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Gating of CaMKll by CAMP-Regulated Protein 
Phosphatase Activity During LTP 

Robert D. Blitzer," John H. Connor, George P. Brown, 
Tony Wong, Shirish Shenolikar, Ravi lyengar, 

Emmanuel M. Landau 

Long-term potentiation (LTP) at the Schaffer collateral-CAI synapse involves interacting 
signaling components, including calcium (Ca2+)/calmodul~n-dependent protein kinase 
II (CaMKII) and cyclic adenosine monophosphate (CAMP) pathways. Postsynaptic in- 
jection of thiophosphorylated inhibitor-1 protein, a specific inhibitor of protein phos- 
phatase-1 (PPI), substituted for cAMP pathway activation in LTP. Stimulation that 
induced LTP triggered CAMP-dependent phosphorylat~on of endogenous inhibitor-1 and 
a decrease in PPI activity. This stimulation also increased phosphorylation of CaMKll at 
Thr286 and Ca2+-independent CaMKll activ~ty in a CAMP-dependent manner. The block- 
ade of LTP by a CaMKll inhibitor was not overcome by thiophosphorylated inhibitor-I. 
Thus, the cAMP pathway uses PP1 to gate CaMKll signaling in LTP. 

Multiple signalillg pathways participate in 
LTP III the C A I  region of the hippocarnpi~s 
at both presynaptic and posts\-naptic sltes 
( l ) ,  with the CaMKII pathway playing a 
central role in translnltting the postsynaptlc 
signals requireil for LTP (2,  3). In contrast, 
the role of other s~gnaling pathways is not 
yet clear. The cAh4P pathn-ay is involved in 
LTP and Inelnosy in transgenic inice (4) .  In 
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rats, the postsynaptlc cAMP pathway IS re- 
quired for LTP induced by widely spaced 
trains of high-frequency synaptic st~mulation 
(HFS), but activation of the pathway is not 
sufficient to induce LTP (5) .  Thus, the 
postsynaptic CAMP pathway does not trans- 
mit the sigllals for LTP but rather gates the 
transrnlttal pathway. It has been proposed 
(5, 6) that the CAMP-operated gate may use 
PP1. 

The CA3-CAI synapse of rat hippocain- 
pal slices was st~mulated with widely spaced 
trains of HFS (7). The resulting LTP was 
blocked by inhibiting postsynaptic CAMP- 
dependent protein kinase [protein kinase A 
(PKA)] (Fig. 1A) (5). This requlrelnent for 
PKA can be 01-ercome by direct inhibition of 
postsynaptic phosphatases (5) ,  suggesting 
that the cAh4P pathlvay modulates LTP by 
blocking phosphatases. Protein phosphatase 
inhibitor-1 (1-1) is a cand~date for nled~ating 
cAh,lP inhibition of phosphatase activity. 
1-1, upon phosphorylation by PKA at Thr35, 

is a spec~fic blocker of PP1 (8). 1-1 rnRNA is 
expressed In C A I  neurons (9) ,  and 1-1 has 
already been impl~cated in plasticity at the 
CA3-CAI synapse (10). W e  injected re- 
comblnant purified Thr35-th~ophosphoryl- 
ated 1-1 ( 1  1 )  into the postsynaptic neuron 
and tested its ability to overcome the block- 
ade of LTP by the specific PKA inhibitor 
Rp-cycllc adenosine m~nophos~horo th io-  
ate (CAMPS). Thiophosphorylated 1-1 corn- 
pletely reversed the effect of Rp-cAh4PS, 
yielding LTP that was ind~stinguishable from 
that of the control (Fig. 1, B and C ) .  In 
contrast, mutant [Thr35 + Ala (T35A)I 
~lonphosphorylatable 1-1 ( 1  l ) ,  when inject- 
ed postsynaptically, did not reverse the effect 
of Rp-cAh4PS. Thus, PP1 appears to be the 
postsynaptlc phosphatase that negat~vely 
regulates LTP, and 1-1 activation by PKA 
may facilitate LTP by mhibiting PP1. 

Next, we determined if LTP-inducing 
stlinulation results in PKA phosphorylat~on 
of 1-1. We examined the phosphorylatioll 
state of 1-1 in the C A I  region after HFS 
(12). The same pattern of synaptic stimula- 
tion that induced CAMP-dependent LTP 
also ra~sed the amount of phosphorylated 
1-1 in the C A I  reglon (Fig. 2A). The  in- 
crease in phosphorylation of 1-1 by HFS was 
dependent on PKA activity because it was 
blocked by the inclusion of Rp-cAh4PS in 
the superf~~sate during stirnulation (Fig. 
2A).  We then measured protein phospha- 
tase activity in the C A I  region of stiinulat- 
ed and i~nstiinulated sl~ces (Fig. 2B). Under 
our assay cond~t io~ls  (13), greater than 90% 
of the phosphoprotein phosphatase act~vity 
in the C A I  hornogenate \vas Inhibited by 
th~ophosphorylated 1-1, defining it as PP1. 
HFS that activated 1-1 also resulted in s ~ g -  
nificant inhibition of PP1 activity. This 
effect was prevented by bath appl~cation 
of Rp-cAh4PS during stimulation, indicat- 
ing that PKA ~nediated the phosphatase 
inhibition. 
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Fig. 1. Ability of Thr35-thiophosphorylated 1-1 to A B C 
substitute for cAMP pathway activation in LTP. (A) 220 
lntracellular summary data showing the blockade R ~ ~ A M P S  R ~ ~ A M P S  
of LTP by postsynaptic Rp-CAMPS injection. Data 3 2 0 0  & + T35A C1 + ThioP-El 

were taken from the period of 20 to 30 min after +I-,+5a:!,a 
the final train of HFS (consisting of measurements s 190 

at three time points), when LTP had stabilized. : lW lntracellular electrodes contained either no drug + 140 = 130 4 
[control (Con), solid column, n = 4) or 10 mM n. 83 loo - -9>+4#$:0 & y- 
Rp-CAMPS (hatched column, n = 7). The groups 120 + + 

70 LU--I- 
+ 

differed significantly (t test, P < 0.01), indicating loo -15 -10 -5 5 10 15 20 25 30 

that the postsynaptic CAMP pathway is required Con RpcAMPS Time (min N ~ O ~ ~ V O  to HFS) 
for LTP. (B) Time course of intracellular LTP, 
showing reversal of Rp-CAMPS blockade by thiophosphorylated 1-1. After row). Two superimposed traces are shown in each panel, one recorded 
HFS, stable synaptic potentiation was obtained in cells recorded with control during the baseline period and the other, indicated by the arrow, recorded 
electrodes containing only KC1 (triangles, n = 4). LTP was blocked when the 30 min after HFS. The intracellular recording electrode contained either KC1 
electrode contained a combination of the PKA antagonist Rp-CAMPS (10 only (left traces), the combination of Rp-CAMPS and inactive T35A 1-1 
mM) and an inactive, nonphosphorylatable (T35A) form of 1-1 (1 0 pM) (open (middle traces), or Rp-CAMPS combined with Thr35-thiopho~phorylated 
circles, n = 5). However, when inactive 1-1 was. replaced by constitutively 1-1 (right traces). LTP was observed in the field recording despite the 
active ThP5-thiophosphorylated 1-1 (10 pM), the blockade of LTP by Rp- blockade of intracellular LTP by the Rp-CAMPS + T35A mutant 1-1. All 
CAMPS was overcome (filled circles, n = 8). The Rp-CAMPS + T35A 1-1 slices used in this experiment showed normal field LTPs, with the EPSP 
group differed from the other two groups over the final three time points slope measuring at least 153% of baseline at 30 min after HFS. There were 
(Newman-Keuls test, P < 0.05). (C) Representative intracellular EPSPs (top no group differences in the field LTP. Calibrations, 5 mV intracellular, 250 
row) and field EPSPs recorded simultaneously from the same slices (bottom pV extracellular, and 10 ms. 

Which PP1 targets are relevant for LTP? 
An important and well-established partici- 
pant in LTP at the Schaffer collateral-CAl 
synapse is CaMKII (14). Expression of con- 
stitutively active CaMKII increases synaptic 
efficiency and occludes LTP (2). Stimula- 
tion that induces LTP also increases Th?86 
phosphorylation and the consequent Ca2+- 
independent activity of CaMKII in area 
CAI  by 20 to 50% in a time-dependent 
fashion (1 5, 16). Autophosphorylation of 
CaMKII is reversed by PP1 in synaptic mem- 
branes (1 7), and the Thse6 phosphorylation 
state of CaMKII plays an obligatory role in 
LTP and spatial memory (18). Thus, the 
cAMP pathway, through regulation of 
PP1, could modulate the phosphorylation 
state of ThrZe6 and thereby enhance 
Ca2+-independent CaMKII activity. If such 
a mechanism contributes to LTP, widely 
spaced HFS should increase phosphorylation 
of CaMKII as well as Ca2+-independent 
CaMKII activity in a CAMP-dependent 
manner. We determined the phosphoryl- 
ation state of CaMKII by immunoblotting 
with an antibody that specifically recognizes 
Th?"-phosphorylated CaMKII (19). HFS 
that induced CAMP-dependent LTP also in- 
creased Th?86-phosphorylated CaMKII in 
the CA1 region (Fig. 3A). This effect of 
HFS was blocked by Rp-CAMPS, supporting 
the hypothesis that CaMKII phosphoryl- 
ation at Th?86 is sustained in the presence of 
CAMP. Ca2+-independent CaMKII activity 
in the CA1 region was reliably increased by 
HFS (Fig. 3B) (20), an effect that was 
blocked by the inclusion of Rp-CAMPS 
during stimulation. Thus, the increase in 
autonomous CaMKII activity paralleled its 
autophosphorylation at ThSe6 and was me- 
diated by a CAMP-dependent mechanism. 

These results establish a locus of interac- 
tion between the cAMP and CaMKII path- 
ways and indicate that the CAMP-operated 
gate in LTP, at least in part, acts at the level 
of CaMKII. In this model, if CaMKII activ- 
ity were directly inhibited, then HFS would 
not induce LTP, regardless of phosphatase 
regulation. Thus, when LTP is blocked by a 
CaMKII inhibitor, the injection of activated 
1-1 should not restore LTP. Intracellular re- 
cordings were obtained with electrodes con- 
taining either a specific CaMKII inhibitor 
peptide (21) or a control peptide (Fig. 4). 
LTP was almost completely blocked by the 
inhibitor peptide, whereas the control pep- 
tide had no effect. The inclusion of thiophos- 
phorylated 1-1 in the recording electrode did 

Fig. 2 CAMP-dependent ition of en- 
dogenous 1-1 and inhibition 01 rrl atter HFS. (A) 
Tissue homogenates of area CAI were probed 
with antibodies (29) recognizing either the phos- 

not restore LTP to the control level, al- 
though a modest potentiation was obtained. 
Thus, the inhibition of PP1 has little effect 
on LTP in the absence of CaMKII activity, 
suggesting that CaMKII is a critical site for 
the CAMP-operated gate. The small recov- 
ery of LTP in the presence of thiophospho- 
rylated 1-1 may reflect incomplete inhibition 
of CaMKII by the peptide or an effect of PP1 
on some other component of the LTP 
signal-transmitting pathway, such as the a- 
amino-3-hydroxy-5-methyl-4-isoxazolepro- 
pionic acid (AMPA) receptor (16). Al- 
though thiophosphorylated 1-1 did not re- 
verse the effect of the CaMKII inhibitor, it 
completely restored LTP in the presence of 
a PKA inhibitor (Fig. 1). These results are 

& 

phorylated form of 1-1 sel&tive& (top gel) or both 
phosphorylated and nonphosphorylated 1-1 (bottom gel). HFS increased the amount of phosphorylated 
1-1, but this effect was prevented by inclusion of 100 pM Rp-CAMPS during stimulation. Total 1-1 was not 
affected by either treatment. Similar results were obtained in two other experiments. (B) The superim- 
posed columns on the lef! show that phosphatase activity measured in control CAI tissue (open region) 
was ~redominantlvdue to PP1. because it was inhibited over 90% bv 100 nM ThP5-thio~hosohorvlated , , a  

inhibitor-1 (hatched column and dashed line). HFS significantly reduced phosphatase actlvity (center 
columns) (P < 0.05, Student's t test; indicated by an asterisk), an effect prevented by the inclusion of 
100 pM Rp-CAMPS during stimulation (right columns). Results are representative of three independent 
assays. 
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expected if PP1 i s  positioned between PKA 
and CaMKII. 

Complex physiological functions are of- 
ten regulated by cooperative interactions be- 
tween multiple signaling pathways. We have 
proposed that the cAMP pathway uses pro- 
tein phosphatases to gate signal flow through 
a transmittal pathway (5, 6). Here, we ex- 
plicitly established that synaptic stimulation 
results in CAMP-dependent activation of 1-1 

and the concomitant inhibition of PP1, thus 
protecting the phosphorylation of CaMKII 
on  ThSa6 and maintaining increased 
CaMKII activity. Our data, in agreement 
with those of others (2, 3), indicate that 
CaMKII may be the transmittal pathway for 
LTP. Like other protein kinases in diverse 
physiological systems (22), CaMKII converts 
extracellular signals into physiological 
events upon sustained activation. Our data 
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Fig. 3. HFS-induced, CAMP-dependent increase 4 

in CaMKll phosphorylation and Ca2+-indepen- Con HFS Rp-CAMPS 
. Y C C  
7 "72 

dent CaMKll activity. (A) CAI hornogenates were 
probed with an antibody specific f~rThr~~~-phosphorylated CaMKll (top gel) or an antibody recognizing 
total CaMKll (bottom gel). HFS increased the concentration of Thr286-phosphorylated CaMKll by 38% as 
determined by densitometry, with little or no effect on total CaMKll (center lanes). In tissue stimulated in 
the presence of 100 pM Rp-CAMPS, the increase in Thr286-phosphorylated CaMKll was blocked (right 
lane). Results are representative of two independent assays. (B) HFS increased Ca2+-independent 
CaMKll activity. A 22?6 increase in CaMKll activity was observed, which was blocked in slices stimulated 
in the presence of 100 pM Rp-CAMPS. The asterisk indicates significant difference from other groups 
(Newman-Keuls test, P < 0.05). No significant group differences In total CaMKll activity were observed 
(control, 37.4 ? 11.3 pmol pg-l rnin-l; HFS, 43.7 t 2.9; HFS + Rp-CAMPS, 55.5 t 15.2; P > 0.05). 
Results are based on data from two independent experiments. 

B 
ThioP-1-1 KC1 Con Peptide AC3 +AC3 

Fig. 4. Inability of thiophosphorylated 1-1 to res- 
cue LTP from CaMKll inhibition. (A) Time course 
graph of intracellular EPSP slope. The time of 

Time (mln relative to HFS) HFS is indicated by the gap in the abscissa. In 
control cells recorded with electrodes containing 

either KC1 alone (filled triangles, n = 4) or 2.5 mM of inactive control peptide (open circles, n = 5), stable LTP 
was induced by HFS. However, when the electrode contained 2.5 mM of the CaMKll inhibitor autocamtide-3 
(filled circles, n = 8), HFS did not induce LTP. The addition of Thr35-thiophosphorylated 1-1 (10 wM) to 
electrodes containing autocamtide-3 (open triangles, n = 7) did not restore LTP to control levels, in contrast 
to its effectiveness in reversing the effect of a PKA inhibitor (see Fig. 1). Statistical analyses performed on the 
final three time points indicated that the modest reversal of the autocamtide-3 effect by thiophosphorylated 1-1 
was statistically reliable, whereas both autocamtide-3-treated groups differed significantly from the two 
control groups (Newman-Keuls tests, all P < 0.05). (B) Representative intracellular (top) and field (bottom) 
traces from slices in which the intracellular electrode contained, from left to right, KC1 alone, inactive peptide, 
autocamtide-3, or autocamtide-3 combined with Thr35-thiophosphorylated 1-1. Two superimposed traces 
are shown in each panel, one recorded during the baseline period and the other, indicated by the arrow, 
recorded 30 min after HFS. lntracellular and field traces were recorded simultaneously. Normal potentiation of 
the field EPSP was obtained in each case. For all slices used in this experiment, the field EPSP was greater 
than 145% of baseline at 30 min, and there were no group tiierences in the field LTP over the final three time 
points. Calibrations, 5 mV intracellular, 250 pV extracellular, and 10 ms. 

suggest that phosphatase regulation may be 
an important mechanism contributing to 
such persistent kinase activation. 

Three phases of LTP  have been pro- 
posed (23, 24). The coordinated actions of 
phosphatases, calcineurin and others, have 
been implicated in the transition between 
these phases (24, 25). Of particular interest 
i s  calcineurin, which may negatively regu- 
late the transition between early and late 
phases of LTP in a CAMP-dependent man- 
ner. Because calcineurin i s  a likely 1-1 phos- 
phatase in hippocampal neurons (26), 
cross-talk between calcium and cAMP at 
this point may be pivotal in synaptic plas- 
ticity. In any case, the cAMP pathway may 
bridge the early and late phases of LTP and 
provide an explanation for the involvement 
of cAMP signaling in memory in mice (4) 
and men (27). 
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Ooil salinity stresses plant growth and agri
cultural productivity (1). For many salt-sen
sitive plants, glycophytes, which include 
most crop plants, a major part of the growth 
inhibition is caused by excess Na+ (2). High 
Na+ disrupts potassium (K+) nutrition and, 
when accumulated in the cytoplasm, inhibits 
many enzymes (3-5). Adding calcium 
(Ca2+) to root growth medium enhances salt 
tolerance in glycophytic plants (6-8). Ca2 + 

sustains K+ transport and K+-Na+ selectiv
ity in Na+-challenged plants (8). 

In Arabidopsis thaliana, the recessive sos3 
mutant is hypersensitive to Na+ and another 
alkali ion, Li+ (9). Under salt stress, sos3 
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plants accumulate more Na+ and retain less 
K+ than the wild type. sos3 mutant plants are 
also incapable of growing under low-K+ con
ditions. Increased Ca2+ in the culture medi
um can partially suppress the Na+ hypersen
sitivity of 5053 plants and completely suppress 
the defect in K+ nutrition (9). These pheno-
types suggest that the SOS3 gene product is 
part of a crucial pathway for mediating the 
beneficial effect of Ca2+ during salt stress (9). 

The SOS3 locus is on chromosome V 
between the molecular markers ngal39 and 
CDPK9 (9). Mapping of yeast artificial 
chromosome (YAC) clones containing 
ngal39 or CDPK9 (or both) (10) placed 
SOS3 between the left end of YAC 
EG20H2 (20H2L) and the left end of YAC 
CIC12F2 (12F2L) (Fig. 1A). Bacterial arti
ficial chromosome (BAC) clones hybridizing 
to 20H2L or 12F2L (or to both) were isolat-
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Excessive sodium (Na+) in salinized soils inhibits plant growth and development. A 
mutation in the SOS3 gene renders Arabidopsis thaliana plants hypersensitive to Na+-
induced growth inhibition. SOS3 encodes a protein that shares significant sequence 
similarity with the calcineurin B subunit from yeast and neuronal calcium sensors from 
animals. The results suggest that intracellular calcium signaling through a calcineurin-like 
pathway mediates the beneficial effect of calcium on plant salt tolerance. 
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