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Inhibition of Protein Kinase C Blocks Two Components of 
LTP Persistence, Leaving Initial Potentiation Intact 

Patricia A. Colley, Fwu-Shan Sheu, and Aryeh Routtenberg 

Cresap Neuroscience Laboratory, Northwestern University, Evanston, Illinois 60208 

Protein kinase C (PKC) activity is increased following hip- 
pocampal long-term potentiation (LTP; Akers et al., 1988). 
A similar increase in PKC activity is measured following the 
induction of a long-lasting potentiation with abbreviated high- 
frequency stimulation (HFS) in combination with PKC-acti- 
vating phorbol esters (Colley et al., 1989). Because phorbol 
esters have no effect on the initial potentiation produced 
with HFS, and because PKC activity appears to be related 
to the persistence of LTP and not to the initial change, we 
concluded that PKC regulates a post-initiation component of 
LTP. To define the time domain in which PKC activation is 
necessary for LTP, we studied the effect of the PKC inhibitors 
polymyxin B (PMXB) and l -(5isoquinolinesulfonyl)-2-meth- 
ylpiperazine (H-7) micropressure ejected at different time 
points before and after the induction of LTP. LTP was pro- 
duced in intact rats with HFS of the perforant path, and in- 
hibitor ejections were made in the molecular layer of the 
dentate gyrus. PMXB, which at lower doses is a selective 
inhibitor of PKC, had no effect on initial potentiation, yet 
caused decay of the potentiated response to baseline within 
2 hr. Decay occurred when PMXB was ejected 15 min before 
and 15 and 30 min after HFS. PMXB, at either low or high 
doses, was ineffective in blocking LTP persistence at time 
points greater than 30 min after HFS. Low doses of H-7 pro- 
duced similar effects to those of PMXB. However, in contrast 
to a high dose of PMXB, a high dose of H-7 inhibited the 
persistence of LTP when delivered 240 min after HFS. A 
decrease in the in vitro phosphorylation of the PKC substrate 
protein Fl in animals that showed a decay of LTP following 
PMXB or H-7 ejection suggests that PKC was inhibited in 
viva. We propose a model of LTP that consists of 3 separable 
phases: (1) initial potentiation (O-5 min), which does not 
require PKC activation; (2) a PKC-regulated persistence phase 
(5-60 min) related to synaptic modification; and (3) a second 
PKC-regulated persistence phase (>60 min), which is de- 
pendent on protein synthetic processes. 

The Ca2+/phospholipid-stimulated protein kinase C (PKC), 
which plays a key role in transmembrane signaling (Nishizuka, 
1986, 1988) has been implicated by this (Routtenberg, 1985) 
and other laboratories (Malenka et al., 1986) in the regulation 
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of hippocampal long-term potentiation (LTP),’ a model of in- 
formation storage (Bliss and Lomo, 1973). Following the in- 
duction of LTP, both an increase in membrane PKC activity 
(Akers et al., 1986) and in vitro phosphorylation of a PKC sub- 
strate, protein Fl (Lovinger et al., 1985; Routtenberg et al., 
1985), are detected. These biochemical alterations are positively 
correlated with the persistence of LTP, but not with the initial 
magnitude of the potentiated response. Finally, direct activation 
of PKC with phorbol esters enhances the persistence of synaptic 
potentiation produced with abbreviated high-frequency stim- 
ulation (HFS) without having an effect on initial potentiation 
(Routtenberg et al., 1986; Colley et al., 1989). 

We have proposed a model in which phorbol esters and HFS 
act synergistically to produce a long-lasting synaptic potentia- 
tion. Although a slowly developing enhancement is induced with 
higher doses of phorbol ester alone (Malenka et al., 1986; Colley 
et al., 1989) current evidence suggests that phorbol ester en- 
hancement differs from potentiation produced with HFS (Rout- 
tenberg et al., 1986; Gustafsson et al., 1988; Muller et al., 1988; 
Colley et al., 1989). 

To determine whether PKC activation is necessary for LTP 
persistence, PKC inhibitors have been used. The first of such 
studies indicated that PKC was essential for the regulation of 
LTP persistence (Lovinger et al., 1987). Potentiated responses 
in the intact preparation decayed to baseline values within 50 
min after ejections of 3 different PKC inhibitors [polymyxin B 
(PMXB), mellitin, and 1-(5isoquinolinesulfonyl)-2-methylpi- 
perazine (H-7)]. Mellitin (50 pmol), which was effective when 
applied 15 min before and 1 O-60 min after HFS, failed to pro- 
duce decay if delivered 240 min after the induction of LTP. The 
data indicate that PKC activation maintains LTP for 15 min, 
but not 240 mitt, after its induction. 

Inhibition of LTP persistence by extracellularly applied H-7 
and other PKC inhibitors has also been observed in hippocam- 
pal slice preparations (sphingosine: Malinow et al., 1988; K-252b: 
Reymann et al., 1988b; PMXB: Reymann et al., 1988a). The 
degree to which these compounds can inhibit the persistence of 

’ Because there now exist differences in terminology, we wish to define key 
words used in this report: LTP has been used in the past to signify either procedure 
or effect. Here we refer to the procedure as high-frequency stimulation, or HFS 
and the effect after the procedure as LTP. The term initial potentiation is used 
here as the initial magnitude of potentiation immediately after the 4-min pattern 
of HFS Posttetanic potentiation (PTP, McNaughton, 1982) is only a component 
of this initial potentiation. The persistence of LTP is a measure ofthe maintenance 
of initial potentiation beyond PTP and, in the present report, is first measured 15 
min after HFS. Similarly, the expression of LTP is a measure of the enhancement 
of synaptic transmission; it is used in the context of experiments in which expres- 
sion is blocked without affecting the underlying mechanism. The term induction 
refers to the mechanism leading to persistent synaptic enhancement, whether it 
is produced by electrical or chemical manipulation. 
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LTP may depend on their mode of PKC inhibition; for example, 
sphingosine, which acts on the regulatory subunit (Hannun et 
al., 1986), is ineffective if delivered after HFS, whereas inhi- 
bition of the catalytic subunit by H-7 (Hidaka et al., 1984) is 
effective when given either before or after the induction of LTP 
(Malinow et al., 1988). In addition, Malinow et al. (1988) pro- 
duced decay with H-7 (300 PM) applied 3 hr after LTP induction, 
an effect not observed with mellitin (50 pmol; Lovinger et al., 
1987). There has also been a report of H-7 having no effect on 
LTP, but the dose used may have been too low (Muller et al., 
1988). Finally, there have been recent reports of intracellularly 
injected PKC and CaM-dependent lcinase inhibitors blocking 
LTP in CA1 neurons of hippocampal slices (Malenka et al., 
1989; Malinow et al., 1989). 

Discrepancies concerning the dose- and time-dependent ef- 
fects of PKC inhibitors on hippocampal LTP might be explained 
by the differences in the preparation used, drug dose, and/or 
method of application. To determine the time domain when 
PKC activation is necessary for LTP persistence, we examined 
the dose-response effects of the PKC inhibitors PMXB and H-7 
delivered at discrete time points relative to the delivery of LTP- 
inducing HFS. We also measured PKC activity following in- 
hibitor application using in vitro phosphorylation of the PKC 
substrate protein Fl as the reporter system. 

Materials and Methods 
Electrophysiology. Experiments were performed on urethane-anesthe- 
tized Sprague-Dawley rats. Population EPSPs evoked by perforant path 
stimulation were recorded in the dentate gyrus molecular layer with 
micropipettes filled with inhibitor solutions. Stereotaxic placement of 
both stimulating and recording electrodes was performed as previously 
described (Routtenberg et al., 1985). 

Inhibitors and micropressure ejection. Stock solutions of the PKC 
inhibitors PMXB (Sigma) and H-7 (Seikagaku America Inc.) were pre- 
pared with 20 mM Tris (pH, 7.5) to achieve a concentration of 10 mM. 
Aliquots of stock solutions, stored at either 40°C (H-7) or -20°C (PMXB), 
were thawed and diluted as needed. Micropressure ejection of inhibitor 
solutions was performed using the techniques and equipment employed 
by McCrimmon et al. (1986), which have been previously described in 
detail (Lovinger et al., 1986). Ejection volumes were controlled by di- 
rectly monitoring the movement of the solution miniscus in the micro- 
pipette with a 150 x microscope (Rolyn Optics) and a fine reticule. Doses 
are reported as pmol drug ejected. Drug solutions were ejected in 5-nl 
vol unless the doses desired required concentrations greater than that 
of stock solutions. In these cases, equivalent ejections were achieved 
using IO-rn~ solutions ejected in vol up to 25 nl. Ejections of 5-25 nl 
20 mM Tris vehicle or H-8 (Seikagaku America Inc.), an isoquinolinesul- 
fonamide derivative that is a much more potent inhibitor of CAMP- 
denendent kinases than of PKC (Hidaka et al., 1984), were used for 
control ejections. 

Recording and data analysis. Once stable baseline EPSPs evoked with 
0.1 Hz stimulation were collected, 8 trains of 400-Hz stimulation (8 
pulses of 0.4 msec) were delivered to produce LTP (40-60% increase 
over baseline) of EPSP slopes. The persistence of the LTP was then 
monitored with 0.1 Hz stimulation for up to 6 hr after HFS. 

Statistical analyses were performed on EPSP slopes elicited with 
threshold minus 2 V. Threshold was defined prior to HFS as the baseline 
input voltage at which a population spike was first detected. This avoid- 
ed population spike contamination aher HFS. Waveforms used for 
analysis were averages of 11 individual responses. Evoked waveforms 
were collected by an IBM PC-XT microcomputer and stored on disk 
for off-line analysis. 

In vitro phosphorylation. Animals were killed 30-300 min after ejec- 
tion of inhibitor as described (Lovinger et al., 1986). The area of the 
dorsal hippocampus surrounding the recording electrode was dissected 
(-30 mg) and homogenized at 4°C. Aliquots were taken for an in vitro 
phosphorylation reaction, and proteins were separated by gel electro- 
phoresis. The degree of 32P incorporation from y-32P-ATP by the PKC 
substrate protein Fl was used as a measure of PKC activity. This was 

analyzed either by autoradiography or scintillation counting’af bands 
cut from 1 -dimensional gels. 

Results 
Experiment 1: selective blockade of LTP persistence by PMXB 
is dose dependent 
When delivered 15 min before HFS, PMXB at doses lower than 
50 pmol had no effect on initial potentiation. However, 45 min 
after HFS, decay of the potentiated response was observed (Fig. 
1). The degree of decay increased with increasing doses of in- 
hibitor within a narrow dose range. Thirteen pmol PMXB pro- 
duced a 47% decay of LTP as compared to 19% decay following 
Tris ejections (t = 180 min, paired t = 4.93, df = 3, p < 0.02), 
whereas 25 pmol PMXB produced 100% decay (paired t = 
29.09, df = 3, p < 0.0001). With ejections of 50 and 100 pmol 
PMXB, the initial potentiation was reduced: 45% with ejections 
of 50 pmol and 87% inhibition with ejections of 100 pmol 
PMXB [ 1 -way analysis of variance (ANOVA): F = 55.2 1; df = 
4,15; p < 0.00 11. This observation may be explained by the 
ability of PMXB at higher doses to inhibit CaM-dependent 
kinase (Mazzei et al., 1982). Inhibitors of CaM-dependent ki- 
nase have been shown to block initial potentiation (Reymann 
et al., 1988b). 

The inhibition of initial potentiation by higher doses of PMXB 
cannot be explained by an effect of inhibitor on baseline re- 
sponses. In the absence of HFS, synaptic responses elicited with 
low-frequency stimulation remained stable for 90 min after ejec- 
tion of 25, 50, or 100 pmol PMXB (data not shown). 

Experiment 2: selective blockage of LTP persistence by PMXB 
is time dependent 
The time window in which PMXB inhibits LTP persistence was 
assessed using a dose of PMXB (25 pmol) that did not inhibit 
initial potentiation. PMXB ejected 15 min before or 15 or 30 
min after HFS produced a decay of the potentiated response to 
near baseline values within 2-3 hr (Fig. 2). PMXB delivered 60 
or 120 min after HFS showed no effects on LTP persistence as 
compared to Tris controls seen in Figure 1 (2-way ANOVA: p 
> 0.20). It was also noted that ejections of PMXB delivered 15 
min before HFS produced a more rapid decay of potentiated 
responses as compared to ejections delivered 15 and 30 min 
after HFS (2-way ANOVA/drug x time interaction: F = 26.7; 
df = 12,63; p < 0.001). 

Experiment 3: interaction of dose- and time-dependent effects 
of H-7 produces selective inhibition of LTP persistence 
Another PKC inhibitor, H-7, was applied with similar time and 
ejection parameters as PMXB. PMXB inhibits PKC by com- 
peting with diacylglycerol for a site on the regulatory subunit 
(Mazzei et al., 1982), whereas H-7 acts on the catalytic subunit 
(Hidaka et al., 1984). 

There was no effect of 50 or 250 pmol H-7 on baseline synaptic 
activation (data not shown) or initial potentiation (Fig. 3; 1 -way 
ANOVk p > 0.20). However, both 50 and 250 pmol H-7 
delivered 15 min before HFS produced decay of potentiated 
responses to baseline values (Fig. 3; 2-way ANOVA/drng x 
time interaction: F-4.7 and 7.3, respectively; df = 30,144; p < 
0.001). Fifty pmol H-7 was also effective in inhibiting the per- 
sistence of LTP when ejected 15 or 30 min after HFS (Fig. 3). 
Although H-7 was much less effective when ejected 30 min after 
HFS than when ejected at earlier time points, it still produced 
a significantly greater decay of LTP than ejections of Tris vehicle 
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or the A kinase inhibitor H-8 (Fig. 3; 2-way ANOVA/drug effect: 
F = 4.8; df = 2,108; p < 0.025). 

Ejections of 50 pmol H-7 given 60, 120, and 240 min after 
HFS had no effect on LTP persistence (Fig. 4; p > 0.20). How- 
ever, 250 pmol H-7 delivered 240 min after HFS was capable 
of producing a decay of potentiated responses (Figs. 4, 5; 2-way 

160 - 

100 

Figure 1. Dose-dependent effects of 
PMXB on LTP. Ejections (thick arrow- 
head) of PMXB 15 min before HPS (thin 
arrowhead) produced dose-dependent 
inhibition of LTP. Lower doses (13 and 
25 pmol) inhibited the persistence of 
LTP but not initial potentiation, caus- 
ing decay of LTP to baseline by 120 
min after HFS (2-way ANOVAIdrug x 
time interaction of 25 pmol PMXB: F 
= 3.9; df = 12,78; p < 0.001). Higher 
doses (50 and 100 pmol) attenuated ini- 
tial potentiation, as well (N = 4 per 
group). Error bars represent SEM val- 
ues. 

ANOVA: F = 9.4; df = 3,288; p < 0.05). A comparison of the 
rates of LTP decay following H-7 at different time points showed 
a significantly slower rate of decay following ejections of 250 
pmol H-7 240 min after HFS than after low- and high-dose H-7 
ejections at earlier time points (1 -way ANOVA: F = 5.11; df = 
3,12; p < 0.05; Fig. 6). 
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Figure 2. Time course of PMXB in- 
hibition of LTP persistence. Ejections 
of 25 pmol PMXB (thick arrowheads) 
were effective in producing decay of the 
LTP response when delivered up to 30 
min after LTP HFS (thin arrowhead). 
Ejections delivered 60 and 120 min af- 
ter HFS, however, had no effect on LTP, 
as did the Tris controls in Figure 1 (iV 
= 4 per group). Error bars represent 
SEM values. 
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Figure 3. H-7, like PMXB, inhibits 
LTP persistence without affecting the 
initial potentiation. Ejections of H-7 
(thick arrowheads) 15 min before and 
up to 30 min after HFS (thin arrow- 
heads) significantly inhibited LTP per- 
sistence as compared to H-8 (a CAMP 
kinase inhibitor) or Tris controls (N = 
4 per group). Neither 50 nor 250 pmol 
H-7 ejected before HFS had an affect 
on initial potentiation. Error bars rep- 
resent SEM values. 
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To insure that the lack of inhibitory effect of low-dose ejec- 
tions delivered 240 min after the induction of LTP was not due 
to loss of inhibitor potency with time in the micropipette, in- 
hibitor solutions were kept at room temperature for 240 min 
before testing their effectiveness in inhibiting LTP. These drug 
solutions showed inhibition of LTP persistence similar to so- 
lutions used immediately after thawing (data not shown). 

Figure 4. High dose of H-7 blocks late 
component of LTP. Ejections of 50 pmol 
(thick arrowheads) fail to inhibit LTP 
persistence when delivered 120 and 240 
min after induction (thin arrowhead). 
Two-hundred fifty pmol H-7, however, 
delivered 240 min after HFS produced 
a significant decay of LTP over 120 min 
after ejection (N = 4 per group). Error 
bars represent SEM values. 
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Experiment 4: In vitro phosphorylation of hippocampal 
protein FI following inhibition of LTP persistence with PKC 
inhibitors 

To determine whether the inhibition of LTP by PMXB or H-7 
was related to an inhibition of PKC activity, we measured PKC 
substrate phosphorylation 30 min after treatment with PKC 
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Figure 5. Unlike high dose (250 pmol) 
of H-7 (Fig. 4), PMXB (250 pmol) de- 
livered 240 min (thick arrowhead) after 
HFS Chin arrowhead) failed to oroduce 
decay of LTP (N = 4’per groui). Error 
bars represent SEM values. 

inhibitors and HFS. To determine whether inhibitors ejected in pared to LTP controls (l-way ANOVA: F = 7.81; df= 1,lO; p 
vivo might be having their effect directly on the in vitro reaction < 0.025). Both LTP animals and in vitro phosphorylation con- 
rather than in vivo, PMXB was delivered in LTP animals im- trols showed greater levels of protein Fl phosphorylation as 
mediately before death (in vitro phosphorylation controls). compared to animals that received only low-frequency stimu- 

Animals that received ejections of either H-7 or PMXB im- lation (l-way ANOVA: F = 8.71 and 11.83, df= 1,6; p < 0.05 
mediately before HFS showed a significant decrease in the in and 0.025, respectively), suggesting that the PKC inhibitors 
vitro phosphorylation of the PKC substrate protein Fl as com- PMXB and H-7 are affecting an in vivo process rather than the 
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Figure 6. Comparison of decay rates 
following ejections of H-7 at different 
time points. The rate ofdecay following 
250 pmol H-7 ejected 240 min after 
HFS is significantly slower than LTP 
decay following ejections 15 min before 
(50 and 250 pmol) or 30 min after HFS 
(1 -way ANOVA comparing all groups: 
F = 5.11; df = 3,12; p -C 0.05). Decay 
rate was calculated as the mean change 
in percent of baseline EPSP slope over 
each 15 min interval. 
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Table 1. Effect of PKC inhibitor ejections and LTP on in vitro 
phosphorylation of PKC substrate protein Fl 

Grout 

Percent 
Number baseline 
of hip- Protein Fla EPSP slope 
pocampi (3zP incorpora- (after 30 
sampled tion cum) rnir@ 

Low-frequency control 
(0.1 Hz) 4 634.3 * 17.4 101 & 5.42 

LTP alone 4 753.0 + 36.4 149 2 6.59 

LTP plus PMXB 5 509.3 + 97.4 104 + 7.67 

LTP plus H-7 4 480.0 + 89.9 107 + 4.76 

In vitro phosphorylation 
controp 4 713.7 + 15.2 137 + 5.03 

n The percentage of 32P incorporated into protein Fl was significantly greater in 
LTP and in vitro phosphorylation controls (see c below) than in animals that 
received PKC inhibitors 15 min prior to HFS or low-frequency controls (1 -way 
ANOVA:F= 15.82and 18.31,respectively;&= 3,12;p < 0.001). 
b The degree of potentiation at 30 min after LTP induction was significantly greater 
in animals that received HFS alone than in animals that received either PMXB 
or H-7 prior to HFS (l-way ANOVA: F = 10.82 and 27.58, respectively; df = 
1,7; p < 0.0 1) and low-frequency controls (1 -way ANOVA: F = 3 1.99; df = 1,7; 
p < 0.001). 

c In vitro phosphorylation control: LTP animals received ejections of PMXB 
immediately before death and, because this had no electrophysiological effect, 
were physiologically identical to LTP controls. 

in vitro phosphorylation assay directly. This in vivo process is 
likely to be the PKC activation induced by LTP (Akers et al., 
1986) because the alternative, that the in vitro phosphorylation 
assay is measuring an increase in vacant sites after LTP, would 
predict an increase in protein Fl phosphorylation after ejection 
of PKC inhibitors. 

We tested whether PKC activity, as measured by Fl substrate 
phosphorylation, is related to the persistence of LTP 240 min 
after its induction. Animals receiving only low-frequency stim- 
ulation (0.1 Hz) or 400 Hz stimulation to produce LTP and 
monitored for 5 hr were used as controls. Experimental groups 
consisted of animals that received either 50 or 250 pmol H-7 
180 min after HFS. Only the 250-pmol group showed significant 
decay of LTP over an additional 2 hr (Table 2). 

LTP controls showed higher protein Fl phosphorylation 5 hr 
after HFS as compared to low-frequency controls (1 -way AN- 
OVA: F= 9.97; df = 1,9;p c 0.05; Table 2). In addition, protein 
Fl phosphorylation was lower in animals that received 250 
pmol H-7 3 hr after HFS and showed decay of the LTP than 
in animals that received HFS alone (1 -way ANOVA: F = 8.05; 
df = 1,lO; p < 0.05; Table 2). Animals that received 50 pmol 
H-7 3 hr after HFS showed protein Fl phosphorylation levels 
intermediate to those seen in LTP controls and animals receiv- 
ing 250 pmol H-7 3 hr after HFS. 

Discussion 
We conclude from these data that PKC activation is important 
for the persistence of LTP, but not for initial potentiation. As 
summarized in Table 3, it has previously been demonstrated 
that extracellular PKC inhibitors have no effect on initial po- 
tentiation, yet produce decay to baseline of LTP both in the 
intact hippocampus (Lovinger et al., 1987) and in the hippo- 
campal slice preparation (Malinow et al., 1988; Reymann et al., 
1988a,b). In the present study, a low dose of PMXB or a range 
of H-7 doses ejected prior to HFS also had no effect on initial 

Table 2. In vitro phosphorylation of protein Fl 5 hr after the 
induction of LTP: does H-7 delivered 3 hr after HFS inhibit PKC 
substrate phosphorylation? 

Group 

Number Protein Fla Percent 
of hip- (% total Pa2 baseline EPSP 
pocampi incorpo- slope (after 5 
sampled ration) W 

0.1 Hz control 5 4 + 0.41 98 + 3.21 

LTP alone 5 6 + 0.47 140 + 4.43 

LTP plus 50 pmol H-7 4 6 + 0.63 145 k 3.80 

LTP plus 250 pmol H-7 4 4 + 0.25 127 + 5.54 

S Animals that received 250 pmol H-7 3 hr after LTP induction to produce decay 
of LTP showed similar levels of protein Fl phosphorylation to those seen in low- 
frequency controls and significantly lower levels of protein Fl phosphorylation as 
compared to LTP controls (l-way ANOVA: F = 8.05; df= 1,lO; p < 0.05). 

potentiation, but produced a decay to baseline of the potentiated 
response. 

It has been reported that intracellular injections of H-7 into 
CA 1 pyramidal cells blocked LTP in hippocampal slices (Mali- 
now et al., 1989). Although not discussed, their Figure 1 shows 
that intracellular injection of H-7 reduced initial potentiation 
of the intracellular response. Such an effect of H-7 was not 
observed in the present study. 

Three possible explanations for the discrepancy may be sug- 
gested: (1) high doses of H-7 (200 mM) used by Malinow et al. 
(1989) may have nonselective effects, (2) the perforant path- 
granule cell synapses express a different set of PKC subtypes 
than CA 1 pyramidal synapses, or (3) procedural differences such 
as in vivo versus in vitro preparation or intracellular versus ex- 
tracellular drug application. The first explanation should be con- 
sidered in view of a related study that showed that lower doses 
(20 mM) of H-7 intracellularly injected into CA1 cells in vitro 
had no effect on initial potentiation, but resulted in the total 
decay of LTP 30 min after HFS (Malenka et al., 1989). 

Another conclusion we draw from the present data is that the 
persistence of LTP consists of 2 separable components, both of 
which may require PKC activation. Malinow et al. (1988), per- 
fusing a 300~PM solution of H-7 in a hippocampal slice prep- 
aration, showed that LTP expression could be inhibited with 
applications as late as 3 hr after induction. This late inhibition 
of LTP by H-7 is now proposed by Malinow et al. (1989) to be 
mediated by effects of H-7 at the presynaptic terminal because 
intracellular postsynaptic injection of H-7 into CA1 pyramidal 
cells blocks the induction of LTP but has no effect on established 
LTP. In the present study, a high dose of H-7 is effective in 
inhibiting LTP persistence when applied 240 min after HFS. 
Because the same dose does not affect responses elicited with 
low-frequency stimulation for 90 min after ejection, this dose 
is not nonspecifically altering synaptic transmission. Interest- 
ingly, the rate of LTP decay following 250 pmol H-7 240 min 
after LTP induction is significantly slower than decay following 
earlier H-7 ejections. These observations suggest that, at this 
later time point, H-7 is having an effect on a process that appears 
to be either more resistant to PKC’inhibitors or at a distance 
from the site of inhibitor ejection. 

Based on these later effects of H-7 on LTP persistence, we 
suggest that there are at least 3 mechanistically separable events. 
First, HFS triggers the voltage-dependent release of Mg2+ block- 
ade of postsynaptic NMDA receptor-associated CaZ+ channels 
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Table 3. Summary of PKC inhibitor studies 

Effect on LTP 
Study 

Colley et al., this study 
Lovinger et al., 1987 
Malinow et al., 1988, 

Preparation Inhibitor(s) 

Dentate in vivo PMXB, H-7 
Dentate in vivo PMXB, mellitin, H-7 

Extracellular applicationa 

25-250-pm01 ejections 
50-pm01 ejections 

persisten& 

inhibition up to 240 min 
inhibition, but not at 240 min 

1989 CA1 slice H-7 ~OO-~M, 3-8-hr perfusion inhibition up to 3 hr 
Muller et al., 1988 CA1 slice H-7 100-PM, 20-min static bath no inhibition 
Reymann et al., 1988a CA1 slice PMXB ~&PM, 60-min perfusion inhibition 

y The parameters of inhibitor application include the dose of inhibitors used, the duration of application, and the method of application. Only studies investigating the 
effect of extracellular inhibitor application are included in the table for reasons of comparison. 
6 References to time indicate the time after initiation of LTP at which inhibitors are still effective in producing decay of LTP. 

allowing for a transient influx of CaZ+ (Collingridge, 1985). The 
resulting initial potentiation is mediated, at least in part, through 
activation of a CaM-dependent kinase (Popov et al., 1988; Rey- 
mann et al., 1988b). These events may regulate an increased 
sensitivity of quisqualate/kainate-type receptors after LTP (Col- 
lingridge and Lester, 1988; Davies et al., 1989). 

Second, presynaptic PKC is activated, and subsequently, pro- 
tein Fl is phosphorylated, possibly via a retrograde mechanism 
(Linden and Routtenberg, 1989). This event may regulate the 
persistence of potentiation for 5-60 min after HFS (Lovinger 
et al., 1987; Matthies, 1989). 

Third, protein synthesis is initiated (>60 min after HFS) to 
provide a long-lasting synaptic enhancement (Krug et al., 1984; 
Stanton and Sarvey, 1984; Frey et al., 1988; Cole et al., 1989; 
Otani and Abraham, 1989). This protein-synthetic event me- 
diating the long-term persistence of LTP may be regulated by 
PKC (Imagawa et al., 1987; Lee et al., 1987; Reymann et al., 
1988a). 

It is known that protein-synthetic events can be regulated by 
PKC- as well as CAMP-dependent processes. CAMP-dependent 
kinases have been shown to regulate the induction of RNA and 
protein synthesis of at least some proteins via nuclear protein 
phosphorylation (Imagawa et al., 1987; Yamamoto et al., 1988). 
A possible role of CAMP in the regulation of a later persistence 
phase of LTP is interesting in view of evidence that CAMP 
regulation of protein synthesis has been proposed in inverte- 
brates to underly other forms of long-term synaptic change 
(Goelet et al., 1986). However, our results show that the cyclic 
nucleotide inhibitor H-8 failed to have an effect on LTP per- 
sistence at a time point when a high dose of H-7 was effective 
in producing decay of LTP. This observation argues against a 
role of CAMP in the regulation of long-term persistence of LTP. 

If the late component of LTP persistence is not regulated by 
CAMP, PKC activation may be required for protein synthetic 
events associated with LTP. This suggestion is consistent with 
the observed decrease in PKC substrate phosphorylation in an- 
imals that received 250 pmol H-7, a dose effective in producing 
decay of LTP 3 and 4 hr after its induction (Table 2). 

The present data therefore suggest that the 2 components of 
LTP persistence may both be regulated by PKC activation, but 
by different mechanisms. We propose that the early component 
of LTP persistence, which in the present report is first measured 
15 min after HFS, is mediated by translocation of PKC activity 
to the synaptic membrane and subsequent synaptic protein 
phosphorylation. The later component of LTP persistence (>60 
min) may be mediated by PKC regulation of protein synthesis. 

By what mechanism is persistent PKC maintained? Malinow 
et al. (1988) suggested that, at later time points, PKC activation 
may be maintained in the absence of activators, that is, cleavage 
of the catalytic from the regulatory subunit, or by long-lasting 
translocation of the kinase to the surface membrane. If the cleaved 
catalytic subunit of PKC is responsible for persistent PKC ac- 
tivity after LTP, only PKC inhibitors such as H-7 acting at the 
catalytic site should be effective. This prediction was confirmed 
in the present report. 

PKC has been identified as a class of several closely related 
enzymes (Coussens et al., 1986; Knopf et al., 1986; Ono et al., 
1987; Nishizuka, 1988) that can be differentiated on the basis 
of sensitivity to activators (Nishizuka, 1988; Sekiguchi et al., 
1987), as well as regional (Brandt.et al., 1987; Huang et al., 
1987, 1988) and subcellular localization in the brain (Leach et 
al., 1989; for review, see Huang, 1989). The possibility exists, 
then, that these 2 phases of LTP persistence could be regulated 
by different PKC subtypes. 
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