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- The involvement of PKC and multifunctional CaM
kinase II of the postsynaptic neuron in induction and
maintenance of long-term potentiation

T.P. Feng

Shanghai Institute of Physiology, Chinese Academy of Sciences, Shanghai 200031, China

Introduction

Regarding long-term potentiation (LTP) — a
striking phenomenon of activity-dependent sy-
naptic plasticity now widely and intensively
studied by neurobiologists because of its rele-
vance for understanding the cellular mecha-
nisms of learning and memory — it is now
generally conceded that its induction in the
CALl region of the hippocampus takes place in
the postsynaptic neuron triggered by calcium
ion influx. The biochemical processes in the
postsynaptic neuron following calcium entry
that underlie the initial development and the
subsequent maintenance of LTP are still
largely unknown. In recent years evidence has
begun to accumulate to show the importance of
protein kinases of the postsynaptic neuron, es-
pecially PKC and CaMKI], in both the induc-
tion and the maintenance of LTP, although
some inconsistencies among the reports exist.
.This chapter gives a summary account of our
“studies on the role of postsynaptic PKC and
. CaMKII in LTP in rat hippocampal CAl region.
: We studied the effects of various inhibitors of
- _PKC and CaMKII given intracellularly to the
'Postsynaptic neuron, either singly or jointly, on
_the induction and the maintenance of tetanus-

induced LTP. In particular it will be shown that
the peptide pseudosubstrate inhibitors,
PKC(19-31) and CaMKII(273-302), can each
block the induction of LTP and the mainte-
nance of established LTP; and when given to-
gether there is a strong synergism between the
two, greatly accelerating the development of
the blocking effects.

Tt is now generally agreed that the induction
of the usual type of LTP produced by brief
high-frequency stimulation (HFS) in the CAl
region of the hippocampus takes place in the
postsynaptic neuron triggered by calcium ion
influx through the NMDA receptor channel.
The biochemical processes in the postsynaptic
neuron following calcium eniry that underlie
the development and maintenance of LTP have
now logically become more and more the focus
of research on the cellular and molecular
mechanisms of LTP. Among the candidate bio-
chemical events to be studied, the possible in-
volvement of calcium-related protein kinases,
especially PKC and CaMKII, has quite natu-
rally attracted initial attention. Extracellular
recording of EPSP and bath application of vari-
ous inhibitors of these kinases were employed
in the early experiments on the effects of PKC
and CaMXII inhibitors on L'TP in hippocampal
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Fig. 1. Inhibitory effects of PMB and PKC(19-31) given either separately ox‘? together before the tetanus on the induction of
LTP, showing, first, a striking dose—effect relationship and, second, a striking synergistic action of the two PXC inhibitors
given together. Tetanic stimulation (in all experiments 10 trains of 10 stimuli each at 200 Hz, interval between trains 5 s)
given separately to two afferents: Schaffer-collateral commissural (S/C, circles) and perforant pathway (PP, squares) at times
marked by arrows: (a) Comparison of control (open circles) and PMB-inhibited (solid symbols) LTPs, note the greater inhibition
in PP tetanized 30 min later; (b) showing increasing block of induction with increasing dosage of PMB regulated by the
duration and strength of the driving current (quarter-filled, half-filled and completely filled circles represent three increasing
doses); (c) showing the inhibitory effects of PKC(91-31) given alone (100 pM in the microeleetrode, entering the cell by free
diffusion), again note the greater inhibition in PP tetanized 30 min later; (d) showing that with PMB and PKC(19-31) given
together there was much greater inhibition, actually complete inhibition of LTP, leaving only PTP.

slices (Lovinger et al., 1987; Reymann et al.,
1988a,b). However, extracellular application of
inhibitors does not address questions concern-
ing their sites of action. To specifically study
the biochemical events in the postsynaptic neu-
ron, intracellular recording and delivery of the
inhibitor has to be used. In recent-years, this
approach has begun to be employed (Malenka
et al., 1989; Malinow et al., 1989). In the lim-
ited space of this chapter I will give a brief
summary of the main results of our own studies
(Wang and Feng, 1992; Feng and Wang, 1992)

using intracellular recording and delivery of ki-
nase inhibitors. I will emphasize certain findings
that differ from the results of other authors in the
hope of stimulating discussion of the data.

Effect of PKC inhibitors on LTP

We will first examine the effect of PKC inhibi-
tors introduced into the postsynaptic neurcn
before the HFS on the induction of LTP. It is
seen in Figs. la and 1b that with increasing
dosage of polymyxin B (PMB), there is a corre-
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Fig. 2. Comparison of the rate of development of the blocking effect on the maintenance of established LTP: (a) PKC(19-31)
given alone, and (b} PMB and PKC(19-31) given together to the postsynaptic neuron 60-75 min after the high-frequency
stimulation. Simultaneous extracellular recording of the population EPSPs used as control to make sure that the LTP was
well maintained throughout the experimental period. Intracellular recording in this type of experiment required a change of
the microelectrode: the first microelectrode {open circles) containing no inhibitors was inserted into one neuron and recorded
the well-maintained LTP; 60-~75 min later, a second microelectrode {solid circles) containing inhibitors was inserted into
another neuron of the same population which at first recorded a similar potentiated EPSP as the first microelectrode, then
with very different latencies (in a about 50 min and in b several min) the EPSP began to decline, returning to the pretetanus

baseline in about 1 h.

sponding increasing block of the induction of
LTP until it becomes complete, i.e. the main-
tained LTP is first changed into a decremental
STP lasting 30—-40 min, which then becomes
briefer and briefer until nothing but PTP re-
mains. A similar result was obtained using
PKC(19-31) (Fig. 1c). When PMB and PKC(19-
31) were delivered together to the postsynaptic
neuron, a much greater inhibitory effect on the
induction was obtained than with either PMB
or PKC(19-31) alone (Fig. 1d). Thus, a striking
Synergistic action between the twe inhibitors of
PKC was brought to light. We next examine the
effect of giving the PKC inhibitor(s) to the post-
‘Synaptic neuron after the HFS on the mainte-
nance of LTP. We began the delivery of the
‘inhibitor(s) at times varying from immediately
vafter to 3 h after the HFS and obtained similar
results. The blocking effect on the maintenance
of LTP with PKC(19-31) given alone or with
PMB and PKC(19-31) given together 60-75

min after the establishment of LTP is shown in
Figs. 2a and 2b. These two figures provide a
very interesting comparison: when PKC(19-31)
was given alone, the blocking effect on the
maintenance developed very slowly, only be-
ginning to be noticeable after about 1 h so that
if the observation were terminated in 1 h or
less, the blocking effect would have been
missed; when PMB and PKC(19-31) were given
together, the blocking effect developed very
rapidly, becoming noticeable within minutes.
Here again there is a striking synergism be-
tween PMB and PKC(19-31).

Effect of CaMKII inhibitor on LTP

We now look at the blocking effects on the
induction of LTP and on the maintenance of
established LTP by the specific peptide inhibi-
tor of CaMKII, CaMKII(273-302), delivered to
the post-synaptic neuron before and after the
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Fig. 3. The blocking effect on the induction of LTP of CaMKII(273-302) given alone (a) is much less than that of PKC(19-31)
and CaMEKII(273-302) given together (b). Note the larger time scale in (b) than in (a).
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Fig. 4. The faster development of the blocking effect on the maintenance of established LTP of PKC(19-31) and CaMKII(273~
302) given together (b} than that of either CaMKII(273-302) (a) or PKC(19-31) (Fig. 2a) given alone.

HFS respectively. Figures 3a and 3b show the
blocking effects on the LTP induction of
CaMKII(273-302) given alone and of PKC(19—
31) and CaMKII(273-302) given together re-
spectively. It is seen that the two inhibitors of
the two different kinases given together pro-
duced a more complete inhibition of LTP induc-
tion than either of them given alone. Figures 4a

and 4b show the blocking effect on the mainte-
nance of established LTP of CaMKII(273-302)
given alone and PKC(19-31) and CaMKII(273~ -
302) given together 1 h after the HFS respec-
tively. It is seen that the blocking effect on the
maintenance developed much more rapidly
with PKC(19-31) and CaMXII(273-302) giver =
together than with either of them given alone.




=
)
S {3200
;Iv‘ A

L)
§_ g 150
e
Ch=

4, 100
[ E
5 < 200
5 o
© 9
5 1150
@ &
5w
% 100
€3]

59

0 20 40 60
$sie

Time (min.)

80 100 120

Fig. 5. A comparison of this figure with Fig. 4b shows that AlngSCaMKII(Z'TS—BOZ) is equally effective as an inhibitor of
CaMKII as CaMKII(273-302) with threonine at the 286 position used in the earlier experiments. Curves shown represent

averages of 3 experiments.

These comparisons bring out a pew kind of
synergism, i.e. synergism between two inhibi-
tors of two different protein kinases. This re-
sult was first obtained nearly two years ago by
one collaborator (J.H. Wang) and confirmed
more recently by another (H.X. Chen). The
CaMKII(273-302) we first used was obfained
from Dr. Howard Schulman. through the kind-
ness of Dr. Richard Tsien at Stanford University;
the peptide used in our more recent experi-
ments, kindly supplied by Dr. Czernik of Rocke-
feller University, is Ala®*CaMEKI(2753-302)
with threonine at the 286 position replaced by
alanine. We have found that Ala®CaMKII
(273-302) has a similar inhibitory effect on the
maintenance of established LTP as the
CaMEKIL(273-302} used earlier (Fig. 5). In the
“above experiments the concentration of PKC(19-
- 31) used was 100 uM and that of CaMKII(273-
:302) 200 uM, We have tested whether the greatly
-accelerated blocking effect on the maintenance
of established LTP produced by the combina-
:_tion of PKC(19-31) and CaMKII(273-302)

could be limited by simply increasing the con-
centration of PKC(19-31) alone. We found that
300 uM PKC(19-31) did not produce any more
rapid blocking effect than 100 pM. This provides
some extra assurance that the increased effect
due to the.addition of Ala®**CaMKII(273~302)
must result from the additional inhibition of
CaMKII.

Conclusion and discussion

In summary, by more fully exploring the dose—
effect relationship of kinase inhibitors, by
taking advantage of the newly discovered syn-
ergistic action of two inhibitors delivered to-
gether into the postsynaptic neuron, and by
more patiently following the development of
the effect of the inhibitors cn established LTP
for a longer time, we have been able to obtain
some new experimental results, which call for
a revision of certain conclusions by previous
authors:
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1. “PKC activation is necessary for mainte-
nance but not for induction of LTP” (Reymann
et al., 1988; Linden and Routtenberg, 1989),

2. “Intracellular postsynaptic delivery of
either PKC(19-31) alone or CaMKII(273-302)
alone or even a combination of PKC(19-31) and
CaMKII(273-302) together were all ineffective
with respect to established LTP” (Malinow et
al., 1989; Malgaroli et al., 1992).

Our conclusions are:

1. Polymyxin B given to the postsynaptic
neuron in adequate dosage before the HFS can
block completely the induction of LTP, leaving
only the brief PTP. The two PKC inhibitors,
polymyxin B and PKC(19-31), each at a rela-
tively low dosage, when given together, can
summate to give a high-dosage effect.

2. Either PKC(19-31) alone or CaMKII(273—
302) alone given to the postsynaptic neuron
before the HFS can block the induction of LTP;
PKC(19-31) and CaMKII(273-302) given to-
gether act synergistically and block induction
even more effectively.

3. Either PKC(19-31) alone or CaMEII(273—
302) alone given to the postsynaptic neuron
after the establishment of LTP can slowly ar-
rest its continued maintenance; PKC(19-31)
and CaMKII(273-302) given together to the
postsynaptic neuron act synergistically,
greatly accelerating the development of the
blocking effect on the maintenance of LTP.

From the above contrasting conclusions the
question naturally arises as to how to explain
the difference between our results and those of
others. The first point is easiest to explain:
simply because we consciously paid attention
to the dose—effect relationship and made a spe-
cial effort to show that with adequate inhibi-
tion of the postsynaptic PKC the STP taken as
an index of induction can be completely
blocked. The second point of disagreement with
Dr. Tsien'’s group concerning the inhibitory ef-
fect of PKC(19-31) and CaMKII(273-302)
given separately to the postsynaptic neuron on
the maintenance of established LTP at first
also appeared to have a ready explanation: the

blocking effect of these peptide inhibitors given
separately to the postsynaptic neuron on the
maintenance of established LTP takes about
one hour to be detectable. Dr. Tsien’s group
usually terminated their observation about one
hour after starting the intracellular delivery of
the inhibitor, so they might well have missed
the effect. But the real puzzle arises in connec-
tion with the inhibitory effect of the combined
intracellular delivery of PRC(19-31) and
CaMKII(273-302) on the maintenance of es-
tablished LTP which in our hands began to
develop in 10-20 min. Dr. Tsien’s group report
that expression of LTP is not inhibited by the
combined postsynaptic delivery of PKC(19-31)
and CaMKII(273-302) (Malgaroli et al., 1992).
Furthermore they used microelectrodes con-
taining 3 mM PKC(19-31) and 1 mM
CaMKII(273-302) while we used 100 pM
PKC(19-31) and 200 uM CaMKII(273-302).

In conclusion, on the basis of our own ex-
perimental results I submit a scheme for dis-
cussion and further experiments on LTP in the
CALl region:

Calcium entry into postsynaptic neuron
{
Rise in postsynaptic [Ca®™];
d

Activation of postsynaptic
PKC and CaMKII ----— STP
4 {
Persistent postsynaptic
PKC and CaMKII activity ----— LTP
increased
transmitter release
) or/and
increased postsynaptic
sensitivity

It may be noted first that in the above
scheme we do not limit calcium entry through
the NMDA receptor channels, as the scheme is
intended to be used also for discussing and
planning experiments on other types of LTP
that do not depend on NMDA receptors, e.g.



calcium-induced LTP. A comparison of the in-
hibitor sensitivity of different types of LTP has
proven to be instructive (see Cheng et al.,
1994), but this will not be dealt with in this
chapter. It may also be pointed out that we
place dashed arrows in the scheme above to
indicate that multiple steps are likely involved.

The experimental results presented in this
chapter do not concern directly the current de-
bate about the locus of expression of LTP, that
is, whether it is presynaptic due to increased
release of neurotransmitter, or postsynaptic
due to increased responsiveness of the postsy-
naptic structure. There are experimental sup-
ports for each of these possibilities and there is
also evidence that both kinds of changes may
occur during LTP with their relative impor-
tance varying with experimental conditions
(Davies et al., 1989; Bekkers and Stevens,
1990; Malinow and Tsien, 1990; Reymann et
al.,, 1990; Foster and McNaughton, 1991; Kull-
mann and Nicoll, 1992; Larkman et al., 1992;
Liao et al., 1992; Malgaroli and Tsien, 1992;
Manabe et al., 1992; Voronin et al., 1992; see
also Bliss and Collingridge, 1993, for a review).
Our experiments focus on the postsynaptic
neuron, and what-our results show and empha-
size is that if the expression of LTP is presynap-
tic (whether wholly or partly) the sustaining of
the presynaptic change started by some retro-
grade signal from the postsynaptic neuron
must continue to depend on such signaling, at
least for the initial few hours of LTP mainte-
nance, and that the biochemical events in the
postsynaptic neuron underlying this retro-
grade signalling must involve in an essential
way some ongoing PKC and CaMKII activity.

- Regarding the possible nature of the retrograde

signal, all attention has so far been given to
- diffusible messengers such as arachidonic acid
- (Williams and Bliss, 1989), NO (Zhuo et al,
- 1993) or CO (Stevens and Wang, 1993). But as
~ pointed out by Lisman and Harris (1993), there
i1 are intimate structural links between the pre-
- and postsynaptic components in hippocampal
Synapses, and there might well be alsc some
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more direct way of retrograde communication
across the synapse. This is as yet a speculation,
but it is good to keep one’s mind open.

The biochemical steps in which protein ki-
nases participate in LTP are poorly understood.
Only PKC and CaMKII are mentioned, simply
because we have so far studied only these two
kinases. There is now evidence also for the
involvement of tyrosine kinase (ODell et al.,
1991) and PKA (Roberson and Sweatt, 1993) in
LTP. To achieve an understanding of the coor-
dinated functioning of all the protein kinases in
the postsynaptic neuron involved in LTP will
be a real challenge for future work.

It would be nice to get direct biochemical
evidence of persistent postsynaptic PKC or
CaMKII activity during LTP. A number of bio-
chemical studies have reported an increase in
PEC activity during LTP. So far, most studies
{(Lovinger et al., 1987; Reymann et al., 1988a,b;
Klann et al., 1998; Sacktor et al., 1993) have
not addressed the question whether the in-
crease is postsynaptic or presynaptic. When
our inquiry relating to LTP becomes specifi-
cally concerned with the biochemical events in
the postsynaptic neuron triggered by calcium
entry, this question is critical. Fortunately, this
issue is now beginning to receive attention. The
PKC substrate protein RC3 (also called neuro-
granin) has been shown to be localized post-sy-
naptically. Sweatt and his collaborators {(Chen
et al., 1993) have now reported that the main-
tenance phase of LTP in hippocampal CAl area
is associated with an increase in the phospho-
rylation of RC3 protein in sifu, thus providing
a first piece of biochemical evidence for persist-
ent postsynaptic PKC activity during the main-
tenance of LTP.

References

Bekkers, J M. and Stevens, C.F. (1990) Presynaptic mecha-
nism for long-term potentiation in the hippocampus.
Nature, 346; 724-729.

Bliss, T.V.P. and Collingridge, G.L. (1993) A synaptic
model of memory: long-term potentiation in the hippo-
campus. Nature, 361: 31-39.



the effect of lipoxygenase and cyelo-oxygenase inhibi-
tors of arachidonic acid on the induction and mainte-
nance of long-term potentiation in the hippocampus.
Neurosci. Lett., 107: 301-306.

@&

63

Zhuo, M., Small, S.A,, Kandel, E.R. and Hawkins, R.D.
(1993} Nitric oxide and carbon monoxide produce activ-
ity-dependent long-term synaptic enhanc¢ement in hip-
pocampus. Science, 260: 1946-1950,




62

Chen, S.-J., Klann, E. and Sweatt, J.D. (1993) Mainte-
nance of LTP is associated with an increase in the
phosphorylation of RC3/meurogranin protetn. Soc.
Neurosci. Abstr., 19: 1707.

Cheng, G., Rong, X.W. and Feng, T.P. (1994) Block of
induction and maintenance of calcium-induced LTP by
inhibition of protein kinase C in postsynaptic neuron in
hippocampal CAl region. Brain Res.,646: 230-234.

Davies, S.N., Lester, R.A., Reymann, K.G. and Collin-
gridge, G.L. (1989) Temporally distinet pre- and post-
synaptic mechanisms maintain long-term potentiation.
Nature, 338: 500-503.

Feng, T.P. and Wang, J.H. (1992) PKC(19-31) and
CaMKII(273-302) given together intracellularly to the
postsynaptic neuron synergistically block L'TP in hip-
pocampus CAl region. Soc. Neurosci. Abstr., 18: 760.

Foster, T.C. and McNaughton, B.L. (1991) Long-term en-
hancement of CAl synaptic transmission is due to
increased quantal size, not quantal content. Hippocam-
pus, 1: 79-91.

Kiann, E,, Chen, S.-J. and Sweatt, J.D. (1993) Mechanism
of protein kinase C activation during the induction and
maintenance of long-term potentiation probed by using
a selective peptide substrate. Proe. Natl. Acad. Sci.
USA, 90: 8337-8341.

KRullmann, D.M. and Nicoll, R.A. (1992) Long-term poten-
tiation is associated with increases in quantal content
and quantal amplitude. Nature, 357: 240-244,

Larkman, A., Hannay, T., Stratfosel, K. and Jack, T. (1992)
Presynaptic release probability influences the locus of
long-term potentiation. Nature, 360: 70~73.

Liao, D., Jones, A. and Malinow, R. (1992) Direct measure-
ment of quantal changes underlying long-term poten-
tiation in CA1 hippocampus. Neuron, 9; 1089-1097.

Linden, D.J. and Routtenberg, A. (1989) The role of protein
kinase C in long-term potentiation: a testable model.
Brain Res. Rev., 14: 279-2986.

Lisman, J.E. and Harris, KM, (1993) Quantal analysis and
synaptic anatomy --integrating two views of hippo-
campal plasticity. TINS, 16; 141-147.

Lovinger, D.M., Wang, K.L., Murakami, K. and Routten-
berg, A. (1987) Protein kinase C inhibitors eliminate
hippocampal long-term potentiation. Brain Res., 436:
177-183.

Malenka, R.C., Kauer, J.A., Perkel,D.J., Mauk, M.D.,
Kelly, P.T., Nicoll, R.A. and Waxman, M.N. (1989) An
essential role for postsynaptic caleium and protein ki-
nase activity in-long-term potentiation. Nature, 340:
554-557,

Malgaroli, A. and Tsien, R.W. (1992) Glutamate-induced
long-term potentiation of the frequency of miniature
synaptic currents in cultured hippocampus neurons.
Nature, 357: 134-139.

Malgaroli, A., Malinow, K., Schulman, H. and Tsien, R,W.
(1992) Persistent signalling and changes in presynap-
tic fanction in long-term potentiation. In R. Sato (Ed.)
Interactions Among Cell Signalling Systems. Wiley,
Chichester. pp. 176-191.

Malinow, R., Madison, D.V. and Tsien, R,W. (1988) Persist-
ent protein kinase activity underlying long-term poten-
tiation. Nature, 335: 820-824.

Malinow, R., Schulman, H. and Tsien, R.W. (1989) Inhibi-
tion of postsynaptic PKC and CaMKII blocks induction
but not expression of LTP. Science, 245;: 862-866.

Malinow, R. and Tsien, R.W. (1990) Presynaptic enhance-
ment shown by whole-cell recordings of long-term po-
tentiation in hippocampal slices. Nature, 346: 177-180.

Manabe, T., Kenner, P. and Nicoll, R. {1992) Postsynaptic
contribution to long-term potentiation revealed by the
analysis of miniature synaptic currents. Nature, 355:
50-55.

O'Dell, T.J.,, Kandel, E.R. and Grant S.G.N. (1991) Long-
term potentiation in the hippacampus is blocked by
tyrosine kinase inhibitors. Nature, 353: 558—-560.

Reymann, K.G., Frey, U., Jork, R. and Matthies, H. (1988)
Polymyxin B, an inhibitor of maintenance of synaptic
long-term potentiation in hippocampal CA1 neurons.
Brain Res., 440: 305-314,

Reymann, K.G. Brodemann, R., Kase, H, and Matthies, H.
(1988) Inhibitors of calmodulin and protein kinase C
block different phases of hippocampal long-term poten-
tiation. Brain Res., 461: 388-392.

Reymann, K.G., Davies, S.N, Matthies, H., Kase, H. and
Collingridge, G.L. (1990) Activation of K-252b-sensi-
tive protein kinase is necessary for a postsynaptic
phase of long-term potentiation in area CAL of rat
hippocampus. Eur. J. Neurosci., 2: 481-484.

Roberson, E.D. and Sweatt, J.D. (1993} Cyeclic AMP-de-
pendent protein kinase is activated during the induc-
tion of LTP. .Soc. Neurosei. Abstr., 19: 1708.

Sacktor, T.C., Osten, P., Velsamis, H., Jiang, X., Naik,
M.U. and Sublette, E. {1993) Persistent activation of
the zeta isoform of protein kinase C in the maintenance
of long-term potentiation. Proc, Natl. Acad. Sci. USA,
90: 8342-8346.

Stevens, C.F. and Wang, Y.Y. (1993) Reversal of LTP by
inhibitors of haem oxygenase. Nature, 364: 147-149,

Voronin, L.L., Kuhnt, U. and Gusev, A.G. (1992) Analysis
of fluctuations of “miniature” excitatory postsynaptic
potentials during long-term potentiation in guinea pig
hippocampal slices. Exp. Brain Res., 89: 288-299.

Wang, J.H. and Feng, D.P. (1992) Postsynaptic protein
kinase C essential to induction and maintenance of long-
term potentiation in the hippocampal CA1l region. Proc.
Natl. Acad. Sci. USA, 89: 2676-2580.

Williams, J.H. and Bliss, T.V.P. (1989) An ir vitro study of




