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We have proposed a testable model of the physiological and biochemical events underlying LTP that offers the following nove! features. (1) The
focus is pot on a single mechanism or synaptic site, but rather on the integration and interaction of mechanisms occurring on both sides of the
synapse. (2) 8 PKC plays & critical presynaptic role in LTP, while y PKC functions postsynaptically. (3) These stages can be ordered in a
time-delimited sequence of post- then presynaptic molecular events based on the period of effectiveness of inhibitor compounds. (4) The

distinction is made between the time when kinase activation occurs and the time when the potentiated response requiring this kinase activation is

observed.
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1. INTRODUCTION .

Current hypotheses concerning the mechanisms of
long-term potentiation (LTP) and related forms of
synaptic enhancement have: typically localized the criti-
cal cellular processes to either a presynaptic®™™’ or
postsynaptic4® Jocus. In the present review we pro-
pose a model of LTP that explicitly requires the partic-
ipation of both presynaptic and postsynaptic mecha-
nisms as well as ongoing communication between the

two sides®™. We have focussed on the effects of kinase
inhibitors to emphasize the necessity of particular
molecular events and to reveal the time frame when
they are essential.

A growing body of evidence suggests that protein
kinases play a critical role in the regulation of
LTP4533536M21 Gince there is converging evidence
from several laboratories that points to a mecessary
role for protein kinase C (PKC) in persistent synaptic
enhancement!25364259.728688 e have centered our
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attention on this kinase. In later sections we discuss
the role of other kinases, their indirect segulation by
PKC as well as kinase-independent events. )

1n what follows, the sequence of events outlined
the mode! (Fig. 1) are described.

2. PRESYNAPTIC Ca?* INFLUX (EVENT 1) LEADS TO
POST-TETANIC POTENTIATION (EVENT 2)

LTP induced by tetanic stimulation®® overlaps<in

influx triggered by depolarization of presynaptic termi-
pals. This rapid enhancement termed post-tetanic po-
tentiation (PTP) i PKC-independent, ie, is mot
dlocked by PKC inhibitors. PTP is thought to be medi-
ated by an increase in peurotransmitter mobilization®2.

3. ACTIVATION OF POSTSYNAPTIC RECEPTORS
(EVENT 3)

Glutamate activation of the a-amino-3-hydroxy-5-

time with an increase in synaptic response due to Ca®* methyl-4-isoxazoleproprionate (AMPA) and N-methyl-
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p-aspartate (NMDA) receptor subtypes'*!’!* are piv-
otal events in the development of LTP. The activation
of NMDA channels is required for the induction of
LTP'" while enhanced conductance through AMPA-
associated channels, but not NMDA channels', is im-
portant for the persistence of the LTP response 346566,
AMPA receptors and associated channels are also pri-
marily responsible for basal synaptic response®>%,

There is a growing awareness that the mossy fiber-
CA3 synapse in the stratum lucidum both has a differ-
ent molecular composition and shows a different form
of LTP?"1%, The presynaptic terminal lacks the PKC
substrate protein F1 /GAP43°3, while the postsynaptic
membrane lacks the NMDA receptor®. It may be the
case, however, that, since PKC is present at these
synapses, other substrates and receptors, still reguiated
by PKC'®, provide the different form of LTP seen at
the mossy fiber synapse.

A distinction is made here between the actual elec-
trophysiological response requiring activation of post-
synaptic receptors — which we call the ‘readout’ in Fig.
1 - and the mechanisms required to enhance that
response. Thus, the readout after LTP may be en-
hanced, but the synaptic changes needed to produce
enhancement may not be at the site of the postsynaptic
receptor. This distinction allows for a delay in the
readout of synaptic changes occurring at distant sites.
Thus, the mechanisms responsible for enhanced read-
out may be rapid and brief, whereas a change in
readout may require time to develop and be more
persistent. This will be discussed with respect to the
PKC enhancement mechanism in section 8.

4. LTP REQUIRES POSTSYNAPTIC Ca?* (EVENT 4)

Activation of NMDA receptors allows for a signifi-
cant influx of Ca®* into the postsynaptic site®*®, an
event which has been shown to be necessary for LTP,
since postsynaptic injection of Ca?* chelators (EGTA,
nitr-5) block LTP344, High extracellular concentra-
tions of Ca?*, presumably elevating intracellular levels,
will produce an APV-sensitive synaptic enhancement
which has a similar time course to LTP®1%". An APV-
insensitive LTP can also be induced via activation of
postsynaptic voltage-dependent Ca®* channels®5, The
postsynaptic Ca** signal, as a second messenger, is
shown in Fig. 1 to activate calcium-dependent kinases
and proteases.

5. ACTIVATION OF y PROTEIN KINASE C POSTSY-
NAPTICALLY (EVENT 5)

Both a Ca?*-stimulated and receptor-mediated rise
in second messengers is proposed in the model to
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activate postsynaptic PKC leading to substratc phos-
phorylation. When injected postsynaptically, PKC in-
hibitors will block the persistence of LTP, but not it
induction®. A recently completed study from our
laboratory !, using intracellular iontophoretic injection
of inhibitors, suggests that the onset of postsynaplic
PKC activation occurs immediately after LTP induc-
tion and persists for less than 5§ min.

In the hippocampal synapses the y PKC subtypc
may be restricted to the postsynaptic element”™ and
possibly to the postsynaptic density'™. Since thc vy
subtype is in highest abundance in membrane frac-
tions™%, it could be activated without a translocation
step and would thus phosphorylate substrates rapidly.

Is the activation of NMDA receptors leading to
influx of Ca2* which, in turn, triggers Ca?*-dependent
postsynaptic events sufficient to maintain LTP? Since a
depolarizing dose of NMDA alone does not produce
persistent enhancement®, NMDA depolarization of
postsynaptic cells is not sufficient. Perhaps NMDA
needs to be applied in a fashion that more preciscly
mimics glutamate release after tetanic stimulation. Or,
other postsynaptic mechanisms in combination with
events resulting from NMDA activation are required
for LTP. We favor a third view shown in Fig. 1 that
after postsynaptic activation, presynaptic mechanisms
are required to promote persistent LTP. In our view,
activation of the NMDA receptor alone would not be
sufficient to activate the presynaptic mechanism.

6. ACTIVATION OF 8 PROTEIN KINASE C SUBTYPE
PRESYNAPTICALLY (EVENT 6)

There is converging evidence pointing to a rolc in
LTP for the 8 PKC subtype in the presynaptic termi-
nal. This subtype has been shown to preferentially
phosphorylate protein F1/GAP43%, a presynaptic PKC
substrate? that is increased in its phosphorylation af-
ter LTP*487 It is reasonable to predict that this
increase is mediated by 8 PKC. Furthermore, phorbol
esters enhance K *-stimulated release of transmittcr in
synaptosomes containing 8 and y PKC but have no
effect on synaptosomes containing only ¥y PKC™. This
predicts that the B PKC subtype could regulatc in-
creases in presynaptic transmitter releasc associated
with LTP6'7'10‘57.

Since the increase in F1/GAP43 phosphorylation is
not detected until 5 min after LTP induction*, one
would expect that the activation of presynaptic 8 PKC
would be delayed relative to postsynaptic y PKC acti-
vation. One can also predict that the activation of
presynaptic B PKC will be distinct from postsynaptic y
PKC activation not only by its delayed activation but
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also by its persistence of activity *2!5%%¢, These expec-
tations arc consistent with the fact that extracellular
application of PKC inhibitors block LTP even when
intracellular injections of inhibitor, acting postsynapti-
cally. are no longer effective!,

As shown in Fig. 1, presynaptic 8 PKC has three
effectors: Ca?*, DAG and cis-unsaturated fatty acids
(CUFAs)™, that regulate its activity. CUFAs are re-
leased from presynaptic membrane phospholipids after
calcium-elevated phospholipase A2 activation®®®, The
involvement of this system in LTP is suggested by the
fact that mepacrine, a PLA2 inhibitor, blocked the
persistence of LTP and that the phosphorylation of
protein F1 /GAP43 was increased after CUFA admin-
istration*!3, o

Until recently, information on the interaction among
these three effectors on PKC activity was not known.
Chen and Murakami'' and Shinomura et al.** have
now demonstrated a synergistic relation among these
three PKC effectors. It is attractive to think that LTP is
persistent in direct relation to the extent of synergism,
and hence PKC activation, among these three factors.
Moreover, intermediate or abbreviated forms of LTP
(sce ref. 84 for review) may occur because this syner-
gism is muted.

If PKC is responsible for LTP expression then PKC
activators and inhibitors should have differential ef-
fects on potentiated and control pathways. It has been
reported that prior induction of LTP did not occlude
synaptic enhancement produced by phorbol esters, and
H-7 inhibited control as well as potentiated responses®’.
It was concluded that PKC is not responsible for the
expression of LTP. In this study, however, high levels
of phorbol ester (15 uM) were used and the specificity
and dose of the H-7 used need to be evaluated *.
Lovinger and Routtenberg clearly showed that lower
doses of phorbol ester had a synergistic potentiating
effect on the pathway while leaving the control re-
sponse unchanged®®. Similarly, Huang et al. showed no

effect on baseline responses or resting potential of a -

low dose of H-7 applied intracellularly®'. The observa-
tion that phorbol esters enhance synaptic transmission
in a manner which is not identical to that of tetanic
stimulation®*? does not exclude a critical role of PKC
in the expression of LTP. Indeed, we have previously

stated that PKC is necessary, but not sufficient, to
produce long-lasting synaptic change®. We propose
here a model of LTP in which several mechanisms,
some of which may be dependent only in part, if at all,
on PKC, are coordinated both spatially and temporally
to produce a Jong-lasting enhancement.

7. RETROGRADE SIGNAL

The proposed activation sequence of postsynaptic y
PKC followed by presynaptic 8 PKC is consistent with
previous proposals of a ‘retrograde’ signal from the
postsynaptic element to the presynaptic terminal'®42,
The existence of a retrograde factor was suggested by
the observations that APV, though acting on postsy-
naptic receptors, will block both LTP-associated in-
creases in neurotransmitter release? and protein
F1/GAP43 phosphorylation®. However, the identifi-
cation of such-a factor, which is both released into the
synaptic cleft from the postsynaptic cell and binds to
presynaptic receptors, has not yet been made though
two interesting candidates have been suggested: arachi-
donic acid, or one of its metabolites3%19%103 and nitric
oxide™*, It is worth noting that arachidonic acid both
activates PKC®® and enhances LTP persistence®!.

Another mechanism in addition to a retrograde fac-
tor may be exogenous neurotransmitters acting at
presynaptic autoreceptors'®®!. In particular, the
metabotropic glutamate receptor has been shown to be
linked' to PI metabolism™® via a G-protein®. In-
creased glutamate release from the presynaptic termi-
nal after LTP would feed back onto the same terminal
to regulate presynaptic PKC activity and/or neuro-
transmitter release via the G-protein mechanism®,

Activation of a presynaptically located pertussis toxin
(PTX)-sensitive G-protein has been suggested to regu-
late LTP?". In the present model, activation of a presy-
naptic receptor stimulates G-protein-mediated phos-
pholipid turnover and diacylglyerol (DAG) production,
activating PKC33, There is an interesting feedback loop
that may be present given that protein F1 /GAP43 has
been suggested to regulate G-protein function®™. It
would be predicted that, since activation of presynaptic
mechanisms underlying synaptic enhancement require
a postsynaptic signal, application of Ca** chelators

As indicated in *The Messenger from LC Services Corp. (1992, Vol. 1. 4-5) H-7 from Sigma used by Muller et al.%? (also known as iso-H-7) is

“ata mnnimum. 3-fold weaker against PKC than the Seikagaku H-7. and. since the Sigma H-7 does not inhibit some phorbol ester effects even

#t a very high concentration. it might possibly be inactive against one or more particular PKC isotypes (p. §)". The bulletin also notes that it

""_"‘f :mnf'ur} lhi" many of lhc"cnnclusions regarding "PKC-independence” ... will have 10 be reevaluated in light of the questions surrounding
W hature of the H-7 used ..., Furthermore, any effects of the Sigma H-7 may be attributed 1o non-specific actions of the drug.
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restricted to the poststynaptic cell will inhibit both
increased protein F1 phosphorylation and enhanced
neurotransmitter release.

8. PROTEIN KINASE C-DEPENDENT PRESYNAPTIC
MECHANISMS RESPONSIBLE FOR PERSISTENT EN-
HANCED READOUT (EVENT 7a)

As proposed in Fig. 1, sustained presynaptic PKC
activity leads to three consequences that would en-
hance readout. First, F1/GAP43 phosphorylation
would regulate the increase in neurotransmitter release
after LTP induction®®’. This mechanism can be
blocked by an antibody to the B50 (a.k.a. F1/GAP43)
substrate®. Second, protein F1/GAP43 regulates the
rate of axon extension and growth®%, a putative
mechanism for synaptic enhancement®. These two
consequences may be related. Enhanced exocytosis
while increasing neurotransmitter release also adds
vesicle membrane to the plasma membrane, thereby
increasing the surface area of axon terminals’. Third,
protein F1 /GAP43 would also regulate the stability of
membrane skeleton>® to allow greater access of vesi-
cles to the plasma membrane and provide linkages
between the cytoskeleton and new membrane. Al-
though not yet established in mammals™, but suggested
for an invertebrate system?, the synthesis and trans-
port of newly synthesized proteins such as F1/GAP43
could support these presynaptic mechanisms.

These three persistent presynaptic changes are then
read out by the postsynaptic AMPA receptor ion chan-
nel complex. This statement re-emphasizes the distinc-
tion (see Section 3) we wish to make between en-
hanced readout and the mechanism underlying synap-
tic change. It is logically possible that the postsynaptic
receptor itself would remain unaltered, yet enhanced
readout, caused by presynaptic alterations, would still
occur. In LTP, however, a change in the postsynaptic
mechanism has been observed so that enhanced read-
out is here proposed to be a consequence of persistent
changes in both presynaptic and postsynaptic pro-
cesses.

9. POSTSYNAPTIC MECHANISMS RESPONSIBLE FOR
PERSISTENT, ENHANCED READOUT (EVENT 7b)

Three postsynaptic PKC-dependent mechanisms are
depicted in the model: increased sensitivity to AMPA,
cytoskeletal change and increased protein synthesis.
The evidence that PKC can regulate these processes is
briefly summarized here. First, an increased sensitivity
to AMPA'"'? after LTP is blocked by the PKC in-
hibitor K252-b%. The enzyme PLA2 has also been

11y

shown to modulate AMPA receptors™ and could do «,
via PKC activation. Second, cytoskeletal elements ar,
altered through a PKC-calpain interaction™. It hy.
been proposed that stimulation-induced increase in
postsynaptic Ca®* activates the protease calpain |
which by cleaving fodrin filaments alters postsynaptic
structure®”. One consequence of this may be enhanced
sensitivity to AMPA'>'"", "Third, the required increase
in protein synthesis lasting hours aftcr LTP inferred
from inhibitor studies?%7576% could be regulated by
PKC activity via the phosphorylation of transcription
factors440-64,

10. ROLE OF CALMODULIN KINASE

Postsynaptic CaM kinase 11, as a regulator of recep-
tor sensitivity, cytoskeletal reorganization and/or pro-
tein synthetic events might be expected to play an
important role in LTP. Although there is no direct
-evidence to our knowledge that CaM kinase 1l enzyvme
activity itself is enhanced after LTP, there is evidence
from CaM kinase inhibitors that predicts such a
change’23%7_In contrast to PKC, CaM-dependent pro-
cesses have been proposed to be important for the
initial but not the persistent change of LTP*77.%,

CaM kinase could be regulated by PKC in the
presynaptic terminal since protein F1/GAP43 (ncurv-
modulin) binds CaM%*!2 and then releases it when
phosphorylated by PKC or in the presence of elevated
Ca®* levels. Ca?* influx into the presynaptic tcrminal
could therefore trigger an elevation of intra-terminal
CaM levels. The increase in phosphorylation of puta-
tive CaM kinase Il presynaptic substrates. Illa and
11Ib, after LTP™ is consistent with this scenario. Fur-
thermore, combined PKC and CaM-dependcent actions
have been proposed to regulate the increase in ncuro-
transmitter release after LTP>'.

11. CONCLUSIONS

The present model proposes that both presynaptic
and postsynaptic mechanisms are critical for the persis-
tence of LTP. }t would be unusual if such a complex
regulatory event as synaptic plasticity were related to a
single molecule. Indeed, Fig. 1 emphasizes the point
that different mechanisms would nccd to be recruited
in sequence. Nonetheless, it appcars that during this
sequential activation, alternatives to the PKC pathway
may not exist, since inhibitors whose common action is
on PKC eliminate persistent synaptic enhancement.
Yet inhibition of PKC has no influence on basal synap-
tic transmission'>4733355663.79.81 Thys the role of PKC
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is to regulatc synaptic change rather than basal synap-
tic activity "%,

"This modecl has focussed on the synaptic change of
hippocampal LTP. There is reason to suspect that this
synaptic dialogue may have application to the readjust-
ment of synapses in other systems. Evidence for this
comes from recent studies of visual cortex?'! as well
as different forms of learning®.

ABBREVIATIONS

Ab antibody

ADP adenosine diphosphate

AMPA  a-amino-3-hydroxy-5-methyl-4-isoxazoleproprionate
APV 2-amino-5-phosphovalerate

ATP adenosine triphosphate

CaM calmodulin

CNOX  6-cyano-2.3-dihydroxy-7-nitroquioxaline
CUFA  cis-unsaturated fatty acid

DAG diacylglycerol

Depolar  depolarization

EGTA ethylenebis(oxyethylenenitriloftetraacetic acid

H-7 1-(5-isoquinolinylsulfonyi)-2-methylpiperazine
LTP long-term potentiation

mei mellitin

NMDA N-methyl-D-aspartate

NT neurotransmitter

PKC protein kinase C
PLA2 phospholipase A2
PMXB polymyxin B

PTP post-tetanic potentiation
PTX pertussis toxin

S substrate
REFERENCES

Akers. R.. Lovinger, D., Coliey, P.. Linden, D. and Routtenberg,

A.. Translocation of protein kinase C activity after long-term

potentiation may mediate synaptic plasticity, Science, 231 (1986)

587-589.

2 Alexander, K.A.. Cimler. B.M., Meier, KE. and Storm, D.R,,
Regulation of calmodulin binding to P-57, 2 neurospecific
calmodulin-binding protein, J. Biol. Chem., 262 (1987) 6108~
6113,

3 Allsopp. T.E. and Moss. D.J., A developmentally regulated
chicken neuronal protein associated with the cortical cytoskele-
ton, J. Neurosci., 9 (1989) 13-24.

4 Bacuerle, P.A. and Baltimore, D., Activation of DNA-binding
activity in an apparently cytoplasmic precursor of the NF-KB
transcription factor. Cell. 53 (1988) 211-217.

5 Baskys. A. and Malenka. R.C., Agonists at metabotropic gluta-
mate recepiors presynaptically inhibit EPSCs in neonatal rat
hippocampus, J. Physiol.. 444 (1991) 687-701.

6 Bekkers. J.M. and Stevens, C.F., Presynaptic mechanism for
long-term potentiation in the hippocampus, Nature, 346 (1990)
724-729, 4

7 Bliss. T.V.P., Maintenance is presynaptic, Nature, 346 (1990)
698-699.

8 Bliss. T.V.P. and Gardner-Medwin. A.R.. Long-lasting potentia-

tion of synaptic transmission in the dentate arca of the unanes-

thetized rabbit following stimulation of the perforant path, J.

Physiol., 232 (1973) 357-374.

Bliss, T.V.P. and Lomo. T.. Long-lasting potentiation of synaptic

lruq»mission in the dentate area of an anesthetized rabbit fol-

l;::-m‘g:iimululinn of the perforant path, J. Physiol., 232 (1973)

I3 -356.

|.§li.\s. T.V..P.:und Lynch, M.A.. Long-term potentiation of synap-

tic transmission in the hippocampus: properties and mechanism.

<

In P.W. Landficld and S. Deadwyler (Eds.), Long-Term Potenti-
ation: From Biophysics to Behavior, Alan R. Liss, New York,
1988, pp. 3-72.

11 Chen, S.G. and Murakami, K., Synergistic activation of type 111
protein kinase C by cis-fatty acid and diacylglyerol, Biochem. J.,
282 (1992) 33-39.

12 Cimler, B.M., Andreasen, T.J., Andreasen, K.I. and Storm,
D.R., P-57 is a neural specific calmodulin-binding protein, J.
Biol. Chem., 260 (1985) 10784-10788.

13 Colley, P.A., Sheu, F.-S. and Routtenberg, A., Inhibition of
protein kinase C biocks two components of LTP persistence
leaving initial potentiation intact, J. Newrosci., 10 (1990) 3353-
3360.

14 Collingridge, G.L. and Singer, W., Excitatory amino acid recep-
tors and synaptic plasticity, TIPS, 11 (1990) 290-296.

15 Collingridge, G.L. and Lester, R.AJ., The sensitivity of CAl
neurones to quisqualate following high-frequency stimulation in
rat hippocampus in vitro, J. Physiol., 398 (1988) 22P.

16 Cotman, C.W., Flatman, J.A., Ganong, A.H. and Perkins, M.N.,
Effects of excitatory amino acid antagonists on evoked and
spontancous excitatory potentials in guinca pig hippocampus, J.
Physiol., 378 (1986) 403-415.

17 Cotman, C.W., Foster, A. and Lanthom, T., An overview of
glutamate as a neurotransmitter. In G. Di Chiara and G.L
Gessa (Eds.), Glutamate as a Neurotransmitter, Raven press,
New York, 1981, pp. 1-22.

18 Cotman, C.W. and Nadler, J.V., Glutamate and asparatc as
hippocampal transmitters: biochemical and pharmacological evi-
dence. In PJ. Roberts, and J. Storm-Mathisen and G.AR.
Johnson (Eds.), Glutamate: Transmitter in the Central Nervous
System, Wiley, Chichester, 1988, pp. 117-154.

19 Davies, S.N., Lester, R.AJ., Reymann, K.G. and Collingridge,
G.L., Temporally distinct pre- and post-synaptic mechanisms
maintain Jong-term potentiation, Narture, 338 (1989) 500-503.

20 Dekker, L.V., DeGraan, P.N.E., Oestreicher, A.B., Versteeg,
D.H.G. and Gispen, W.H., Inhibition of noradrenaline rclease
by antibodies to B-50 (GAP-43), Nature, 342 (1989) 74-76.

21 Dudek, S.M. and Bear, M.F., A biochemical correlate of the
critical period for synaptic modification in the visual cortex,
Science, 246 (1989) 673-675.

22 Errington, M.L., Lynch, M.A. and Bliss, T.V.P., Long-term
potentiation in the dentate gyrus: induction and increased gluta-
mate release are blocked by b« - )-amino-phosphonovalerate,
Neuroscience, 20 (1987) 279-284.

23 Farley, J. and Auerbach, S., Protein kinase C activation induces
conductance changes in Hermissenda photoreceptors like those
seen in associative learning, Natwre, 319 (1986) 220-223.

24 Frey, U., Krug, M., Reymann, K.G. and Matthies, H., Ani-
somycin, an inhibitor of protein synthesis, blocks late phases of
LTP phenomena in the hippocampal CAl region in vitro, Brain
Res., 452 (1988) 57-65. '

25 Gispen, W.H.., Leunissen, J.L.M., Oestricher, A.B,, Verkleij,
AJ. and Zwiers, H., Presvnaptic localization of B-50 phospho-
protein: the (ACTH)-sensitive protein kinase substrate involved
in rat brain polyphosphoinositide metabolism, Brain Res., 328
(1985) 381-385.

26 Goelet, P., Castellucci, V.F., Schacter, S. and Kandel, E.R., The
jong and the short of long-term memory -~ a molecular frame-
work, Nature, 322 (1986) 419-422.

27 Goh, J.W. and Pennefather, P.S., A pertussis toxin-sensitive G
protein in hippocampal long-term potentiation, Science, 244
(1989) 980-983.

28 Grover. M.G. and Teyler, TJ., Two components of long-term
potentiation induced by different patterns of afferent activation,
Nature, 347 (1990) 477-479.

29 Gustafsson. B.. Huang. Y.-Y and Wigstrom, H.. Phorbol ester-
induced synaptic potentiation differs from long-term potentia-
tion in the guinea pig hippocampus in vitro, Neurosci. Lett., 85
(1988) 77-81.

30 Harris. E.W. and Cotman. C., Long-term potentiation of guinea
pig mossy fiber responses is not blocked by N-methyl-p-aspar-
tate antagonists, Neurosci. Lent., 70 (1986) 132-137.




31 Huang. Y.-Y., Colley, P.A. and Routtenberg. A., Postsynaptic
then presynaptic protein kinase C activity may be necessary for
long-term potentiation, Neuroscience, 49 (1992) 819-827.

32 Jahr, C.E. and Stevens, C.F., Glutamate activates multiple sin-
gle-channel conductances in hippocampal neurons, Nature, 325
(1987) 522-525.

33 Kauer, J.A.. Malenka, R.C. and Nicoll, R.A., NMDA applica-
tion potentiates synaptic transmission in the hippocampus, Na-
ture, 324 (1988) 250~252.

34 Kauer. J.A.. Malenka. R.C. and Nicoll, R.A.. A persistent
postsynaptic modification mediates long-term potentiation in
the hippocampus, Neuron, 1 (1988b) 911-917. i

35 Kauer, J.A. and Nicoll. R.A., An APV-resistent non-associative

form of long-term potentiation in the rat hipppocampus. In HL

Haas and G. Buzsaki (Eds.), Synaptic Plasticity in the Hippocam-
pus, Springer, Berlin, Heidelberg, 1988. pp. 65-66.

36 Kennedy, M.B., Regulation of synaptic transmission in the cen-
tral nervous system: Jong-term potentiation, Cell, 59 (1989) 777-
787. .

37 Kishimoto, A.. Mikawa, K., Hashimoto, H., Yasuda, 1., Tanaka,
S., Tominaga, M., Kuroda. T. and Nishizuka, Y., Limited prote-
olysis of protein kinase C subspecies by calcium-dependent
neutra! protease (calpain), J. Biol. Chem., 255 (1980) 2273-2276.

38 Kishimoto. A., Takai, Y., Mori, T., Kikkawa, U. and Nishizuka,
Y., Activation of calcium and phospholipid-dependent protein
kinase by diacylglycerol. its possible relation to phosphatidyli-
nositol turnover, J. Biol. Chem., 255 (1980) 2273-2276.

39 Krug. M.. Lossner, B. and Ott, T., Anisomycin blocks the late
phase of long-term potentiation in the dentate gyrus of freely
moving rats, Brain Res., 13 (1984) 39-42.

40 Leach. K.L.. Powers, E.A., Ruff, V.A., Jaken, S. and Kaufmann,

S.. Type 3 protein kinase C localization to the nuclear envelope

of phorbol ester-treated NIH 373 cells, J. Cell Biol., 109 (1989)

685-695.

Linden. DJ.. Murakami. K. and Routtenberg, A., A newly

discovered protein kinase C activator (oleic acid) enhances

long-term potentiation in the intact hippocampus, Brain Res..

379 (1986) 358-363.

42 Linden. D.J. and Routtenberg, A., The role of protein kinase C
in long-term potentiation: a testable model, Brain Res. Ret., 14
(1989) 279-296.

43 Linden. DJ., Sheu, F.-S,, Murakami. K. and Routienberg. A.,
Enhancement of long-term potentiation by cis-unsaturated fatty
acid: relation to protein kinase C and phospholipase A2, J.
Neurosci., 7 (1987) 3783-3792.

44 Linden, DJ.. Wong. K.L,, Sheu, F.-S. and Routtenberg, A.,
NMDA receptor blockade prevents the increase in protein ki-
nase C substrate (protein F1) phosphorylation produced by
long-term potentiation, Brain Res., 458 (1988) 142-146.

45 Lovinger, D.M., Akers, RF., Nelson, R., Barnes, C., Mc-
Naughton, B. and Routtenberg, A., A selective increase in
hippocampal protein F1 phosphorylation directly related to
three-day growth of long-term synaptic enhancement, Brain
Res., 343 (1985) 137-143.

46 Lovinger, D.M., Colley, P.A., Akers, R.F., Nelson, R.B. and
Routtenberg, A., Direct relation of long-term synaptic potentia-
tion to phosphorylation of membrane protein F1, a substrate for
membrane protein kinase C, Brain Res., 399 (1986) 205-211.

47 Lovinger, D.M., Wong, K., Murakami, K. and Routtenberg, A.,
Protein kinase C inhibitors eliminate hippocampal long-term
potentiation, Brain Res., 436 (1987) 177-183.

48 Lovinger, D.M. and Routtenberg, A., Synapse-specific protein
kinase C activation enhances maintenance of long-term potenti-
ation in rat hippocampus, J. Physiol., 400 (1988) 321-333.

49 Lynch, G. and Baudry, M., The biochemistry of memory: a new
and specific hypothesis, Science, 224 (1984) 1057-1063.

50 Lynch, G., Larson, J., Kelso, S., Barrionuevo, G. and Schottler,
F., Intracellular injections of EGTA block induction of hip-
pocampal long-term potentiation, Nature, 305 (1983) 719-721.

51 Lynch, M.A. and Bliss, T.V.P., Long-term potentiation of synap-
tic transmission in the hippocampus of the rat: effects of

4

—

121

calmodulin and oleolyc-acetyl-glycerol on releuse of | 1] gy,
mate. Newrosci. Leu.., 65 (1986) 171-176.

52 Lynch. M.A.. Errington. M.L. and Bliss. T.V.P., Nordibydrogu,,.
iaretic acid blocks the synaptic component of long-term potens;.
ation and the associated increases in release of glutumaie anyg
arachidonate: sn in vivo study in the dentate gyrus of the rar,
Neuroscicnce, ¥) (1989) 693-701.

53 Malenka, R.C.. Kauer, J.A.. Perkel. DJ.. Mauk. M.D.. Kulhy,
P.T., Nicoll, R.A. and Waxham. M.N.. An essential role for
Ppostsynaptic calmodulin and protcin kinase activity in fong-term
potentiation, Nature, 340 (1989) 554-557,

54 Malenka, R.C., Kauer, J.A., Zucker. R.S. and Nicoll. RA.
Postsynaptic calcium is sufficient for potentiation of hippocam-
pal synaptic transmission, Science. 242 (1958) K1 -84,

55 Malinow, R., Madison, D.V. and Tsien. R.W.. Persistent protein
kinase activity underlying Jong-term potentiation. Awrure. 335
(1988) 820-824.

56 Malinow, R., Schulman, H. and Tsien. R.W.. Inhibition of
postsynaptic PKC or CaMKI1I blocks induction but not expres-
sion of LTP, Science, 245 (1989) 862-866.

57 Malinow, R. and Tsien, R.W., Presynaptic enhancement shown
by whole-cell recordings of long-term potentiation in hippocam-
pal slices, Narure, 346 (1990) 177-180.

38 Massicotte, G.. Vanderklish, P., Lynch, G. and Baudry. M..
Modulation of AMPA /quisqualate (A/Q) receptors by phos-
pholipase A2 (PLA2): a necessary step in LTP?, Suc. Newrosci.
Abstr.. 16 (1990) 144,

59 Matthies, H., In search of cellular mechanisms of memon.
Progr. Neurobiol., 32 (1989) 277-349.

60 Mayer, M.L. and Westbrook, G.L.. Permcation and block of
N-methyl-D-aspartic acid receptor channels by divalent cations
in mouse central neurons, J. Physiol.. 394 (1987) S01-52K.

61 McBean, GJ. and Roberts, PJ., Glutamate-preferring receptors
regulate the release of o{*Hlaspanate from rat hippocampal
slices. Narure, 291 (1981) 5§93-594.

62 McNaughton, B.L.. Long-term synaptic enhancement and
shori-term potentiation in rat fascia dentata act through differ-
ent mechanisms. J. Physiol.. 324 (1982) 249-262.

63 Meberg. PJ. and Routtenberg. A.. Selective expression of
F17/GAP43 mRNA in pyramidal but not granule cells of the
hippocampus, Neuroscience, 45 (1990) 721-731.

64 Montminy. M.R.. Gonzalez. G.A. and Yamamoto. K.K.. Regula-
tion of cAMP-inducible genes by CREB. T/NS. 113 (19%)
184-188.

65 Muller. D., Joly, M. and Lynch, G.. Contributions of quisqualate
and NMDA receptors to the induction and expression of 1.TP.
Science, 242 (1988) 1694-1697.

66 Muller, D. and Lynch, G.. Long-term powentiastion difterentialty
affects two components of synaptic responses in hippocampus.,
Proc. Natl. Acad. Sci. USA. 85 (1988) 9346-935().

67 Muller, D., Buchs, P.-A., Dunant, Y. and Lynch. G.. Protein
kinase C activity is not responsible for the expression of Jong-
term potentiation in hippocampus. Proc. Natl. Acad. Sci. US-,
87 (1990) 4073-4077.

68 Murakami, K., Chan, S.Y. and Routtenberg. A.. Protein kinase
C activation by cis-fatty acid in the absence of Ca®° and
phospholipids, J. Biol. Chem., 261 (1986) 15424-15429,

69 Murakami, K. and Routienberg. A.. Dircet stimulation of puri-
fied protein kinase C by unsaturated faity acids (olcate. arachi-
donate) in the. absence of phospholipids and calcium. FEBS
Len., 192 (1985) 189-193.

70 Nelson, R.B, Linden, DJ. and Routtenberp. ‘A.. Phosphopro-
teins localized 10 presynaptic terminal linked to persistence of
long-term potentiation (LTP): quantitative analysis of two-di-
mensional gels. Brain Res.. 497 (J9RY) W)-42,

71 Nicoletti. F.. Meek, 1.L., ladurola, MJ.. Chuang. D.M.. Roth.
B.L. and Costa. E.. Coupling of inositol phospholipid metabolism
with excitatory amino acid recognition sites in rat hippocampus.
J. Neurochem.. 46 (1986) 40-46.

72 Nicoll, R.A., Kauer, J.A. and Malenka. R.C.. The current ex-
citement in long-term potentiation, Neuron, 1 (1988) 97-103.



122 s

73 Nishizuka. Y.. Shearman. M.S., Oda, T., Berry, N., Shinomura,
T.. Asaoka. Y.. Ogita. K.. Kikkawa, U., Kishimoto, A., Kose, A.,
Saito. N. and Tanaka. C.. Protein kinase C family and nervous
function. In W. Gispen and A. Routtenberg (Eds.), Progress in
Brain Rescarch, Vol. 89, Elsevier, Amsterdam, 1991, pp. 125-142.

74 O.Dcll. TJ.. Hawkins. R.D., Kandel, E.R. and Arancio, O.,
Tests of the roles of two diffusable substances in long-term
potentiation: evidence for nitric oxide as a possible early retro-
grade messenger, Proc. Natl Acad. Sci. USA, 88 (1991) 11285~
11289.

75 Otani. S. and Abraham, W.C, Inhibition of synthesis in the
dentate gyrus. but not the entorhinal cortex, blocks maintenance
of long-term potentiation in rats, Neurosci. Les., 106 (1989)
175-180. -

76 Otani, S., Marshall, CJ., Tate, W.P,, Goddard, G.V. and Abra-
ham, W.C.. Maintenance of long-term potentiation in rat den-
tate gyrus requires protein synthesis but not messenger RNA
synthesis immediately post-tetanization, Neuroscience, 28 (1989)
519-526.

77 Popov. N.S.. Reymann. K.G.. Schulzeck, K., Schulzeck, S. and
Matthies. H.. Alterations in calmodulin content in fractions of
rat hippocampal slices during tetanic- and calcium-induced
long-term potentiation. Brain Res. Bull., 21 (1988) 201-206.

78 Pysh. JJ. and Wiley. R.G.. Synaptic vesicle depletion and recov-
ery in ca! sympathetic ganglia electrically stimulated in vivo.

. Evidence of transmitter secretion by exocytosis, J. Cell Biol., 60
(1974) 365-374.

79 Reymann. K.G.. Brodemann, R.. Kase, H. and Matthies. H.,
Inhibuors of calmodulin and protein kinase C block different
phases of hippocampal long-term potentiation, Brain Res., 461
(1988) 388392,

80 Reymann. K.G.. Davies. S.N.. Matthies., H., Kase. H. and

Collingridge. G.. Activation of a K-252b-sensitive protein kinase

is necessary for a post-synaptic phase of iong-term potentiation

in arca CAl of rat hippocampus. Euro. J. Neurosci., 2 (1990)

481-486, -

Reymann, K.G.. Frey. U.. Jork, R. and Matthies, H., Polymyxin

B. an inhibitor of protein kinase C, prevents the maintenance of

synaptic long-term potentiation in hippocampal CAl neurons,

Brain Res.. 440 (1988) 305-314.

82 Reymann. K.G., Matthies, H.K.. Frey, U., Vorobyev, V.S. and
‘Matthies. H.. Caicium-induced long-term potentiation in the
hippocampal slice: characterization of the time course and con-
ditions. Brain Res. Bull.. 17 (1986) 291-296.

83 Routtenberg. A.. Protein kinase C activation leading to protein
F1 phosphorylation may regulate synaptic plasticity by presynap-
tic terminal growth. Behar. Neural Biol., 44 (1985) 186-200.

84 Routtenberg. A. Synaptic plasticity and protein kinase C. In:
W.H. Gispen and A. Routtenberg (Eds.), Phosphoproteins in
the Nervous System. Progress in Brain Research, Vol. 69, Else-
vier, Amsterdam, 1986. pp. 211-234.

85 Routtenberg. A.. Trans-synaptophobia. In Excitatory Amino
Acids and Neuronal Plasticity, Y. Ben Ari (Ed.), Plenum Press,
New York. 1990, pp. 401-403.

86 Routtenberg. A.. A tale of two contingent protein kinase C
activators: both neutral and acidic lipids regulate synaptic plas-
ticity and information storage, In W. Gispen and A. Routten-
berg (Eds.). Progress in Brain Research, Vol. 89, Elsevier, Ams-
terdam. 1991, pp. 249-261.

87 Routtenberg. A.. Lovinger, D.M. and Steward, O.. Selective
increase in phosphorylation of 47-kDa protein (F1) directly
related to long-term potentiation. Behar. Neural Biol.. 43 (1985)
3-11.

—

88 Routtenberg, A., Coliey, P, Linden, D., Lovinger, D. and Mu-
rakami, K., Phorbol ester promotes growth of synaptic plasticity,
Brain Res., 378 (1986) 374-378.

89 Schulman, EM. and Madison, D.V., A requirement for the
intracellular messenger nitric oxide in long-term potentiation,
Science, 254 (1991) 1503-1506.

90 Shearman, M., Kosaka, Y., Ase, K, Kikkawa, U. and Nishizuka,
Y.. Type I (gamma) protein kinase C subspecies appears 10 be
located exclusively in central nervous tissues, Biochem. Soc.
Trans., 16 (1988) 307-308.

91 Sheu, F.-S., Kasamatsu, T. and Routtenberg, A, Elevated pro-
tein kinase C activity and substrate (F1/GAP43) phosphoryla-
tion in kitten visual cortex parallels critical period, Brain Res.,
524 (1990) 144-148,

92 Sheu, F.-S., Marais, R M., Parker, PJ., Bazan, N.G. and Rout-
tenberg, A., Neuron-specific protein F1/GAP43 shows sub-
strate specificity for the beta subtype of protein kinase C.,
Biochem. Biophys. Res. Commun., 171 (1990) 1236-1243.

93 Sheu, F.-S., McCabe, BJ, Horn, G. and Routienberg, A.,
Learning sclectively increases protein kinase C substrate phos-
phorylation in specific regions of the chick brain, Proc. Nail
Acad. Sci. USA, in press.

94 Shinomura, T., Asaoka. Y., Oka, M., Yoshida. K. and Nishizuka,
Y., Synergistic action of diacylglycerol and unsaturated fatty
acid for protein kinase C activation: its possible implications,
Proc. Natl. Acad. Sci. USA, 88 (1991) 5149-5153.

95 Skene. J.H.P., Axonal growth-associated proteins, Annu. Rev.
Neurosci., 12 (1989) 127-156.

96 Stanton, P.K. and Sarvey, J.M., Blockade of long-term potentia-
tion in rat hippocampal CAl region by inhibitors of protein
synthesis, J. Neurosci., 4 (1984) 3080-3088.

97 Staubli, U., Larson, J.L. and Lynch. G., Mossy fiber potentiation
and long-term potentiation involve different expression mecha-
nisms, Synapse, 5 (1990) 333-335.

98 Strittmatter, S.M., Valenzuela, D., Kennedy. T.E., Neer, E.J.
and Fishman, M.C., G, is a major growth cone protein subject
to regulation by GAP-43, Narure, 344 (1990) 836-841.

99 Sugiyama, H., Ito, I. and Hirono. C.. A new type of glutamate
receptor linked to inositol phospholipid metabolism, Nature, 325
(1987) 531-533.

100 Terrian, D.M., Ways, D.K. and Gannon, R.L., A presynaptic
role for protein kinase C in hippocampal mossy fiber synaptic
transmission, Hippocampus, 1 (3) (1991) 303-314.

101 Tumer, R.W., Baimbridge. K.G. and Miller, J.J., Calcium-in-
duced long-term potentiation in the bippocampus, Neuroscience,
7 (1982) 1411-1416.

102 Williams, J.H. and Bliss, T.V.P, An in vitro study of the effect of
lipoxygenase and cyclo-oxygenase inhibitors of arachidonic acid
on the induction and maintenance of long-term potentiation in
the hippocampus, Neurosci. Lett., 167 (1989) 301-306.

103 Williams, J.H., Errington, M.L.. Lynch, M.A. and Rliss, T.V.P.,
Arachidonic acid induces a long-term activity-dependent ¢n-
hancement of synaptic transmission in the hippocampus, Na-
ture, 341 (1989) 739-742.

104 Wolf, M., Burgess, S., Misra, U.K. and Sahyoun, N., Postsynap-
tic densities contain a subtype of protein kinase C, Biochem.
Biophys. Res. Commun., 140 (1986) 691-698.

105 Zalutsky, R.A. and Nicoll, R.A., Comparison of two forms of
long-term potentiation in single hippocampal neurons, Science.
248 (1990) 1619-1624.



