, and 45 kDa proteins about 2- to 3-fold over Ca2+/basal 
conditions (Fig. k4, lane 5 vs 4). In contrast, several phospho- 
proteins underwent dephosphorylation following high-K+/Ca2+ 
depolarization compared with high K+/EGTA and displayed 
M,‘s of 310, 270, 180, 170, and 96 kDa (Fig. lA, lane 5 vs 3). 
In TXs fractions, high-K+ depolarization in Ca2+ increased the 
phosphorylation of 270, 150, 130, 87-80, 66, 64, 60, and 50 
kDa proteins by approximately 3-fold, while the 45 kDa protein 
was dephosphorylated about 3-fold compared with Ca2+/basal 
conditions (Fig. 1 B, lane 5 vs 4). In TXi fractions, depolarization 
in Ca*+ increased basal phosphorylation of 270, 87-80, 60, 5 1, 
50, and 42-38 kDa proteins by about 3- to.4-fold (Fig. lC, lane 
5 vs 4). High-K+ depolarization in EGTA caused a uniform 
increase in the phosphorylation of hippocampal proteins in slices 
that were equilibrated and prelabeled in buffers containing EGTA 
compared with EGTA/basal conditions (Fig. 1, A-C, lane 3 vs 
2). 

Ca2+-stimulated phosphorylation. As described above, the 
presence of exogenous Ca2+ during equilibration and prelabeling 
markedly increased the phosphorylation of many hippocampal 
proteins (Fig. 1, A-C, lanes 2 vs 4). The latter appeared specific 
since the addition of Ca2+-channel blockers or the calmodulin 
antagonist W- 13, 5 and 20 min prior to high K+-depolarization 
in Ca2+, respectively, decreased 32P,-incorporation into hippo- 
campal proteins (Fig. 1, A-C, lanes 5 vs 6-10). In general, the 
organic Ca2+-channel blockers verapamil and D-600 were more 
effective inhibitors (lo- and 3-fold, respectively) of protein 
phosphorylation in hippocampal slices (Fig. 1, A-C, lanes 6 
and 7) compared with the inorganic Ca*+-channel blockers MnCl, 
and CoCl, (Fig. 1, A-C, lanes 8 and 9). W- 13 was approximately 
equal in potency to verapamil in reducing protein phosphory- 
lation compared with Ca2+/high K+ conditions (Fig. 1, A-C, lane 
5 vs 10). 

Posthomogenization protein phosphorylation. To examine if 
proteins were phosphorylated after tissue homogenization and 
during subcellular fractionation, increasing amounts of [y-32P]- 
ATP (l-20 &i/ml) were added immediately before homoge- 
nization to slices preincubated under in situ conditions. At the 
highest amount of [T-~~P]-ATP (20 pCi/ml), levels of postho- 
mogenization phosphorylation were barely detectable in hip- 
pocampal fractions. Extended autoradiographic exposures (3-4 
weeks) were necessary to detect phosphorylated proteins. The 
autoradiographic patterns of proteins phosphorylated with 32P- 
ATP were qualitatively and quantitatively different compared 
with in situ 32P,-labeled proteins (Fig. 1, A-C, lane 1 vs 5). These 
results demonstrated that posthomogenization phosphorylation 
of proteins was negligible and did not contribute to the phos- 
phorylation patterns observed from in situ labeling. 

Endogenousprotein phosphatase activity. To examine protein 
dephosphorylation that may have occurred during or after ho- 

t 
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mogenization of in situ labeled hippocampal slices, endogenous 
protein phosphatase activity was examined by SDS-PAGE and 
autoradiography after homogenates were incubated at 4°C for 
0, 45, and 90 min. These comparisons revealed no discernible 
differences in the autoradiographic patterns of phosphoproteins 
in slice homogenates following prolonged in vitro incubations 
(results not shown). Since tissue homogenization was completed 
within 3-5 min after in situ labeling, and the initial stages of 
subcellular fractionation were carried out in phosphatase inhib- 
itors (i.e., NaF and EDTA), the absence of detectable endoge- 
nous phosphatase activity was not surprising. Additional ex- 
periments in which 32P-phosphorylase a (a substrate for protein 
phosphatase type- 1 and -2A) was added to different subcellular 
fractions showed very little, if any, protein phosphatase activity 
under the conditions used to fractionate in situ labeled slices 
(data not shown). 

Two-dimensional analysis of phosphoproteins. Because of the 
limited resolution of 1 -dimensional gels, in situ phosphorylated 
proteins were analyzed on 2-dimensional gels. As observed in 
1 -dimensional gels, the phosphorylation of many cytosolic pro- 
teins increased when Ca2+ was present during equilibration and 
prelabeling and was further stimulated by high-K+ depolariza- 
tion (Fig. 2, B-D). These phosphoproteins displayed M,‘s of 
200, 150, 110, 96a, 93a, 93b, 87, 60, and 50 (subunits of CKII, 
see below), 53, 38, 37, 35, 34, 33, 28a, 28b, 25, 24a, 24b, 24c, 
22a, 22b, 14a, and 14b kDa (Fig. 2C). Many cytosolic phos- 
phoproteins exhibited isoelectric microheterogeneity and in- 
cluded 87, 48, 46, 45, 33, 28, 24, 18, and 14 kDa proteins. 

Exogenous Ca2+ also led to dephosphorylation of several cy- 
tosolic proteins of 250, 130, 120a, 120b, 115, 95, 91, 88, syn- 
apsin I, 55, and 28c kDa (Fig. 2, Cvs D). High-K+ depolarization 
in Caz+ caused nearly complete dephosphorylation of two 96 
kDa proteins (96b and 96~). On the other hand, 96b and 96c 
were not dephosphorylated in slices equilibrated and prelabeled 
in EGTA following high K+ depolarization in the absence of 
exogenous Ca*+. However, when slices subjected to the same 
conditions were depolarized in the presence of Ca2+, almost 
complete dephosphorylation of 96b and 96c was observed (re- 
sults not shown). Thus, dephosphorylation of 96b and 96c was 
regulated by both Ca*+ and depolarization (Fig. 2, B-D). High-K+ 
depolarization in EGTA increased the levei of phosphorylation 
of many cytosolic proteins compared with EGTA/basal or Ca2+/ 
high-K+ conditions. These phosphoproteins had molecular 
weights of 250, 130, 120a, 120b, 115, 96b, 96c, 88, synapsin I, 
55, and 46 kDa (Fig. 20). Proteins whose phosphorylation was 
unaffected by either Ca2+ or EGTA and were stimulated by 
high-K+ depolarization included 105 and 99 kDa polypeptides 
(Fig. 2, B-D). Phosphoproteins detected only in cytosolic frac- 
tions displayed M,‘s of 200, 35, 28a, 28b, 28c, and 18 kDa. 
Phosphoproteins of 150, 96, 95, 93, 91, 87, 53, 38, 37, 35, 34, 
33, 28, 25, 24, 22, 18, and 14 kDa were detected mainly in the 
cytosolic fractions. 

Fewer phosphoproteins were detected in TXs fractions com- 
pared with cytosolic fractions. In TXs fractions, the phosphory- 
lation of 96a, 87, 55, and 53 kDa proteins was significantly 

in which [yJ2P]-ATP (20 rCi/ml) was added just prior to tissue homogenization and subcellular fractionation. For each lane, 20 pg protein was 
analyzed. The apparent molecular weights of major phosphoproteins are indicated in kilodaltons. Autoradiographic exposures were 600 hr for lane 
1, 4 hr for lanes 2-5, and 8 hr for lanes 610. 
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Figure 2. Two-dimensional autoradiograms of synaptic junction (SJ) and hippocampal slice proteins phosphorylated in vitro and in situ, respec- 
tively. Phosphoproteins are designated by their apparent molecular weights in kilodaltons; 25 jqg protein was analyzed in each gel. The 50 and 60 
kDa subunits of CIUI are labeled accordingly in purified SJ (A), S 1 (B-D), TXs (E, F), and TXi (G, H) fractions. Insets (in A, C, E, and G) represent 
the corresponding 2-dimensional immunoblot of CKII subunits. Indicated above each panel is the corresponding in vitro (A) or in situ (B-H) 
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condition used for the analysis of phosphoproteins: A, SJ fraction phosphorylated in vitro with [T-~~P]-ATP in the presence of CaZ+ and calmodulin 
(CaZ+/CaM); B-H, hippocampal slice fractions labeled in situ with 32P, in Ca2+ or EGTA under nondepolarized (basal) or depolarized (high-K+) 
conditions. Autoradiographic exposures were 7 hr (A) and 7 d (B-H). 
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Figure 3. Immunoblot analysis of CKII in different hippocampal frac- 
tions. Nitrocellulose transfers of subcellular fractions (S 1, TXs, and TXi) 
separated by SDS-PAGE were incubated with anti-CKII antisera specific 
for both 50 and 60 kDa subunits, followed by alkaline phosphatase- 
conjugated secondary antibodies. Lanes designated A show 50 and 58/ 
60 kDa subunits from slices incubated under Cal+/basal conditions. 
Lanes designated B show 50 and 58/60 kDa subunits from slices in- 
cubated under Ca2+/high K+ conditions. Lanes designated C show 50 
and 58/60 kDa subunits from slices incubated under EGTA/high K+ 
conditions. Lane K shows the 50 and 58/60 kDa subunits from purified 
CKII. 

increased in the presence of Ca*+ when compared with EGTA/ 
basal conditions (results not shown) and was further stimulated 
by high-K+ depolarization (Fig. 2, E, fl. TXs proteins that 
displayed Ca*+-dependent phosphorylation were 150, 100, 93b, 
90, 89, 60, and 50 (subunits of CKII), 48 and 45 kDa polypep- 
tides (Fig. 2E). Phosphoproteins that underwent dephosphor- 
ylation in the presence of exogenous Ca*+ included 230, 115, 
synapsin I, 49, and 42 kDa polypeptides (Fig. 2, E, fl. The 49 
and 42 kDa proteins were seen mainly in the TXs fraction. The 
49 kDa phosphoprotein was identified as B-50 on 2-dimensional 
immunoblots using anti-B-50 polyclonal antibodies (generous 
gift from L. Benowitz; results not shown). 

Among the different subcellular fractions, TXi fractions dis- 
played the fewest in situ phosphorylated proteins. The phos- 
phorylation of 60 and 50 (subunits of CKII), 5 1,45, 40, 38, 19, 
and 14 kDa proteins was markedly increased in the presence of 
Ca2+ compared with EGTA/basal conditions (not shown) and 
was further stimulated by high-K+ depolarization (Fig. 2G). The 
40 and 38 kDa phosphoproteins displayed poor isoelectric fo- 
cusing. Nevertheless, these proteins were phosphorylated in a 
@+-dependent manner. Ca*+-stimulated dephosphorylation was 
observed for 270, 115, 105, synapsin I, and 49 kDa proteins 
(Fig. 2, G vs H). Phosphorylation of a 103 kDa protein seemed 

to be unaffected by Ca*+ or EGTA. This phosphoprotein, along 
with 5 1, 40, and 38 kDa were detected only in TXi fractions. 
Certain phosphoproteins in TXi fractions displayed %-dimen- 
sional patterns that were indistinguishable from proteins phos- 
phorylated in vitro by endogenous CKII in purified SJ fractions 
(e.g., synapsin I and CKII; Fig. 2, A, G). 

Identification ofphosphorylated CKII. The presence of the 50 
and 60 kDa subunits of CKII in various hippocampal fractions 
was confirmed by immunoblots using polyclonal antibodies spe- 
cific for both subunits. The relative levels of both CKII subunits 
in hippocampal fractions were TXi >> TXs = cytosolic (Fig. 
3). Immunoblots also revealed the more phosphorylated form 
of the 50 kDa subunit of CKII; the latter was visualized as a 54 
kDa immunoreactive band in all fractions. The relative ratios 
of 50:60 kDa subunits in the same subcellular fraction appeared 
constant under different experimental conditions (Fig. 3, A-C). 

The identity of CKII subunits phosphorylated in situ in slice 
fractions was further verified on 2-dimensional immunoblots, 
using polyclonal anti-CKII antibodies, by corn&ration with pu- 
rified cytosolic CKII phosphorylated in vitro with unlabeled 
ATP (results not shown). In Figure 2, the insets display immuno- 
staining patterns of 50 and 60 kDa subunits. Immunoreactive 
50 and 60 kDa bands comigrated with the in situ labeled 50 
and 60 kDa phosphoproteins in the different fractions. 

The identity of CKII subunits in different hippocampal frac- 
tions was examined by immunoprecipitation experiments using 
anti-CKII antibodies. The major phosphorylated bands detect- 
ed in immunoprecipitates corresponded to the 50 and 60 kDa 
subunits of CIUI (Fig. 4A, arrowheads). The immunoprecipi- 
tated 50 kDa phosphoprotein was further analyzed by phos- 
phopeptide mapping. Immunoprecipitated 50 kDa phospho- 
proteins from all hippocampal fractions produced peptide maps 
which were similar to the in vitro phosphorylated 50 kDa of 
purified CKII (Fig. 4B). Attempts to obtain phosphopeptide 
maps of the immunoprecipitated 60 kDa phosphoprotein from 
slice fractions were unsuccessful due to its low recovery in im- 
munoprecipitates. Nevertheless, the in situ phosphorylated 60 
kDa subunit from 1 -dimensional gels generated a phosphopep- 
tide map similar to the in vitro labeled 60 kDa of purified CKII 
(Fig. 5B, lanes 5 and 6). 

Characterization ofadditionalphosphoproteins. Hippocampal 
proteins phosphorylated under Ca2+/basal conditions were ana- 
lyzed by limited proteolysis. Peptide mapping of the 80-87 kDa 
region of 1 -dimensional gels of cytosolic fractions showed a pair 
of phosphopeptides at 13 and 9 kDa that are characteristic of 
87 kDa substrate of protein kinase C (Wu et al., 1982; Fig. 5A, 
lane 2; open arrowheads). In comparison, peptide mapping of 
the same M, region from “SJ-enriched” TXi fractions yielded 
35 and 10 kDa phosphopeptide fragments characteristic of the 
sites in synapsin I phosphorylated by CKII and CAMP-depen- 
dent protein kinase, respectively (Huttner and Greengard, 1979; 
Fig. 5A, lane 4, solid arrowheads). In TXs fractions, the same 
A&, region produced a peptide map similar to the combined 
patterns of phosphopeptides observed in cytosolic and TXi frac- 
tions (Fig. 5A, lane 3). 

Additional observations on in situ labeled CKII. The 60 kDa 
subunit of CKII was found to be more highly phosphorylated 
in situ relative to the 50 kDa subunit. This finding is in contrast 
to the relative levels of subunit phosphorylation observed in 
vitro (Fig. 2, A vs C, E, or G). Higher 32Pi labeling of 60 kDa 
relative to 50 kDa subunit was observed in all fractions and 
predominantly under Ca*+/basal and Ca*+/high K+ conditions. 
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Figure 4. Immunoprecipitation analysis of in situ phosphorylated CKII. A, Aliquots of in vitro phosphorylated CKII (0.04 fig) or hippocampal 
subcellular fractions, S 1 (12 pg), TXs (24 rg), and TXi (6 pg), were precipitated with either preimmune serum (lane 1) or anti-CKII antisera (lane 
2) as described in Materials and Methods. Immunoadsorbed phosphoproteins were separated by SDS-PAGE and visualized by autoradiography; 
longer autoradiographic exposures (20 d) revealed ‘*P-labeled 58/60 kDa subunit in each subcellular fraction (upper arrowheads in lane 2). B, 
Phosphopeptide maps obtained by limited proteolysis of immunoprecipitated 50 kDa phosphoproteins in A; lane 3, purified CKII; lanes 4-6, 
combined subcellular fractions from depolarized hippocampal slices incubated in buffer containing CaCl, (he 4), CaCl, plus A23 187 (lane 5), or 
CaCl, plus verapamil (lane 6). Autoradiographic exposures were 6.7 d (A) and 22 d (B). 

The increased in situ 32P,-incorporation associated with the 60 
kDa subunit of CKII was found predominantly in TXs fractions 
and to a lesser extent in cytosolic fractions. Low levels of 32P, 
incorporation into 50 and 60 kDa subunits were observed in “SJ- 
enriched” TXi fractions, even though these fractions displayed 
the highest concentration of CKII subunits (Fig. 3). 

A possible explanation for these apparent differences between 
in situ versus in vitro phosphorylation properties of CKII was 
that the 50 kDa subunit of CKII is already highly phosphory- 
lated in situ and any further stimulation would only result in a 
small increase in 32P, incorporation. This hypothesis seems un- 
likely since back-phosphorylation of hippocampal proteins with 
[y-3ZP]-ATP following prior in situ incubations with unlabeled 
phosphate displayed substantial phosphorylation of both CKII 
subunits in a Ca2+/calmodulin-dependent manner (Fig. 6A). As 
illustrated in Figure 6A, the 50 and 60 kDa subunits phosphor- 
ylated in situ from slices incubated in buffers containing EGTA 
showed higher levels of back-phosphorylation (Fig. 6A, lanes 3 
and 4, 7 and 8, 11 and 12) compared with their counterparts 
phosphorylated in situ under Ca2+ conditions (Fig. 6A, lanes 5 
and 6, 9 and 10, 13 and 14). This finding suggests that CKII 
was less phosphorylated in situ in slices incubated under EGTA 
compared with Ca2+ conditions. Back-phosphorylation of CKII 
in all subcellular fractions showed greater 32P-labeling of the 50 
kDa compared with the 60 kDa subunit, similar to the in vitro 

phosphorylation properties of CKII in purified synaptic junc- 
tions (Fig. 6A). Phosphopeptide mapping of the 50 and 60 kDa 
phosphoproteins from 1 -dimensional gels after back-phosphor- 
ylation yielded peptide maps that were similar to in vitro phos- 
phorylated CKII subunits from purified synaptic junctions (Fig. 
6B). The 50 kDa region from Sl and TXs fractions generated 
an additional 7 kDa phosphopeptide that indicated the comi- 
gration of another protein whose phosphorylation was not stim- 
ulated by Ca2+/calmodulin. Indeed, phosphopeptide analysis of 
the 50 kDa region from fractions back-phosphorylated in EGTA 
(Fig. 6A, lanes 3 and 7) revealed only the 7 kDa peptide (results 
not shown). 

Discussion 
We have examined conditions that modulate the in situ phos- 
phorylation of proteins in rat hippocampal tissue slices. We 
demonstrated that many proteins were phosphorylated in situ 
and their phosphorylation could be modulated by physiological 
factors such as divalent cations and membrane depolarization. 
Our results indicated that changes in protein phosphorylation 
under different conditions represented alterations in the in situ 
state of phosphorylation of individual proteins. First, no de- 
tectable protein dephosphorylation occurred during or after tis- 
sue homogenization. Second, nonspecific protein phosphoryla- 
tion by released intracellular 32P-ATP following tissue 
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Figure 5. Autoradiograms of phosphopeptide maps using S. aureus 
V8 protease. A: Lane I, synapsin I phosphorylated in vitro by purified 
CKII (solid arrowheads indicate the 35 and 10 kDa phosphopeptides); 
lanes 2-4, the 80-87 kDa proteins labeled in situ from cytosolic (lane 
2; open arrowheads indicate the 13 and 9 kDa phosphopeptides), TXs 
(lane 3), and TXi (lane 4) fractions. B: Lane 5, 60 kDa protein labeled 
in situ from a TXs fraction; lane 6,60 kDa subunit of CIUI from purified 
SJ fraction phosphorylated in vitro. 

homogenization was negligible. Our results showed that the 
presence of exogenous CaZ+ during both slice equilibration and 
prelabeling periods markedly increased the rate and/or extent 
of protein phosphorylation in all subcellular fractions. This ap- 
parent Caz+-stimulatory effect was specific since Ca2+-channel 
blockers and the calmodulin antagonist W- 13 significantly de- 
creased 32Pi incorporation into hippocampal proteins following 
high K+/Ca2+ conditions. The concentrations of Ca2+-channel 
antagonists used were not unusually high since neural tissues 
are known to be more resistant to these compounds compared 
with cardiac or smooth muscle (Triggle, 1982). Although pre- 
vious studies with synaptosomes demonstrated that a 60% de- 
crease of K+-stimulated %a2+-uptake required 100-200 PM ver- 
apamil or D-600 (Nachshen and Blaustein, 1979; Norris et al., 
1983), we used higher concentrations (250-500 PM) because of 
the greater penetration properties of tissue slices. 

High-K+ depolarization increased the in situ phosphorylation 

of many hippocampal proteins. Previous studies with synap- 
tosomes (Krueger et al., 1977; Wu et al., 1982; Robinson and 
Dunkley, 1983a; Wang et al., 1988) demonstrated that depo- 
larization-stimulated increases in protein phosphorylation were 
predominantly CaZ+ dependent. Our results with synapsin I un- 
der high K+/Ca2+ conditions agree with previous findings. In 
contrast to previous reports that high-K+ depolarization in the 
presence of EGTA did not stimulate synapsin I phosphorylation 
(Krueger et al., 1977; Fom and Greengard, 1978), our results 
indicated that synapsin I phosphorylation was increased after 
slices were depolarized in EGTA compared with EGTA/basal 
conditions. Moreover, depolarization-stimulated phosphoryla- 
tion of synapsin I in all subcellular fractions was greater (2- to 
3-fold) in buffer containing EGTA versus Ca2+. This unexpected 
observation with synapsin I was also characteristic of B-SO (or 
GAP-43) in TXs and TXi fractions (Fig. 2). Although the precise 
mechanism for high-K+-stimulated and Ca*+-independent phos- 
phorylation of synapsin I and B-50 is unclear, 2 explanations 
are possible. First, depolarization-stimulated but Ca*+-indepen- 
dent release of neurotransmitters has been described for CNS 
synapses (Haycock et al., 1978; Arias and Tapia, 1986). The 
subsequent activation of postsynaptic receptors could stimulate 
the hydrolysis of phosphatidylinositol to diacylglycerol and ino- 
sit01 trisphosphate (IP,). Diacylglycerol could activate protein 
kinase C, whereas IP, could mobilize intracellular Ca2+ (Berridge 
and Irvine, 1984; Nishizuka, 1984). The resulting increase in 
Ca*+ would activate CKII (Dunkley et al., 1986; Robinson et 
al., 1987; Wang et al., 1988) and Ca2+lcalmodulin-dependent 
adenyl cyclase (Brostrom et al., 1975; Cheung et al., 1975). 
Stimulation of adenyl cyclase would increase intracellular CAMP 
and activate CAMP-dependent protein kinase. Activation of these 
kinases may explain the increased phosphorylation of synapsin 
I and B-50 under high K+/EGTA conditions. Furthermore, re- 
cent reports demonstrated that the IP,-induced effects on neu- 
ronal excitability are not inhibited by EGTA or other Ca2+ che- 
lators (Dutar and Nicoll, 1988; Scholz et al., 1988). Our findings 
support the hypothesis that IP, mobilization of intracellular CaZ+ 
in the presence of EGTA could result in the activation of protein 
kinases. Second, the phosphorylation of synapsin I in high K+/ 
Ca2+ has been shown to be maximal at 10-30 set and then 
becomes rapidly dephosphorylated (Krueger et al., 1977; Fom 
and Greengard, 1978). Thus, the increased apparent phosphory- 
lation of synapsin I, and possibly B-50, in high K+/EGTA could 
result from sustained phosphate incorporation in the absence 
of dephosphorylation compared with their phosphorylation and 
subsequent dephosphorylation in high K+/Ca*+. Since the pres- 
ent studies examined the effects of high K+ICa2+ for only 1 min, 
the rapid phosphorylation followed by dephosphorylation of 
these proteins would not have been observed. In this context, 
it is important to note that the 87 kDa protein kinase C substrate 
and CKII became more highly phosphorylated in high K+/CaZ+ 
compared with high K+/EGTA; their increased labeling would 
share as a common denominator increases in intracellular Ca2+ 

Figure 6. Back-phosphorylation of hippocampal proteins with [+*P]-ATP. Hippocampal proteins were initially phosphorylated in situ in buffers 
containing Na,HPO, and no j2Pi, plus EGTA or Ca2+. A, In vitro phosphorylation reactions (10 pg protein/reaction) were carried out as described 
in Materials and Methods in buffer containing EGTA or Ca*+ plus calmodulin (Ca2+/CaM). Cytosolic (lanes 3-6); T&on soluble (TXs, lanes 7- 
10); and Triton insoluble (TXi, lanes 11-14) subcellular fractions. Lanes 1 and 2 contain purified synaptic junction proteins. B, Phosphopeptide 
maps (limited digestion with V8 protease) of the 50 and 60 kDa bands from back-phosphorylation reactions shown in lanes 2, 4, 8, and 12 in A. 
Autoradiographic exposures were 5.5 hr (A) and 96 hr (B). 
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during high-K+ depolarization. These results suggest the com- 
partmentalization in hippocampal tissues of protein phospho- 
rylation/dephosphorylation processes that are high K+/CaZ+- 
stimulated, on the one hand, versus high-K+ stimulated and 
independent of extracellular Ca*+, on the other. 

Many hippocampal proteins displayed Caz+-stimulated de- 
phosphorylation. Two cytosolic proteins, 96b and 96c, were 
dephosphorylated in a CaZ+- and depolarization-stimulated 
manner. Robinson et al. (1987) reported the Ca2+-dependent 
dephosphorylation of a synaptosomal protein designated P96 
following depolarization and suggested that P96 may be a sub- 
unit of the neuronal calcium pump. However, it seems unlikely 
that P96 is identical to either 96b or 96c, despite their similar 
subcellular distribution and dephosphorylation properties. First, 
the phosphorylation of P96 was Ca2+ dependent and increased 
very little following high-K+ depolarization. In contrast, the 
phosphorylation of 96b and 96c was highest after depolarization 
in EGTA. Second, in contrast to P96, depolarization in Ca2+ 
resulted in the dephosphorylation of 96b and 96~. One possi- 
bility underlying the dephosphorylation of 96b and 96c is the 
activation of the Ca2+-stimulated protein phosphatase type-2B 
(calcineurin), which is present at high levels in brain (Wallace 
et al., 1980; Ingebritsen et al., 1983). Although the functional 
consequence of 96 kDa dephosphorylation is unknown, the de- 
phosphorylation of the 42 kDa protein (a-subunit of pyruvate 
dehydrogenase; see Fig. 2, E, fl results in its activation (Schaffer 
and Olsen, 1980). 

Some changes in protein phosphorylation reported here could 
reflect differences in the specific activity of intracellular ATP 
following different prelabeling conditions. We think that this is 
unlikely for 2 reasons. First, the prelabeling conditions used 
here resulted in apparent steady-state levels of protein phos- 
phorylation in slices incubated in CaCl, or Ca2+-free media (see 
Materials and Methods). Second, although we have not deter- 
mined the specific activity of ATP following the different la- 
beling conditions, 2-dimensional gel analyses demonstrated that 
certain proteins were more highly phosphorylated in high K+/ 
Ca*+, some were more highly labeled in high K+/EGTA, whereas 
the phosphorylation of many proteins appeared the same fol- 
lowing either labeling protocol. These results indicate that the 
specific activities ofATP among the different labeling conditions 
were similar enough to support our conclusion that the observed 
differences in protein phosphorylation resulted from the differ- 
ential activation of protein kinases and/or phosphatases. 

Certain hippocampal proteins phosphorylated in situ were 
similar to those previously characterized in cortical synapto- 
somes labeled in vitro with 32Px (Krueger et al., 1977; Robinson 
and Dunkley, 1983a; Dunkley et al., 1986) and cortical (Fom 
and Greengard, 1978) or hippocampal tissue slices (Browning 
et al., 1981) using back-phosphorylation assays with [y-‘*PI- 
ATP. The 80 and 86 kDa doublet appeared identical to synapsin 
I on the basis of molecular weight and isoelectric point. Phos- 
phopeptide mapping of the in situ 32P,-labeled 80-86 kDa dou- 
blet yielded 2 major phosphopeptides of 10 and 35 kDa similar 
to those observed for synapsin I (Huttner and Greengard, 1979; 
DeCamilli and Greengard, 1986). The 10 kDa peptide fragment 
is phosphorylated by CAMP-dependent protein kinase and/or 
Ca2+/calmodulin-dependent protein kinase I and the 35 kDa 
peptide fragment is phosphorylated by CKII (DeCamilli and 
Greengard, 1986). The acidic 87 kDa hippocampal phospho- 
protein was easily resolved from synapsin I in 2-dimensional 
gels; its phosphorylation was predominately Ca2+ dependent and 

occurred primarily in cytosolic fractions. These properties in- 
dicate that the 87 kDa protein is the same as the 87 kDa substrate 
of protein kinase C described by Wu et al. (1982). 

The identity ofthe 50 and 60 kDa subunits ofCKI1 in different 
hippocampal fractions was confirmed by (1) comigration in 
2-dimensional gels with purified CKII, (2) 1- and 2-dimensional 
immunoblots using polyclonal antibodies specific for CKII, (3) 
immunoprecipitation using CKII antiserum, and (4) peptide 
mapping of the immunoprecipitated 50 kDa subunit. Based on 
its 2-dimensional electrophoretic mobility, the 55 kDa phos- 
phoprotein(s) appeared to correspond to cu-tubulin, which has 
been shown to be phosphorylated by CKII under certain in vitro 
conditions (Goldenring et al., 1983). The 49 kDa phosphopro- 
tein was identified as B-50 or GAP-43, which are substrates of 
protein kinase C (Aloyo et al., 1983; Benowitz et al., 1987). 
Identification of 49 kDa was based on its enrichment in TXs 
fractions, acidic p1 and immunoreactivity on 2-dimensional im- 
munoblots using anti-B-50 antibodies (Benowitz et al., 1987). 
The 42 kDa phosphoprotein was identified as the a-subunit of 
pyruvate dehydrogenase by the following criteria: (1) its comi- 
gration with phosphorylated a-subunit of pyruvate dehydro- 
genase from crude mitochrondrial fractions in 2-dimensional 
gels (results not shown), and (2) its stimulated 3ZP1 labeling in 
EGTA and dephosphorylation in Ca2+, both of which are con- 
sistent with the findings of Robinson and Dunkley (1983b). The 
14 and 19 kDa phosphoproteins were identified as the small 
and large myelin basic proteins, respectively (Sulakhe et al., 
1980), based on their 2-dimensional gel patterns and comigra- 
tion with phosphorylated myelin basic proteins from crude mye- 
lin fractions (results not shown). Among the many hippocampal 
proteins whose levels of in situ phosphorylation were increased 
in the presence of Ca2+ and further stimulated by high-K+ de- 
polarization, none displayed the magnitude of increase (lo- to 
15-fold) that was observed for the 48 and 45 kDa phosphopro- 
teins. Although the identity of these acidic proteins is unknown, 
their enrichment in cytosolic fractions may suggest their par- 
ticipation in important functions such as synthesis of neuro- 
transmitters or the regulation of intracellular metabolism. 

Phosphopeptide mapping provided additional information 
on the probable identity of hippocampal protein kinases that 
are active in situ. Partial proteolytic digestion of the 87 kDa 
substrate of protein kinase C yielded phosphopeptides charac- 
teristic of its in vitro phosphorylation by this kinase. Peptide- 
mapping analyses also indicated that synapsin I was phos- 
phorylated by Ca2+/calmodulin- and CAMP-dependent protein 
kinases. The activation of protein kinase C in situ was further 
supported by the 32P1 labeling of its substrate B-50. CKII acti- 
vation in situ was evidenced by the apparent autophosphory- 
lation of its 50 and 60 kDa subunits and further supported by 
the phosphorylation of its specific site on the 35 kDa peptide 
fragment of synapsin I. Our results confirm and extend the 
previous 1 -dimensional gel results of Berman et al. (1984) and 
Gurd and Bissoon (1985), who demonstrated that the major 
postsynaptic density protein was phosphorylated following in- 
tracranial injection of 3*Pi. In contrast, Dunkley et al. (1986) 
reported that the phosphorylation of CKII in intact synapto- 
somes was extremely difficult to detect. 

Our results demonstrated that CKII was phosphorylated in 
situ in an apparent Ca2+-dependent manner. The similarities 
between phosphopeptide maps of either 50 or 60 kDa subunit 
indicated that many of the sites autophosphorylated in vitro are 
also modified by 32P, in situ. Despite these similarities, we ob- 
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served differences between in situ versus in vitro phosphorylated 
CKII. First, the in situ phosphorylation of the 60 kDa subunit 
was greater relative to the 50 kDa subunit. Our estimates in- 
dicate that the ratio of 60:50 kDa subunit phosphorylation fol- 
lowing in situ labeling was approximately 5-10: 1. Under in 
vitro autophosphorylation conditions, comparable ratios of 60: 
50 kDa phosphorylation is approximately 1.5: 1 (Bennett et al., 
1983; Lai et al., 1986; Kelly and Shenolikar, 1987). Second, 
phosphopeptide mapping revealed slightly different apparent 
autophosphorylation sites in either the 50 or 60 kDa subunits 
labeled in situ versus in vitro. This finding suggests that the 
autophosphorylation sites characterized from in vitro studies 
may not apply per se to in situ conditions. Third, the phospho- 
rylation of 50 and 60 kDa subunits in SJ-enriched, Triton- 
insoluble (TXi) fractions seemed largely refractory to in situ 
labeling conditions, although these fractions.contained the great- 
est enrichment of CKII. The latter observation agrees with the 
previous in vitro studies demonstrating that the majority of 
CKII in SJs is not autophosphorylated (Rostas et al., 1986; Kelly 
et al., 1987) and suggests that this enzyme may serve, in part, 
as a structural, nonenymatic element in the postsynaptic density 
(Kelly and Cotman, 1978). On the other hand, the high K+/ 
Ca*+-stimulated phosphorylation of the 60 kDa found predom- 
inantly in TXs fractions suggests an enzymatic role of CKII in 
synaptic membranes. Although the precise subcellular origin of 
the Triton-soluble 60 kDa subunit is unknown, previous in vitro 
studies suggest that it may be derived in part from SJ-associated 
CKII (Kelly et al., 1987). 

Estimates of the stoichiometry of autophosphorylation in situ 
require accurate determinations of the specific activity of 32P- 
ATP in the same subcellular compartments in which CKII re- 
sides. Although we have not attempted to determine the latter, 
the apparently high ratio of 60:50 kDa autophosphorylation 
observed in situ suggests that the 60 kDa subunit of CKII may 
play a critical role in the kinase’s autoregulatory properties. 
Recent in vitro studies have indicated that as little as l-3 mol 
P,/mol holoenzyme converts the autophosphorylated kinase into 
a Ca2+/calmodulin-independent protein kinase (Lai et al., 1986; 
Miller and Kennedy, 1986; Lickteig et al., 1988). Experiments 
with synthetic calmodulin-binding peptides indicate that the 60 
kDa subunit has a greater affinity for calmodulin and suggest 
that this subunit may be preferentially autophosphorylated when 
CKII is activated (Kelly et al., 1988). Generation of the Ca2+/ 
calmodulin-independent form of CKII by preferential auto- 
phosphorylation of 60 kDa may in turn lead to long-term in- 
creases in protein phosphorylation that may underlie synaptic 
plasticity (Miller and Kennedy, 1986; Lisman and Goldring, 
1988). A recent study (Wang et al., 1988) did not support such 
an autoregulatory role for CKII in situ. Wang et al. (1988) found 
that the apparent activation of CKII in synaptosomes prelabeled 
with j2P, did not sustain high levels of synapsin I phosphoryla- 
tion during continued depolarization or after repolarization. 
These results may be explained by the transient (2-10 set) au- 
toactivation of CKII to a Ca*+-independent form during high 
K+/Ca2+ depolarization of synaptosomes (Gorelick et al., 1988). 
It will be important to determine if the in situ autophosphor- 
ylation of CKII causes it to function as a Ca*+-triggered molec- 
ular switch in neurons. 
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