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Calcium/calmodulin-dependent protein kinase II (CaMK) and 
p42 mitogen-activated protein kinase (MAPK) are enriched 
in neurons and possess the capacity to become persistently 
active, or autonomous, following removal of the activating 
stimulus. Since persistent kinase activation may be a mech- 
anism for information storage, we have used primary cul- 
tures of cortical neurons to investigate whether kinase au- 
tonomy can be triggered by bursts of spontaneous synaptic 
activity. We and others have found that both these kinases 
respond to synaptic stimulation, but differ markedly in their 
kinetics of activation and inactivation, as well as in their 
sensitivity to NMDA receptor blockade. While 90% of max- 
imal CaMK activation was observed after only 10 set of 
synaptic bursting, MAPK activity was unaffected at this early 
time and rose to only 30% of maximal after 2 min of stim- 
ulation. Following blockade of synaptic stimulation, CaMK 
activity decreased by 50% in 1 O-30 set, while MAPK activity 
decayed by 50% within 6-l 0 min. Although MAPK exhibited 
relatively slow activation, short periods of synaptic activity 
could trigger the MAPK activation process, which persisted 
in the absence of synaptic stimulation. 

Comparison of the effect of NMDA receptor blockade on 
synaptic activation of these kinases revealed that CaMK 
activity is preferentially suppressed. As previous immuno- 
cytochemical studies indicate that CaMK is concentrated in 
dendritic processes in the vicinity of synapses, we measured 
synaptic calcium transients in fine dendritic processes (- 1 
pm diameter) to assess their sensitivity to NMDA receptor 
blockade. Calcium transients in these fine processes were 
reduced by up to 90% by NMDA receptor blockade, possibly 
accounting for the profound sensitivity of CaMK to this treat- 
ment. The sharp contrast between the regulation of CaMK 
and MAPK by synaptic activity indicates that they may me- 
diate neuronal responses to different patterns of afferent 
stimulation. The relatively slow activation and inactivation 
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of MAPK suggests that it may be able to integrate information 
from multiple, infrequent bursts of synaptic activity. 

[Key words: glutamate, long-term potentiation, phosphor- 
ylation, intracellular calcium, neuronal plasticity] 

Synaptic activation of multiple protein kinases has been impli- 
cated in mediating neuronal plasticity (Bashir and Collinridge, 
1992). However, relatively little is known about the synaptic 
mechanisms underlying activation of specific kinases, or the 
duration of kinase activity once induced. Both calcium/cal- 
modulin-dependent protein kinase II (CaMK) (Hanson and 
Schulman, 1992; Kelly, 1992) and p42 mitogen-activated pro- 
tein kinase (MAPK) (Cobb et al., 199 la,b; Pelech and Sanghera, 
1992) are activated by neurotransmitter receptor stimulation 
(Stratton et al., 1989; MacNicol et al., 1990; Bading and Green- 
berg, 199 1) and are located in neuronal cell bodies and dendrites 
(Kennedy et al., 1990; Fiore et al., 1993a). Furthermore, both 
are phosphorylated during activation, rendering them autono- 
mous or persistently active in the absence of stimulation. To 
achieve this persistently active state, CaMK undergoes auto- 
phosphorylation upon binding calcium/calmodulin, which con- 
verts it to an active and Ca2+-independent form (Hanson and 
Schulman, 1992; Kelly, 1992). In contrast, MAPK is activated 
by phosphorylation of both tyrosine and threonine residues by 
an activator kinase (Ahn et al., 1992; Nakielny et al., 1992; 
Posada and Cooper, 1992; Rossomando et al., 1992). As this 
type of persistent kinase activity is thought to play a key role 
in neuronal plasticity (Lisman, 1985; Malinow et al., 1988; Klann 
et al., 199 l), we wanted to ascertain how these kinases are reg- 
ulated by synaptic activity, and whether their distinct mecha- 
nisms of activation would allow them to respond to different 
components of synaptic transmission. To address this question, 
we have used primary cultures of cortical neurons, as these are 
well suited for both physiological recordings of synaptic activity 
and biochemical assays of kinase activity. 

Materials and Methods 

Cortical cultures were made from 17-l S-d-gestation rat fetuses as pre- 
viously described (Murphy and Baraban, 1990) and kept in vitro for at 
least 2 1 d for all experiments performed. Electrophysiological recordings 
and fluo-3 CaZ+ measurements (Minta et al., 1989) were performed as 
previously described at room temperature (Murphy et al., 199 la) using 
a Hanks’ balanced salt solution (HBSS) that contained (in mM) 137 
NaCl, 5.0 KCl, 2.5 CaCl,, 1.0 MgSO,, 0.44 KH,PO,, 0.34 
Na,HP0,(7H,O), 10 Na+HEPES, 1 NaHCO,, 1 NaHCO,, 5 glucose 
(DH 7.4 and 340 mOsm: in some cases Ca2+ and Mg2+ levels were 
modified as indicated). In’previous experiments using f&a-2, we found 
that Ca2+ transients recorded over the cell soma of cortical neurons 
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during synaptic bursting ranged from a resting level of 50 nM to 600 
nM peaks (Murphy et al., 1992b). These changes in [Ca*+] would be 
expected to be within the linear range of the fluo-3 response (Minta et 
al., 1989). 

CaMK immunoprecipitation and cyanogen bromide (CNBr) cleavage. 
Cortical cultures plated in 35 mm dishes were washed once with phos- 
phate-free HBSS and incubated at 37°C for 3-4 hr with 1 mCi/ml (1 
ml volume) of IZP orthophosphate (in phosphate-free HBSS). The la- 
beling medium was then removed and replaced with HBSS (phosphate- 
free) containing inhibitors or activators of synaptic transmission for an 
additional 15-20 min. After stimulation, the medium was rapidly re- 
moved and cold stop buffer containing 10 mM Na+ phosphate pH 7.2, 
150 mM NaCl, 1 mM EGTA, 50 mM NaF, 1 mM phenylmethylsulfonyl 
fluoride, 1% Nonidet P-40, 1% Na+ deoxycholate, 0.1% SDS, and 1 PM 

ulated CaMK activity, when included in the assay buffer at 20 PM. 

Results are expressed as the percentage of autonomous CaMK, which 
was calculated as (Ca*+/calmodulin-independent activity - blank)/(Ca2+/ 
calmodulin-dependent activity - blank) x 100. The velocity of CaMK 
(P, incorporated/min mg protein) was calculated by dividing CaMK 
activity by the total protein concentration in the cell extract determined 
by the BCA method (Pierce). Inclusion of NMDA receptor antagonists 
[D,L-aminophosphonovalerate (D,L-APV), 200 FM; MK-80 1, 3 FM] in 
the CaMK assay buffer had no significant effect on Ca2+-independent 
or Ca*+ -dependent CaMK activity. Furthermore, no significant reduc- 
tion in CaMK autonomy was observed if D,L-APV (200 FM) was added 
during cell lysis, which suggested that NMDA receptors were not being 
activated by the cell lysis procedure. 

MAPK activity was measured using a synthetic peptide corresponding 
okadaic’acid was added. The dishes were then scraped on ice, and the 

for 25~min. The supematants were then removed.and monocldnal ant; 
bodies to the 01- and P-subunits of CaMK (1:2500 dilution of sera CB- 

cell lvsate transferred to microcentrifune tubes and svun at 15.000 x g 

81, and CB-o2) (MacNicol et al., 1990) were added at the same time 
as vrotein A Sevharose (Pharmacia). After 1.5 hr of incubation at 4°C 
the protein A Sepharose’ was pelleted and washed at least five times in 
homogenization buffer. The pellet was then analyzed by SDS-PAGE 
(Laemmli, 1970). Two major bands corresponding to the (Y- and P-sub- 
units of CaMK were observed in autoradiograms of the dried gels. These 
bands were then excised and radioactivity quantified by Cerenkov 
counting. To perform CNBr cleavage, the gel slices were swelled and 
crushed in a solution containing 50 mM tetraethylammonium, 0.5 mM 
EDTA, 1% SDS (Schworer et al., 1988; Fukunaga et al., 1989). Proteins 
were eluted during a 24 hr incubation at 4°C under gentle agitation 
(recovery was typically greater than 70%). Soluble material was collected 
and trichloroacetic acid (TCA) precipitated (10% final TCA concentra- 
tion) in the presence of 20 fig of cytochrome C carrier protein. The 
resulting pellet was then washed with acetone and incubated overnight 
in 100 ~1 of 70% formic acid and 25 mg/ml CNBr, at room temperature. 
The material was then lyophilized, washed twice with H,O, and resus- 
pended in gel sample buffer. An aliquot was counted and the volumes 
of the samples were corrected for recovery (based on radioactivity pres- 
ent in original SDS-PAGE gel slices). Labeled peptides were then re- 
solved using a 15% acrylamide SDS urea gel, which was then dried and 
autoradiography performed. 

Phosphotyrosine and MAPK Western blots. Extracts of soluble pro- 
teins 140 ue. determined bv the bicinchoninic acid (BCA) method1 from 

peptide (1.3 m$‘was dissolved’in a buffer containing 13 mM MgCl,, 

to the MAPK phosphorylation site of myelin basic protein (MBP) 

1.3 mM DTT, 66 PM “P-ATP (30-60 bCi/ml) 36 mM Tris pH 7.4, 33 
mM NaCl, and 1.3 mM p-nitrophenylphosphate. Phosphorylation of the 

(APRTPGGRR) (Erickson et al.. 1990: Clark-Lewis et al.. 199 1). This 

MBP peptide reflects MAPK activity since fractionation of soluble ex- 
tracts from synaptically active cortical cultures on a MonoQ column 
yields a single peak of MBP phosphorylation activity and this peak 
coelutes with MAPK immunoreactivity. Thus, under the conditions 
used, other protein kinases would not be able to phosphorylate the MBP 
substrate appreciably (Fiore et al., 1993b). As expected, MAPK activity 
appeared to be dependent on tyrosine phosphorylation since omission 
of tyrosine phosphatase inhibitors from the cell lysis buffer resulted in 
a greater than 75% loss in activity toward the MBP peptide substrate. 
Inclusion of peptide inhibitors specific for PKI-tide (20 PM) and PKC 
(pseudosubstrate; PKC 19-36; 20 PM) in the MAPK assay buffer had 
no effect on basal or stimulated phosphorylation of the MBP substrate 
in extracts derived from cortical cultures. 

To perform the MAPK assay, soluble cell extract (240,000 x g su- 
pernatant) in the homogenization buffer described above (10 ~1) was 
added to 30 ~1 of peptide- and ATP-containing buffer, mixed, and 
incubated at 30°C for 10 min (within the linear range of activity) before 
stopping the reaction by addition of 10 ~1 of 100% TCA wt/vol. TCA- 
soluble material (separated by centrifugation) was then spotted onto 
Whatman P81 phosphocellulose papers and washed for 1 hr in 0.4% 
phosphoric acid: Incorporated radioactivity was determined using liquid 
scintillation counting. In exveriments comvarina MAPK and CaMK 
activation by synaptyc stimulation, MAPK activity was normalized to 
the amount of Ca2+-stimulated CaMK activity (which did not change 
with any of the treatment conditions). Similar results were obtained by 
normalizing MAPK activity to protein concentration measured by the 
BCA assay. 

L . -  

cortical cultures were resolved by SDS/PAGE and‘transferred tonitro- 
cellulose membranes electrophoretically. The membranes were then 
probed with monoclonal antibodies to phosphotyrosine (4G10, UBI). 
Blots were then reprobed with an antiserum raised against a peptide 
corresponding to the C-terminus of rat p44 MAPK (CGGP- 
FTFDMELDDLPKERLKELIFQETARFQPGAPEAP, obtained from 
UBI), which cross-reacts with p42 MAPK (Baraban et al., 1993), or a 
monoclonal antibody specific for p42 MAPK (UBI). 

Kinase assays. Cortical cultures were treated with agonists or agents 
that modify synaptic transmission as described in Results and figures. 
After the indicated period of stimulation, the medium was rapidly re- 
moved and to the culture dishes was added cold stop buffer (0.4 ml/35 
mm vlate) containing Tris. 20 mM vH 7.5: okadaic acid. 1 LLM: EGTA. 
0.5 AM; EDTA, 1 GM; leupeptin,*lO pg/‘ml; pyrophosphate,’ 10 mM; 
molybdate, 0.4 mM; dithiothreitol (DTT), 2 mM; Na+ vanadate, 1 mM; 
and para-nitrophenylphosphate, 500 PM. The cells were scraped in this 
solution and then sonicated on ice for about 2 set using a probe soni- 
cator. 

Ca*+/calmodulin-dependent and -independent CaMK activity was 
measured as described by Ocorr and Schulman (199 1) using a synthetic 
substrate AC-2 (KKALRRQETVDAL, 20 PM) that resembles the CaMK 
autophosphorylation site. Although significant changes in Caz+/cal- 
modulin-independent activity were observed, none of the treatments 
used significantly affected Ca2+-dependent CaMK activity, or kinase 
activity measured in the absence of peptide (blank). Both Ca*+-depen- 
dent and -indevendent kinase activities (from stimulated and unstim- 
mated cultures) were reduced by a peptide corresponding to the auto- 
inhibitorv domain of CaMK (273-302) (Malinow et al.. 1989). with 
IC,, values of less than 15 FM; while another peptide lacking arginine 
283 that is critical for autoinhibition (CaMK 284-302) lacked any sig- 
nificant inhibition at 15-30 PM. Peptide inhibitors specific for CAMP- 
dependent protein kinase (PKI-tide) and protein kinase C (pseudosub- 
strate; PKC 19-36) had no effect on Ca2+-independent or Ca’+-stim- 

Dendritic Caz+ imaging with fura-2. Cortical neurons were impaled 
with 40-60 MR microelectrodes that were filled (tip only) with 10 mM 
fura- (K+ salt, Molecular Probes) in 200 mM KCl. The remainder of 
the electrode was back-filled with 2 M KCl. Dye injection was facilitated 
by current injection (-2 nA) and pressure application (3 ml compression 
of a 30 ml syringe) over a 5-10 min period. Electrodes were then re- 
moved, and the cells were allowed to recover in HBSS containing TTX 
for about 2 hr before assessing intracellular Cal+ transients. Of the 
neurons impaled, only those (about lo-20%) that showed low resting 
Ca2+ and spontaneous activity were considered suitable for study. Ra- 
tiometric fura- imaging was then performed as described (Blatter and 
Wier, 1992). The fura- signal was calibrated in vitro using a fura- salt 
solution containing no added calcium (EGTA buffered) or a saturating 
concentration of calcium. 

Results 
Synaptic activation of CaMK and MAPK 
In initial experiments, we investigated whether these kinases 
were regulated by spontaneous synaptic activity present in ma- 
ture cortical cultures (Dichter, 1978; Murphy et al., 1991a,b). 
In extracts prepared from synaptically active cultures, we ob- 
served basal autonomous activity for both kinases in assays 
using selective peptide substrates (Fig. IA,@. To test whether 
a component of either of these basal kinase activities was driven 
by spontaneous synaptic activity, we treated cultures for 20-30 
min with 1 PM TTX, which blocks action potentialdependent 
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synaptic activity in these cultures (Murphy et al., 199 la,b), and 
observed that the stimulus-independent (autonomous) activities 
of both kinases were significantly depressed (Fig. lA,B). 

Since NMDA receptors mediate a component of the spon- 
taneous synaptic currents and Ca 2+ transients present in these 
cultured neurons (Murphy et al., 1991b, 1992b; Fig. lC), we 
examined the role of these receptors in mediating kinase acti- 
vation by assessing the effect of the selective NMDA receptor 
antagonists MK-801 or D,L-APV (Wong et al., 1986). Addition 
of either NMDA antagonist to cultures for 20-30 min reduced 
CaMK activity below levels seen following TTX treatment (Fig. 
1A). The ability of NMDA antagonists to reduce CaMK acti- 
vation even more effectively than TTX was unexpected, since 
synaptically mediated CaZ+ transients recorded over neuronal 
cell bodies were still present despite addition ofNMDA receptor 
antagonists (Fig. 1 C, Murphy et al., 199 la, 1992b). In contrast, 
NMDA antagonists were less effective than TTX in blocking 
MAPK activity, suggesting that synaptic activity mediated by 
NMDA receptors may preferentially activate CaMK. Addition- 
al evidence for differential regulation of MAPK and CaMK was 
obtained by examining the effect of NMDA receptor antagonists 
in the presence of TTX. In contrast to CaMK, no further re- 
duction in MAPK activity was observed under these conditions. 

Since NMDA receptor antagonists decreased CaMK activity 
below the level found in the presence of TTX, we hypothesized 

t 

Figure 1. Activity-dependent regulation of CaMK and MAPK. CaMK 
and MAPK activities were measured in synaptically active control cul- 
tures (10 PM picrotoxin, added for lo-20 min) and picrotoxin-treated 
cultures pretreated with TTX (1 FM), MK-801 (3 PM), and/or D,L-APV 
(200 PM) as indicated, for 20-30 min prior to addition of stop buffer. 
In control picrotoxin-treated cultures, activity typically consisted of l- 
5 set bursts of spikes and synaptic potentials that occurred rhythmically 
every 6-20 set (Fig. 4A, bottom record; Murphy et al., 1992b). A, Ca2+- 
dependent and -independent CAMK activities were measured using a 
peptide substrate that resembles the autophosphorylation site of CaMK 
II. Autonomous activity was calculated as the ratio ofCa2+-independent 
to Ca2 + -dependent kinase activity and then expressed as a percentage 
(% autonomous CaMK). In TTX-treated cultures autonomous CaMK 
activity averaged 9.2 f  0.8% (n = 17 separate duplicate experiments). 
Ca*+-dependent activity averaged 5500 pmol of P, incorporated/min 
mg total protein and was not significantly altered by any of the treat- 
ments. To aid in the comparison of CaMK autonomous activity from 
different experiments, autonomous activity was expressed as a per- 
centage of the activity found in TTX-treated cultures (TTX-treated = 
100%). *, P < 0.05, one-way ANOVA comparing TTX-treated cultures 
to all other conditions (Fisher test used to assess significance). B, MAPK 
activity was measured using a synthetic substrate peptide based on the 
sequence surrounding the site in MBP phosphorylated by MAPK in 
vitro and expressed as a percentage of activity measured in TTX-treated 
cultures, 100% = 63 pmol of P, incorporated/min mg total soluble 
protein. Results are the means * SEM ofat least three separate duplicate 
treatments assayed for each kinase. MAPK activity was normalized to 
the amount of calcium-stimulated CaMK activity, which did not vary 
with any of the treatment conditions. *, P < 0.05, one-way ANOVA, 
comparing TTX-treated cultures to all other conditions as described 
above. C. Fluo-3 Ca2+-induced fluorescence recorded over the cell soma 
of a cultured cortical neuron in the presence of picrotoxin (10 PM), and 
the same cell after the addition of the NMDA antagonist MK-801 (3 
PM, 30 min). Although this treatment only blocked somatic Ca*+ tran- 
sients by - 50%, it was more effective than TTX alone at blocking CaMK 
activation. In the right panels, a different culture was treated with pic- 
rotoxin and TTX (20 min; note the complete absence of rhythmic ac- 
tivity). Under these conditions, blockade of NMDA receptors with 3 
FM MK-801 (applied continuously for 20 min) reduces CaMK auton- 
omous activity. Although this treatment could affect CaMK autono- 
mous activity, it has no effect on resting Cal+ levels (as indicated by 
fluo-3 Ca2+-induced fluorescence) in the cell soma. 
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D,L-APV 

Figure 2. Ca2+ transients in fine den- 
dritic processes are NMDA receptor 
dependent. A, Morphology of a single 
cultured cortical neuron perfused with 
1% biocytin during whole-cell record- 
ing. This cell was subsequently fixed and 
processed using peroxidase reagents. 
The right panel is a high-power view of 
the upper right comer of this neuron. 
B, Raw 360 nm fluorescence image of 
a fine dendritic process similar to the 
region shown in the A, right. Cortical 
neurons were microinjected with the K+ 
salt of fura- as described in Materials 
and Methods, and ratiometric Ca2+ im- 
aging was performed during spontane- 
ous synaptic activity in the presence of 
10 PM picrotoxin. C, Consecutive ra- 
tiometric calcium images taken every 2 
set of the dendritic process during 
spontaneous activity. D, Effect of the 
NMDA receptor antagonist D,L-APV 
on the amplitude of the spontaneous 
Ca2+ transients measured in the den- 
drite shown in B. Trace at left was taken 
prior to addition of D,L-APV; trace at 
right is from same dendritic process fol- 
lowing exposure to D,L-APV (200 PM; 
2 min). Values shown in these tracings 
reflect the average calcium concentra- 
tion over the entire dendritic segment 

- shown in B. E, Noncompetitive <MDA 
1osec receptor antagonist produces a similar 

reduction in dendritic calcium tran- 
sients. The records shown are from a 
segment of a fine spiny dendrite similar 
to the one shown in B, which was pre- 
treated for 10 min with 10 FM picro- 
toxin. After 30 min of treatment with 
3 PM MK-801, dendritic Caz+ tran- 

MK-801 MK-801 +TTX sients were reduced by greater than 85%. 
In the presence of MK-80 1 a small sigL 
nal remains in dendrites, presumably 
due to action potential dependent syn- 
aptic stimulation, as it is completely 

- - 

suppressed by exposure to 1 PM TTX 
for 5 min (both MK-801 + TTX were 

- 
1Osec 

present). Scale bars: A 25 pm (left), 10 
pm (right); B and C, 10 pm. 
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Figure 3. Activity-dependent phosphorylation of MAPK and CAMK. A, Phosphotyrosine immunoblot of soluble protein from synaptically active 
and inactive cultures. in the leff lanes, + refers to cultures that were treated with picrotoxin (10 PM) for 30 min and - refers to picrotoxin-treated 
cultures to which TTX (1 PM) and the glutamate antagonist kynurenic acid (1 mM) were added 10 min prior to the addition of stop buffer. Kynurenic 
acid was included to block the effect of glutamate released by action potential-independent mechanisms and to ensure that synaptic stimulation 
was rapidly blocked. Treatments were performed at room temperature. p42 MAPK comigrates with the phosphotyrosine-containing bands marked 
by the arrowhead. Comigration is indicated by stripping the phosphotyrosine blot and reprobing it with a monoclonal antibody to p42 MAPK 
(right). On this blot MAPK migrates as a doublet consistent with the presence of a phosphorylated form. In some experiments, cultures were loaded 
with the Ca2+ indicator fluo-3 to monitor intracellular Ca2+ transients prior to preparation of extracts (as indicated). The Ca2+ indicator did not 
alter the phosphotyrosine status of MAPK. Molecular weights of standards in kilodaltons are indicated on the left for all films shown. B, Immu- 
noprecipitation of CaMK (Y- and &subunits from cultures metabolically labeled with 32P, (1 mCi/ml). After labeling, cultures were washed once 
before addition of medium containing picrotoxin (10 PM, lane 3), or picrotoxin and inhibitors of electrical activity (TTX, 1 PM; MK-801, 3 PM; 

lanes I, 2, 4) for an additional 20 min at room temperature. Kainate was added (as indicated, lane 2) 1 min before removal of medium and the 
addition of stop buffer. CaMK was then immunoprecipitated using antibodies to (Y- and B-subunits as described in Materials and Methods and 
resolved on SDS/PAGE. Autoradiogram shown is from a 15 min exposure of the dried gel. + refers to lanes with material from synaptically active 
cultures (lane 3); - refers to lanes with material from synaptically inactive cultures (treated with TTX and MK-801). Treatment of lane 2 with 



Table 1. Agonist stimulation of CaMK activity 

CaM-kinase % 
autonomous 

Treatment activity 

TTX ‘8.5 Ik 1.3 
TTX + NMDA, 10 PLM 22.6 * 2.2* 
TTX + MK-801 5.2 t l.O** 
TTX + MK-801 + kainate, 30 FM 20.7 I 3.2* 
-Ca2+, MK-801 + TTX 0.1 i 0.1 
-Cal+, MK-801 + TTX + kainate, 30 PM 4.1 + 1.4* 

Cultures were pretreated for 30 min at 37°C with blockers of synaptic activity 
(TTX, 1 JIM, and MK-801, 3 PAM, as indicated) before adding agonists for an 
additional 2 min prior to the addition of stop buffer. -Ca’+ in&c&s that treat- 
ments were performed in medium prepared without added Ca’+. CaMK activity 
is expressed as the ratio of Ca? + -independent to Ca?+-dependent phosphorylation 
ofa CaMK peptide substrate. Values shown are the means f SEM ofat least three 
separate duplicate experiments for each condition. 

*P < 0.05, paired t test comparing each treatment to its respective control. 

**P < 0.05, paired t test comparing CaMK activity in TTX treated cultures to 
cultures treated with TTX + MK-80 1. 

that spontaneous (action potential-independent) release of glu- 
tamate may be sufficient to induce activation of CaMK. ,Con- 
sistent with this proposal, spontaneous miniature excitatory syn- 
aptic currents (MESCs) occurring at a frequency of 2.7 -t 0.8 
Hz (n = 7 cells) were observed under whole-cell voltage clamp 
in the presence of TTX, picrotoxin, and normal extracellular 
Mg*+. The amplitude of these currents was reduced to back- 
ground levels (n = 10 cells) by the broad spectrum glutamate 
antagonist kynurenic acid (1 mM; Monaghan et al., 1989), sug- 
gesting that they resulted from released glutamate. Thus, the 
presence of robust MESCs might account for CaMK activity 
that is insensitive to TTX, but blocked by NMDA receptor 
antagonists. An alternative explanation would be that the me- 
dium contains sufficient glutamate to activate NMDA receptors 
(Sah et al., 1989; Blanton et al., 1990). To investigate this fur- 
ther, we used an HPLC analysis, which failed to detect glutamate 
levels in excess of 0.2 IBM (data not shown) in the medium 
exposed to the cultures. Although the culture medium contains 
a very low glutamate concentration, local application of a glu- 
tamate antagonist (kynurenate, 2 mM; in the absence of extra- 
cellular Mg2+, - 100 mV holding potential, to facilitate NMDA 
receptor activity) could produce sustained outward currents of 
-5 pA, indicating that tonic NMDA receptor activation may 
occur. 

Since CaMK has been reported to be concentrated in dendritic 
processes in the vicinity of excitatory synapses (Kennedy et al., 
1983, 1990), we examined whether its profound sensitivity to 
NMDA receptor antagonists may reflect a predominant role of 
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NMDA receptors in mediating Ca2+ fluxes in distal dendrites 
and their associated spines (Fig. 2A). To examine Ca2+ tran- 
sients in individual dendrites, we microinjected cortical neurons 
with the K+ salt of the Ca’+ -sensitive probe fura- (Grynkiewicz 
et al., 1985). Regions corresponding to spiny distal dendrites 
(of less than 1 pm in diameter and several hundred micrometers 
from the cell body) were identified and imaged during synaptic 
activity. Ratiometric imaging indicated a relatively homoge- 
neous distribution of resting Ca2+ during the interval between 
spontaneous bursts. During spontaneous or electrically evoked 
bursts, intracellular CaZ+ increased over the entire dendrite and 
associated spines. The increase in Ca*+ was reduced by greater 
than 90% by the NMDA receptor antagonist D,L-APV (200 KM) 

in five of five cells. The effect of D,L-APV was reversed by 
washing. Similar results were also obtained following treatment 
with 3 WM MK-80 1, which was able to decrease the amplitude 
of the dendritic Ca2+ transients by 85%. Since these neurons 
have extensive dendritic arbors that account for most of their 
volume (Fig. 24, the ability of NMDA receptor antagonists to 
attenuate calcium transients greatly in this compartment may 
help explain the marked suppression ofCaMK activity observed 
in homogenates. 

As neuronal preparations appear to differ considerably in their 
levels of basal and agonist-stimulated CaMK activities (Molloy 
and Kennedy, 199 1; Fukunaga et al., 1992), we compared the 
response of CaMK to synaptic stimulation with that elicited by 
glutamate receptor agonists. Addition of NMDA (10 MM) to 

synaptically inactive cultures (TTX treated) increased CaMK 
autonomous activity from 9% to 22%. Since synaptically acti- 
vated CaMK was particularly sensitive to NMDA receptor an- 
tagonists, we assessed whether this blockade could be overcome 
by stimulation of other glutamate receptor classes. Activation 
of non-NMDA glutamate receptors with 30 WM kainate pro- 
duced a similar rise in CaMK autonomy. Kainate’s effect was 
Ca2+ dependent since only small increases in CaMK autonomy 
were observed in the absence of added extracellular Ca2+ (Table 
1). 

Phosphorylation of CaMK and MAPK 

Results of the peptide kinase assays described above suggested 
that synaptic activity elicits autonomous MAPK and CaMK 
activities. As an independent check on these assays of kinase 
activity, we also determined whether synaptic transmission leads 
to phosphorylation of the expected regulatory sites. Autono- 
mous CaMK activity is generated after autophosphorylation of 
Thr 286 (a-subunit) (Hanson and Schulman, 1992), while MAPK 
activity requires phosphorylation on both Thr and Tyr residues 
(Anderson et al., 1990; Payne et al., 199 1). To monitor changes 
in tyrosine phosphorylation of MAPK, immunoblots of cortical 

c 

kainate is indicated by +. The kainate treatment shows that the effect of the inhibitors used to block synaptic activity can be overcome by direct 
stimulation. C, CNBr cleavage of the CaMK a-subunits. Labeled bands corresponding to the a-subunit of CaMK (material from B) were excised 
from the dried gel, eluted overnight, and CNBr cleaved. The CNBr cleaved material was then run on a high-percentage urea gel and exposed to 
film for about 2 hr to produce the autoradiogram shown. The band denoted by the asterisk corresponded to the position of a CNBr fragment shown 
previously by Schworer et al. (1988) to contain the autophosphorylation site of CaMK. The radioactivity associated with this band increased by 
230% with kainate depolarization and 180% in synaptically active cultures, while the 6 kDa band increased by less than 40% with either stimulus 
(determined by liquid scintillation counting of the excised bands). D, Effects of low extracellular CaZ+ on CaMK phosphorylation in synaptically 
inactive cultures. Cultures were labeled as described in Figure 2B and treated with TTX and MK-801 (which block synaptic activity) in the presence 
or absence of added extracellular Ca 2+ (2.5 mM) for 20 min at room temperature before adding stop buffer. Left two lanes are of immunoprecipitated 
(Y- and P-subunits as described for B. Right two lanes are the CNBr cleavage products of the a-subunit for each condition (as in C). CNBr cleavage 
of the a-subunit of CaMK indicates that the residual CaMK regulatory autophosphorylation that persists in the presence of TTX and MK-801 is 
dependent on extracellular Ca’+ (site indicated by an asterisk). The autoradiogram shown was intentionally overexposed (relative to the exposure 
for similar conditions in C) to emphasize that in the absence of added extracellular calcium no detectable phosphorylation of this site was present. 
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Figure 4. Rapid modulation of spontaneous activity. A, Effect of re- 
duced extracellular CaZ+ and increased Mg’+ on spontaneous firing. Cells 
were switched to a bathing medium containing low Ca’+ (0.5 mM vs 
2.25 mM), high Mg2+ (2 mM vs 1 mM), and picrotoxin (10 PM) 30 min 
prior to the recording of the spontaneous burst shown in the top truce. 
Restoration of normal Cal+ and Mg’+ (2.25 and 1 mM,respectively) by 
the addition of an equal volume of medium containing 4 mM CaCl, and 
0 MgSO, resulted in a rapid increase in the frequency and intensity of 
synaptic bursts, which frequently resulted paroxysmal-like discharges. 
After 30 min of restored Ca2+, rhythmic spike trains without sustained 
depolarizations were observed (activity usually found under the con- 
ditions used in Fig. 1). No changes in membrane potential were observed 
if extracellular Ca2+ was increased in the presence of TTX. B, Modu- 
lation of synaptic Ca*+ transients. Record of flue-3 Ca2+ induced flu- 
orescence from a cortical neuron in low-Ca’+ medium (0.5 mM CaCI,, 

culture extracts were probed with anti-phosphotyrosine anti- 
bodies. Tyrosine phosphorylation of a 42 kDa protein that com- 
igrates with p42 MAPK increased in synaptically active cultures 
(Fig. 3A), consistent with the measurements of kinase activity. 
Although tyrosine phosphorylation ofp42 MAPK was increased 
in synaptically active cultures, we did not observe a reproducible 
change in tyrosine phosphorylation of p44 MAPK (Cobb et al., 
199 la,b) using the synaptic activation paradigm. 

To examine the phosphorylation status of CaMK, we meta- 
bolically labeled cultures with 32P1 and immunoprecipitated this 
kinase using monoclonal antibodies to both LY- and P-subunits 
(Fig. 3B). Inspection of the resulting SDS-PAGE autoradiogram 
indicated the presence of prominent labeled bands correspond- 
ing to the cy- (-50 kDa) and fl- (-60 kDa) subunits. Synaptic 
activity or treatment of inactive cultures with the agonist kain- 
ate, which like NMDA also elicits autonomous CaMK activity 
(Table l), produced small (< 30%) increases in total radioactiv- 
ity, associated mostly with the P-subunit. Because CaMK un- 
dergoes phosphorylation at multiple sites (Gorelick et al., 1988; 
Schworer et al., 1988; Fukunaga et al., 1989), we excised the 
bands and used CNBr cleavage to isolate a peptide that con- 
tained the Thr 286 regulatory site (Fukunaga et al., 1989). This 
peptide was resolved using a 15% urea gel and found to undergo 
robust regulation in synaptically activate cultures, or synapti- 
cally inactive cultures stimulated with kainate (Fig. 3C). Exci- 
sion and quantification of this band (from a-subunit) by liquid 
scintillation counting indicated increases in radioactivity of up 
to 180% with synaptic activity, while radioactivity associated 
with the prominent band of 6 kDa size increased by less than 
40% with stimulation. 

Although TTX and antagonists ofNMDA receptors decreased 
CaMK activity, these treatments did not completely abolish 
autophosphorylation or autonomous kinase activity (Table 1; 
- 5% autonomous activity). To investigate whether this residual 
activity was also regulated by Ca*+, we exposed synaptically 
blocked cultures to medium with no added Ca*+ . Under these 
conditions, Ca2+-independent CaMK activity dropped to back- 
ground levels (Table 1) and autophosphorylation of the peptide 
containing the Thr 286 regulatory site was undetectable (Fig. 
30). In contrast, TTX- and MK-80 l-insensitive MAPKactivity 
was not reduced in the absence of added extracellular Ca2+ 

Time course of kinase activation and decay 

In the presence of the GABA antagonist picrotoxin (Andrews 
and Johnston, 1979), virtually all cortical neurons within a cul- 
ture exhibit highly synchronous spontaneous synaptic activity 
that can be monitored using intracellular Ca2+ probes or whole- 
cell recordings (Murphy et al., 1992b). We exploited this syn- 
chronous activity to determine the time courses of CaMK and 
MAPK activation after initiation of synaptic activity. Since cul- 
tures show prominent spontaneous firing and associated kinase 
activity, we needed a method to suppress endogenous electrical 
activity reversibly. Previous observations indicated that by low- 
ering extracellular Ca2+ to 0.5 mM, and raising Mg*+ to 2 mM, 
the amplitude and duration of spontaneous intracellular Ca2+ 

t 

2 mM MgSO,). When Ca2+~ concentration is restored as in A (arrow with 
2.25 mM CaC12), enhanced intracellular Ca2+ transients result that can 
be suppressed within 10 set by the addition of medium containing TTX 
(1 PM final) and the glutamate antagonist kynurenic acid (500 PM final). 
No changes in resting intracellular Ca’+ levels were observed if the 
medium changes were performed in the presence of TTX (1 PM). 
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Figure 5. Kinetics of CAMK and MAPK activation and decay during 
synaptic transmission. A, Time course of kinase activation. The am- 
plitude and duration of spontaneous bursts were suppressed for 30 min 
by lowering the extracellular CaCl, to 0.5 mM as described for Figure 
4A. Extracellular CaCl, was then restored to 2.25 mM for the indicated 
amount oftime (at room temperature) before adding stop buffer. MAPK 
and CaMK activities were measured from the same cell extracts, as 
described in Figure 1 and Materials and Methods. Restoration of Ca2+ 
levels for up to 10 min in the presence of TTX did not lead to increased 
activity for either kinase (suggesting that activation is associated with 

transients were suppressed, without affecting resting intracel- 
lular Ca2+ levels (Murphy et al., 1992a,b,; Fig. 4A,B). By adding 
an equal volume of medium containing 4 mM Ca*+ and 0 Mg2+, 
normal extracellular CaZ+ and Mg*+ levels (2.25 and 1 mM, 
respectively) can be rapidly restored with a concomitant TTX- 
sensitive increase in intracellular Ca2+ transient size and spon- 
taneous electrical activity (Murphy et al., 1992a; Fig. 4A,B). In 
initial studies, we observed that in cultures treated with medium 
containing 0.5 mM CaCl, and 2 mM MgSO, HBSS for 30 min, 
MAPK and CaMK activities were reduced to levels found in 
TTX-treated cultures maintained in regular medium (2.25 mM 
Ca2+/1 mM Mg2+). To determine the kinetics of kinase acti- 
vation, we restored Ca*+ and Mg2+ to normal levels for different 
amounts of time prior to harvesting the cultures. Activation of 
CaMK to 90% of its maximal Ca2+-independent (autonomous) 
activity occurred after only 10 set of Ca*+ restoration, while 
MAPK exhibited much slower kinetics and was only activated 
to 30% of maximal after 2 min (Fig. 54). In control experiments, 
we confirmed that addition of low-Ca2+ medium or the addition 
of high-Ca*+ medium in the presence of TTX did not signifi- 
cantly increase activity of either kinase (Fig. 54). Thus, the 
increases in kinase activity observed by changing from low to 
normal calcium concentration appear to be due to restoration 
of neuronal activity and not a consequence of the solution 
changes. 

To study the decay of kinase activities following cessation of 
synaptic activity, we rapidly added an equal volume of medium 
that contained 2 PM TTX and 1 mM of the broad-spectrum 
glutamate receptor antagonist kynurenate to cultures that had 
been synaptically active, in the presence of picrotoxin, for at 
least 30 min (Fig. 5B). To assure rapid and complete block of 
synaptic activity, both TTX and kynurenate were used. Simul- 
taneous, flue-3 Caz+-induced fluorescence measurements in- 
dicated that within 10 set of this treatment, synaptic Ca*+ tran- 

t 

augmented synaptic activity), when compared to low-Ca2+ controls (low- 
Cal+ 12.4 + 1.3% CaMK autonomy vs 13.1 f  1.2% autonomy in low- 
CaZ+ cultures with Ca2+ restored in the presence of 1 PM TTX; n = 6). 
MAPK activity was not significantly altered in cultures with restored 
Ca2+ in the presence of TTX (107 * 10% of low-Ca’+ controls). The 
time points shown are from four to six separate experiments using 
duplicate cultures. B, Time course of kinase inactivation following sup- 
pression of synaptic activity. Cortical cultures were incubated in pic- 
rotoxin (10 PM) containing HBSS (with normal Ca*+ and Mg2+ ) for at 
least 30 min at room temperature before an equal volume of medium 
containing TTX (2 FM) and kynurenate (1 mM) was added for the in- 
dicated time prior to harvesting cell extracts. An equal volume of HBSS 
containing picrotoxin, but without TTX or kynurenate, was added to 
controls without affecting kinase activity. To aid comparison of the two 
time courses, CaMK autonomy and MAPK activity are expressed as a 
percentage of stimulated activity, with 100% corresponding to untreated 
cultures, and zero corresponding to 20 min of TTX and kynurenate 
treatment. The results shown were derived from the means of two 
separate experiments performed in duplicate. C, Loss of MAPK tyrosine 
phosphorylation parallels kinase activity. Approximately 40 wg of sol- 
uble protein derived from a cell extract used in B was resolved using 
SDS-PAGE, transferred to nitrocellulose, and probed sequentially with 
antibodies to phosphotyrosine and MAPK. When the blot was reprobed 
with antibodies to MAPK (C-terminal polyclonal antibody used), two 
bands were apparent that were distinct from other MAPK family mem- 
bers (~44). Phosphorylation of MAPK slows its migration in SDS-PAGE. 
Thus, as expected, the phosphotyrosine band comigrates with the upper 
band of the MAPK doublet. In the samples from the 20 and 30 min 
time points, a loss of the upper MAPK band with a complementary 
increase in the lower band is apparent, consistent with the loss of phos- 
photyrosine reactivity. 
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\ 2401 - Discussion 

Information in neuronal signaling is often conveyed through the 
temporal pattern of synaptic discharges. For example, different 
stimulation patterns can lead to long-term potentiation (LTP), 
short-term potentiation, or even long-term depression of a par- 
ticular input (Abraham and Goddard, 1983; Levy and Steward, 
1983; Malenka, 199 1; Christie and Abraham, 1992; Dudek and 
Bear, 1992; Mulkey and Malenka, 1992). In addition, patterned 
stimulation has been implicated in regulation of growth cone 
morphology (Fields et al., 1990). However, little is known about 
the temporal characteristics of the signaling pathways that 
underlie this remarkable versatility in neuronal responses. To 
address this question, we have, in this study, investigated the 
synaptic regulation of two protein kinases, CaMK and MAPK, 
thought to be involved in postsynaptic signal transduction. These 
protein kinases are well suited for this comparison since they 
have markedly different mechanisms of activation that may 
allow them to interact with different aspects of synaptic activity. 
We have found that these kinases differ markedly in their ac- 
tivation and decay kinetics, and sensitivity to NMDA receptor 
antagonists. 

Previous studies indicate that receptor agonists can activate 
MAPK (Stratton et al., 1989; Bading and Greenberg, 199 1) and 
CaMK (Fukunaga et al., 1992). However, regulation of these 
kinases by synaptic stimuli has not been reported. During syn- 
aptic stimulation only a subset of synaptic receptors appear to 
be activated intermittently by released transmitter. By contrast, 
during agonist addition both synaptic and extrasynaptic recep- 
tors would be activated for relatively long periods of time. Our 
results provide evidence that the activity of these kinases can 
be regulated by the rapid and spatially discrete action of synaptic 
transmission. 

Analysis of CaMK and MAPK activation by synaptic stim- 
ulation indicated markedly different kinetics. CaMK activity 
reached 90% of maximal after only 10 set of stimulation, the 
shortest time point examined. Given some lag time for mixing 
of solutions, the CaMK data agree well with results obtained in 
vitro with purified CaMK or calmodulin-activated kinases such 
as myosin light chain kinase (Taylor et al., 1989). Furthermore, 
recent studies in hippocampal neurons demonstrate that a 2 set 
rise in intracellular Ca*+ is sufficient to elicit LTP (Malenka et 
al., 1992). As LTP is dependent on CaMK activation (Malenka 
et al., 1989; Malinow et al., 1989), these findings provide ad- 
ditional evidence for rapid activation of CaMK. 

MAPK exhibited much slower activation kinetics than CaMK, 
with only 30% of maximal activation achieved after 2 min of 
stimulation. Although the steps leading from synaptic stimu- 
lation to MAPK activation have not been identified, several 
lines of evidence point to a role for the phosphoinositide (PI)- 
PKC pathway. Previous studies suggest that MAPK can be ac- 
tivated by phorbol esters or transmitter receptor agonists that 
promote PI turnover (Stratton et al., 1989). In a recent study, 
we have found that synaptic activity in primary cortical cultures 
is associated with a high degree of PI turnover. Like the acti- 
vation of MAPK by synaptic activity reported here, PI turnover 
associated with synaptic activity was not dependent on NMDA 
receptor activation (Murphy et al., 1992a). Thus, synaptic ac- 
tivation of the PI system, possibly via activation of metabo- 
tropic glutamate receptors (Miller, 199 I), may lead to activation 
of MAPK. Consistent with this proposal, truns-ACPD (Palmer 
et al., 1989) an agonist at metabotropic glutamate receptors, 
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Figure 6. Delayed onset of MAPK kinase activity following short pe- 
riods of synaptic activity. Neurons were incubated with low-Ca*+, high- 
Mg2+ medium (0.5, 2 mM respectively) as described in Figures 4 and 5 
for approximately 30 min before restoring normal Ca2+ and Mg2+ levels 
for 2 min followed by addition of stop buffer, or a 2 min period of 
electrical silence (TTX and kynurenic acid added as in Fig. 5B, and 
confirmed by simultaneous flue-3 measurements). CaMK and MAPK 
activities were measured from the same extracts. Results are means ? 
SEM of at least four separate experiments. *, P < 0.05, unpaired t test 
comparing kinase activity following the indicated treatments for each 
kinase. 

sients were completely blocked (Fig. 4B). Measurement of kinase 
activities after this maneuver indicated that MAPK and CaMK 
display vastly different decay kinetics. Following suppression of 
synaptic activity, CaMK activity decayed by 50% within lo-30 
set, while MAPK decayed by only 50% within 6-10 min (Fig. 
5B). Phosphotyrosine immunoblots indicated a loss of tyrosine 
phosphorylation of MAPK that paralleled its loss of activity 
(Fig. 5C). Reprobing of this blot with a MAPK antiserum in- 
dicated comparable loading of MAPK in each lane. Immuno- 
blots with the MAPK antibody also indicated a shift in p42 
MAPK mobility (Posada and Cooper, 1992) in inactive cultures 
that would be consistent with dephosphorylation (Fig. 5C). 

Relatively long periods of synaptic activity were required to 
stimulate MAPK. We wondered whether this reflected a re- 
quirement for prolonged stimulation to induce activation, or 
alternatively, a lag in MAPK activation that could be triggered 
by a brief exposure to synaptic stimulation. To distinguish be- 
tween these possibilities, we investigated whether shorter pe- 
riods of electrical activity followed by an inactive period would 
also stimulate MAPK. To perform this experiment, two sets of 
cultures were treated with low-Ca2+ medium (0.5 mM Ca2+, 2 
mM Mg2+) for about 30 min; Ca2+ and Mg’+ levels were then 
restored for 2 min (Fig. 6). At this time, extracts were harvested 
from one set of cultures, and synaptic activity was blocked in 
the other by adding TTX/kynurenate for an additional 2 min 
before harvesting (Fig. 6). In cultures that were harvested im- 
mediately after 2 min of synaptic stimulation, MAPK activity 
was elevated by 30% over low-Ca2+ controls, while CaMK ac- 
tivity was maximal. Interestingly, in cultures exposed to 2 min 
of activity followed by 2 min ofelectrical silence, MAPK activity 
was increased further, to 60% above the low-Caz+ controls. In 
contrast, stimulated CaMK activity in these extracts was de- 
creased by 80%. The ability of MAPK activity to increase even 
after removing the stimulus suggests that the slow onset of ac- 
tivation may reflect the time required for signals to propagate 
through the kinase cascade mediating MAPK activation. 
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activates MAPK in synaptically inactive (TTX-treated) cortical 

To help define the postulated role of autonomous kinases in 

cultures (Fiore et al., 1993b). Although stimulation of PKC can 
induce MAPK activation, it probably acts indirectly since an 
activator kinase, that phosphorylates MAPK on both tyrosine 
and threonine in vitro is activated by phorbol esters in intact 
cells (Rossomondo et al., 1992). Thus, the slow activation of 
MAPK by synaptic activity may reflect the multiple interme- 
diate steps involved. Consistent with this proposal, shorter 
periods of activity followed by an inactive period were also 
effective at inducing MAPK (Fig. 6). Alternatively, the delayed 
response may reflect indirect activation of MAP kinase by re- 
lease of neurotrophins or other factors. 

reduced by peptide CaMK inhibitors (see Materials and Meth- 
ods), and it correlated with Thr 286 phosphorylation. A previous 
study by Molloy and Kennedy (199 1) reported the presence of 
autonomous CaMK activity with similar characteristics in cul- 
tured hippocampal slices; however, in that system this activity 
accounted for 25% of the autonomous CaMK activity. Perhaps 
the cortical culture preparation used in this study contains higher 
levels of protein phosphatase activity that reduce the basal au- 
tonomous CaMK activity to - 5%. 

The observation that NMDA receptor antagonists were very 
effective at suppressing synaptic activation of CaMK implied 
that calcium transients induced by synaptic activity are largely 

storage of information, we examined the decay.of kinase activity 

it to follow synaptic stimuli of higher frequency. Additional 

after cessation of synaptic activity. CaMK exhibited a more 
rapid decay of stimulated activity than MAPK, with the half- 

levels of CaMK regulation may also be achieved through the 

lives being -30 and 600 set, respectively. The rapid decay of 
stimulated CaMK activity suggests that this kinase may not be 

trapping of bound calmodulin by autophosphorylated CaMK, 

a long-term storage device. Alternatively, CaMK may be a rapid, 
transient effector of synaptic function, and possibly serve as a 

which increases its probability ofactivation (Meyer et al., 1992). 

trigger of other longer-lived effects. The relatively slow decay 
in MAPK activity may reflect a slower rate of its dephosphor- 

Autonomous activity of both MAPK and CaMK is dependent 

ylation when compared to CaMK. However, it is important to 
consider that MAPK activation appears to go on even’ after 

on phosphorylation of these proteins. Although we have mon- 

synaptic activity has stopped. Thus, the persistent activity may 
also reflect the lag required for ongoing phosphorylation of 

itored the phosphotyrosine status of MAPK, we have not di- 

MAPK by activator kinases to subside. The ability of MAPK 
activation to proceed in the absence of synaptic activity suggests 

rectly assayed Thr phosphorylation. Since active MAPK re- 

that this kinase is well suited to integrate information from 
infrequent, but repetitive bursts of synaptic activity. In contrast, 

quires both Tyr and Thr phosphorylation (Anderson et al., 1990) 

the rapid activation-inactivation kinetics of CaMK would allow 

we assume that Thr phosphorylation is present. Studies directly 
examining phosphorylation of the Thr site are needed to deter- 
mine whether it is regulated in parallel with the tyrosine phos- 
phorylation or not. Differential regulation of these two sites 
could provide a means of altering the temporal profile of MAPK 

tion, we undertook studies aimed at measuring calcium tran- 
dependent on NMDA receptor stimulation. To test this predic- 

sients in dendrites, as CaMK is expressed at high levels in neu- 

In these experiments, imaging of intracellular calcium was per- 

ronal dendrites and thought to be concentrated in the vicinity 
of postsynaptic elements (Kennedy et al., 1990). Calcium im- 

formed in dendrites in the presence of TTX to detect sponta- 

aging in fine dendritic processes (- 1 km in diameter) suggested 
that NMDA receptor blockade reduces synaptic Ca2+ transients 

neous synaptic events, and in the absence of Mg2+, to augment 

by more than 85% (Fig. 2), consistent with previous studies of 
hippocampal neurons (Regehr and Tank, 1990; Muller and Con- 

NMDA receptor activation. Under these conditions, calcium 

nor, 199 1). Assays of CaMK activity also indicated that NMDA 
antagonists block CaMK autonomy more effectively than TTX. 

transients that were restricted to small dendritic segments (< 15 

This finding suggests that action potential-independent release 
of glutamate may be sufficient to stimulate NMDA receptors. 

pm) were detected that were completely blocked by D,L-APV. 

Conceivably, this could occur locally and transiently at sites of 
spontaneous glutamate release or tonically by ambient gluta- 

In summary, our results indicate that CaMK and MAPK 

mate (Sah et al., 1989; Blanton et al., 1990). The former pos- 
sibility, that miniature synaptic currents contribute to NMDA 

display distinct temporal profiles of activation and inactivation. 

receptor activation, is supported by recent studies investigating 
calcium transients induced by these events (Murphy et al., 1993). 

Thus, if present in the same neurons, they could function to 
discriminate between different patterns of afferent activity. We 
propose that the sluggish response of MAPK may be particularly 
important in allowing neurons to respond to infrequent, repet- 
itive stimuli. The availability ofantibodies capable ofselectively 
detecting the phosphorylated forms of these kinase would be 

activation or inactivation. 
Immunoprecipitation of labeled CaMK from 3’P-labeled cul- 

tures and subsequent CNBr cleavage suggested that CaMK au- 
tonomous activity correlates well with the phosphorylation of 
a peptide containing Thr 286. This site appeared to be affected 
selectively by synaptic activity or depolarization with kainate. 
Consistent with previous reports (Gorelick et al., 1988; Fukun- 
aga et al., 1989), at least three other sites were also phosphor- 
ylated. However, phosphorylation of these other sites was much 
less sensitive to synaptic stimulation or even exposure to me- 
dium without added CaZ+. 

In the complete absence of synaptic activity (TTX and MK- 
80 1 added; cells at resting membrane potential, and low intra- 
cellular Ca*+ ) some autonomous CaMK activity (-5%) re- 
mained. Several lines of evidence indicate that this is due to 
residual CaMK activity, rather than another kinase. This activ- 
ity was abolished when extracellular Ca’+ was removed, it was 

helpful in determining whether the activities assayed in vitro are 
colocalized in situ. 
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