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Introduction

A molecular substrate for associative learn-
ing should be uniquely activated by converging
sensory/physiological signals (e.g., a condi-
tioned and unconditioned stimulus). That is,
when activated by convergent signals, the sub-
strate should undergo in the presence of either
signal alone. Furthermore, this convergent per-
sistent activation of a critical molecular sub-
strate should have physiologic consequences
(within specific neurons) that express and,
thereby, behaviorally demonstrate, storage of
an associative memory. Here, we will present
evidence obtained from both molluscan and
mammalian preparations indicating that the di-
acylglycerol (DG) activated, calcium/phospho-
lipid-dependent enzyme, protein kinase C
(PKC), could serve as a molecular substrate of
associative memory.

Protein kinase C is a multifunctional enzyime
whose activity is dependent on the presence of
three factors: calcium, phospholipid, and di-
acylglycerol (DG) (see Nishizuka, 1984). Activa-
tion appears to involve a transfer of the enzyme
to a phospholipid environment (i.e., the plasma
membrane), where it is fully activated in the
presence of DG and low calcium concentrations.
DG is gathered in the plasma membrane by en-
zymatic (i.e., phospholipase C) breakdown of
polyphosphoinositides (Berridge, 1984). The
translocation of PKC to the plasma membrane,
and hence its activation, is synergistically en-
hanced by a concomitant activation of PKC by
both calcium and phorbol esters (nonhydrolyz-
able analogs of DG) (Wolf et al., 1985).

A ubiquitous role for PKC in higher brain
function and neuronal modifiability has been
proposed in the past (Nishizuka, 1984: Routten-
bergetal., 1985). Inthe following review we will
describe the experimental results that shed light
on the role of PKC translocation and activation
in the formation and maintenance of associative
memories. Our experimental approach has
been to identify learning-specific alterations in
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the biochemical and biophysical characteristics
of identified neurons and to subsequently de-
termine the relationship between these alter-
ations. We have observed startling similarities
between mechanisms of learning-related modi-
fiability in rabbit hippocampal CA1 neurons
and Hermissenda B photoreceptors. These cross-
species similarities suggest that PKC activation
is a crucial associative learning step that has
been preserved through the course of evolution.

The Behavioral Paradigm

Classical conditioning, a prototypical form of
associativelearning, is anideal behavioral para-
digm for the biological analysis of elementary
learning processes (Gormezano et al., 1985).
Essentially, when a neutral stimulus such as
tone or light (the conditioned stimulus—CS) is
paired with a stronger response-eliciting stimu-
lus such as an electric pulse or rotation (the
unconditioned stimulus—US), the neutral stim-
ulus will come to elicit the same behavioral
response as the strong stimulus. This learned
response is the conditioned response or CR.

The associative learning paradigm employed
for Hermissenda involves inhibition of photoaxis
(Alkon, 1974; Crow and Alkon, 1978). Classical
or Pavlovian conditioning has been demon-
strated for a specific muscular response compo-
nent of phototactic movement (Lederhendler
and Alkon, 1986). Light (the CS) evokes a slight
lengthening of the foot muscle (the single organ
of locomotion), whereas rotation (the US) elicits
a brisk reflexive contraction of the same muscle.
Following repeated pairing of light and rota-
tion, light alone will elicit food contraction
(Lederhendler and Alkon, 1986), an entirely
new response.

For rabbit eyeblink conditioning, a common
procedure is to pair a tone (the CS) with a mild
electric pulse (the US) applied to the face. This
US elicits a reflexive eyeblink and a simulta-
neous sweep of the nictitating membrane (the
unconditioned response—UR). After sufficient
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numbers of pairings, the tone itself will come to
elicit the eyeblink and nictitating membrane re-
sponse.

There are many similarities between Hermis-
senda and rabbit classical conditioning. Thecon-
ditioned stimuli are both nonaversive sensory
inputs, whereas the unconditioned stimuli are
aversive in nature. The conditioned responses
in each preparation are muscular reflexes (con-
traction of the foot muscle in Hermissenda and
contraction of the ocular and facial muscles in
rabbits) (Lederhendler and Alkon 1986;
McCormick et al., 1982; Cegavske and Thomp-
son, 1976). More important, the conditioned
stimuli come to evoke new behavioral respon-
ses that resemble the UR, that is, there is UR-CR
transfer. The conditioning paradigms em-
ployed for Hermissenda and rabbit are character-
ized by many critical defining features, which
are hallmarks of Pavlovian conditioning. These
features include: dependence on the C5-US in-
terval, stimulus specificity, and long-term re-
tention (Gormezano et al., 1983; Lederhendler
and Alkon, 1986). Additional features shared
by rabbit and Hermissenda conditioning are:
contingency learning (Kehoe, 1979; Farley,
1987), extinction (Gormezano et al., 1962;
Richards and Farley 1984), and superior condi-
tioning for forward pairing of CS and US (Smith
etal., 1969; Lederhendler and Alkon, 1986), and
savings (Crow and Alkon, 1978).

One advantage of employing classical condi-
tioning for the analysis of cellular correlates of
learning is that it affords the opportunity for
rigorous control procedures. When the CS and
US are presented independently (what we refer
to as pseudoconditioned or random presenta-
tion) animals receive the same number of CSs
and USs as conditioned animals, and are ex-
posed to training for the same length of time, but
donotlearnto blink to the tone, in the case of the
rabbit, or to contract the footin response to light,
in the case of Hermissenda. This procedure con-
trols for any nonassociative effects of training
such as habituation, sensitization, stress, fa-
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tigue, or handling. In addition, naive controls
enable assessment of effects caused by the un-
paired procedure. By employing these three
groups, possible biophysical or biochemical
effects of conditioning can be unequivocally
attributed to the association of the CS and US.

Identification of Neurons
Involved in Conditioning

Studies have shown that the B cells in Hermis-
senda and the hippocamal CA1 neurons inrabbit
are involved in classical conditioning (Alkon,
1984; Berger et al., 1983). In Hermissenda, the B
photoreceptors are inhibitory to the A photo-
receptors, which are in turn excitatory to inter-
neurons and motor neurons that control foot
contraction and locomotion (Goh et al., 1984;
Lederhendleretal., 1986). During conditioning,
increased excitability of the B cells results in a
shortening of the footand a decrease in photoac-
tic behavior—the conditioned response (Alkon,
1984).

The hippocampus’ role in rabbit classical
conditioning is less well understood than the
role of the B cells in Hermissenda classical condi-
tioning. From in vivo extracellular unit record-
ings made during training, it has been well
documented that over 50% of CA1 pyramidal
cells exhibit an increase in firing frequency that
highly correlates with the topography of condi-
tioned eyeblinks (Berger et al., 1983). Ablation
of the hippocampus does not disrupt the occur-
rence of conditioned responses (Schmaltz and
Theios, 1972), but ablation of the hippocampus
has been shown to alter the latency (Port et al.,
1985) and shape (Orr and Berger, 1985) of condi-
tioned responses, and to severely impair per-
formance in complex conditioning tasks (Berger
and Orr, 1983; Port and Patterson, 1984; Solo-
mon, 1977; Solomon and Moore, 1975). Further-
more, pharamacological disruption of the hip-
pocampus significantly impairs acquisition of
conditioned responses (Solomon et al., 1983),
and induction of long-term potentiation in the
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hippocampus greatly facilitates the acquisition
of conditioned responses (Berger, 1983). Thus,
in Hermissenda, the B cells are critical to the
acquisition and expression of conditioned re-
sponses, whereas in rabbit the hippocampus
modulates the acquisition and expression of
conditioned responses.

Classical Conditioning
and PKC Activation

Protein kinase C is a reasonable molecular
substrate for classical conditioning, because it is
most fully activated by two convergent signal-
dependent pathways (calcium and diacylglyc-
erol), which leads to a sustained physiological
response. No other protein kinase displays such
a unique requirement. In other mammalian
cells, calcium and diacylglycerol-signaled sys-
tems play an important role in sustaining phy-
siological responses that persist once cytosolic
calcium concentrations have returned to basal
levels (see Alkon and Rasmussen, 1988). From
an extensive series of experiments in adrenal
glomerulosa cells, Rasmussen and colleagues
have proposed that the sustained physiological
response (in this case, aldosterone secretion)
involves temporal integration of two branches
of the calcium messenger system. One branch
is mediated by a calmodulin dependent process
and the other by a PKC dependent process
(Kojima et al., 1984). A strikingly similar syn-
ergisticactivation of PKC is observed in platelet
release reactions (Kaibuchi et al., 1983} and ace-
tylcholine release in guinea pigileum (Tanakaet
al., 1985) among others. This dual activation is
reminiscent of the requirements for associative
learning: temporally associated CS and US oc-
currence. This prompted us to speculate that the
persistence of biophysical records of classical
conditioning are mediated by long-term trans-
location and, hence, activation of PKC.

We tested this hypothesis by assaying PKC
activity in membrane and cytosol compart-
ments of rabbit hippocampal CA1 neurons from
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conditioned, pseudoconditioned, and naive
rabbits. These cellsare known to undergo long-
term increases in excitability as a consequence
of rabbit eyelid conditioning (Berger et al., 1983;
Disterhoft et al., 1986; Coulter et al., 1986; Lo-
Turco et al., 1987). Crude cytosolic and mem-
brane fractions were prepared from the CAl
regions microdissected from hippocampal
slices. PKC activity was partially purified by
threonine sepharose column chromatography.
PKC activity was determined by the degree to
which it phosphorylated an exogenous PKC
substrate (lysine-rich histone). Twenty-four
hours after conditioning there was no difference
between the three groups with respect to either
basal protein kinase activity or total PKC activ-
ity (membrane + cytosol). However, there was
a highly significant difference among groups
with respect to the intracellular distribution of
activity of this enzyme. In conditioned rabbits,
63.3% of the enzyme activity was associated
with the membrane fraction, whereas pseu-
doconditioned and naive rabbits contained only
42.0 and 44.7%, respectively. Conversely, the
cytosolic fraction from conditioned animals
possessed a lower amount of activity (36.7%)
compared to pseudoconditioned (58.0%) and
naive (55.3%) animals (Bank et al., 1988) (Fig. 1).
These findings imply that there was a transloca-
tion of PKC activity from the cytosolic to the
membrane compartment of the cell as a result of
conditioning. This translocation is relatively
long lasting. Inaddition, the association of PKC
with the membrane is extremely stable (i.e., it
has become an integral membrane protein),
since it was not released by high concentrations
of the calcium chelator EGTA, suggesting that
the enzyme no longer requires calcium for its
association with the membrane.

Animportant question raised by this finding
concerns the number of CA1 cells apparently
altered by conditioning. In order to measure a
conditioning-specific translocation, a signifi-
cant percentage of the total population of cells
had to have been effected. In fact, in vivorecord-
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Fig.1. Translocation of PKC activity from the cytosol to the membrane in area CA1 is induced by classical conditioning

(see text for further explanation).

ings have demonstrated that 62% of pyramidal
cells increase their firing rate in response to the
CS after conditioning (Berger et al., 1983). Ina
system that undergoes massive change, speci-
ficity for encoding multiple associations might
arise out of a particular ensemble of CA1 cells.
Such a hypothesis requires that the changes are
localized to dendrites. We have recently begun
to determine the cellular locus of the condition-
ing-specific translocation. Radioactive labeling
of PKC with tritiated phorbol ester applied to
hippocampal slices suggests that the PKC is
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particularly concentrated in the stratum radia-
tum where the proximal dendrites of CA1 py-
ramidal cells are located (Bank et al., 1988).
These results suggest that temporally contigu-
ous stimulus presentations result in the long-
term translocation of PKC in specific subcellular
regions of hippocampal CA1 neurons. More
recently, studies from our laboratory have used
[*H] phorbol dibutyrate autoradiography to
visualize PKC activation as a result of condi-
tioning (Olds et al., 1988). One day after train-
ing, there is increased labeling of the soma and,
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to a lesser extent the dendrite layers of the CA1
cell region in the conditioned but not control
animals. Three days after conditioning, this
soma-dendritic layer distribution is reversed,
i.e., now the dendrite layer is preferentially
labeled in the conditioned animals (Olds et al.,
1988; and, in preparation). Inaddition to hippo-
campus, we have studied PKC activation in
hemispheric lobule VI (HVI), a structure found
to be crucial for the acquisition and retention of
the conditioned NMR (Yeo et al., 1985; Lavond
etal.,, 1987). Here, too, PKC redistribution from
cytosol to membrane occurs 24 h after condi-
tioning (Bank et al., 1988b). In addition, the
amount of redistribution correlates highly with
a loss of total cellular PKC content. PKC pro-
teolysis in the membrane compartment is a
known consequence of extensive PKC activa-
tion (Ballester and Rosen, 1985). This condition-
ing-induced loss of total cellular PKC was also
observed as a trend in the hippocampal CA1
region (Bank et al., 1988a). This proteolytic step
in membrane-bound PKC activation may signal
the nucleus to regulate long-term synthesis of
this enzyme.

We have attempted to mimic the effects of
conditioning by exposing hippocampal slices to
agents that elicit both depolarization-induced
calcium influx (secondary to elevation of ex-
ternal K*) and increased DG turnover (stimu-
lated by exposure to glutamate). Evenupto1h
(and perhaps longer) after this manipulation,
PKC remains translocated to the membrane,
suggesting that PKC translocation is not a tran-
sient signal-dependent process, butratherasus-
tained process.

Thereis also evidence that PKCisinvolved in
classical conditioning in Hermissenda. Three
days of classical conditioning causes anincrease
in the in vivo phosphorylation of a 20 KD MW
protein in the eyes of conditioned animals rela-
tive to unpaired and naive controls (Neary et al.,
1981). No other protein bands were similarly
affected. Using both in vitro (Neary et al., 1986)
and in vivo (Alkon et al., 1988) phosphorylation
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assays, the 20 KD phosphoprotein has been
shown to be a PKC substrate. Moreover, the 20
KD MW phosphoprotein phosphorylated by
PKC is a membrane-associated protein (Alkon
et al, 1988). This suggests that conditioning in
Hermissenda causes a long-term activation (and
hence translocation) of PKC that leads to in-
creased phosphorylation of specific membrane-
bound substrates.

If the conditions of training are partially sim-
ulated by depolarizing the Hermissenda nervous
system for prolonger periods of time (30 min), it
is also possible to observe long-term changes (at
least 30 min) in the phosphorylation of specific
proteins that may be the result of PKC translo-
cation. A cytosolic substrate for PKC, a phos-
phoprotein with a MW of 23 kD, remains
dephosphorylated for at least 0.5 h after depo-
larization by high K* (Naito et al., 1988). This
suggests that prolonged depolarization contrib-
utes to translocation of PKC, as indicated by the
long-term reduction in the phosphorylation ofa
cytosolic PKC substrate. Thus, these biochemi-
cal observations suggest that PKC activation
may be an important step in classical condition-
ing of Hermissenda as well as in rabbit.

Physiological Correlates
of Associative Memory
Are Mimicked
by PKC Activation

Biophysical records of classical conditioning
have been revealed in Hermissenda B photore-
ceptors (Alkon, 1984) and rabbit hippocampal
CA1 pyramidal neurons (Disterhoft et al., 1986;
Coulter et al., 1987; LoTurco et al,, 1988). By
comparing cells isolated from animals that were
classically conditioned, with cells from animals
that received explicitly unpaired stimulus pres-
entations (random or pseudoconditioned) or
cells from naive animals, it has been determined
that Hermissenda B cells and rabbit CA1 hippo-

Volume 3,1989



Protein Kinase C

61

O PAIRED
[0 RANDOM
<> NAIVE
1
d | I
9 C A
g7
I e
-
-
0 + . $ + + + + $ $
20 40
nA

Fig. 2. Biophysical records of classical conditioning in Hermissenda type B photoreceptors. The ordinate is the behavioral
supression ratio (the measure of learned phototactic inhibition) for Hermissenda that received paired, random, or no training

(mean +SEM). The abscissa is the amplitudes of 1, and I .,

** recorded from Voltage-clamped B photoreceptors isolated

from Hermissenda in each of the three behavioral condmons {mean +SEM). Note, in animals that received paired training,

the amplitude of I, and I . **, is reduced.

campal pyramidal cells become more excitable
after classical conditioning. This increased ex-
citability is a result of changes in at least two
distinct physiological properties in each cell
type. In Hermissenda B cells two potassium cur-
rents are reduced (Alkon, 1984) and in rabbit
hippocampus the AHP (after-hyperpolariza-
tion potential) is reduced (Disterhoft et al., 1986;
Coulter et al.,, in press) and the summation of
postsynaptic potentials (psps) is enhanced
(LoTurco et al., 1988).

To establisha casual relationship between the
biochemical and biophysical records of condi-
tioning it is necessary to demonstrate that arti-
ficial activation of the biochemical pathway that
is activated with conditioning (i.e., PKC acti-
vation) induces that same biophysical alter-
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ations as conditioning. Indeed, activation of
PKC induces conditioning-specific physiologi-
cal characteristics in both Hermissenda B cells
and hippocampal CA1 neurons. Thus, a single
biochemical agent (PKC) may orchestrate the
distinct learning-specific changes in both B cells
and CA1 neurons.

The first biophysical records of associative
learning inany organism were identified in Her-
missenda B cells (Alkon, 1984). Early and more
recent studies all indicate that classical condi-
tioning induces persistent (>24 h) correlated
reductions in the transient (I,) and calcium-
dependent (I, ™) potassium current in the B
photoreceptors (F1g 2) (Alkon et al;, 1985). In
addition to the amplitudes of the currents, the
kinetics also change with conditioning. More-

Volume 3,1989



62

over, since induction of membrane changes in
single photoreceptors were found to cause be-
havior resembling associative learning (Farley
et al, 1983), and fully account for increased
activity in motor neurons responsible for gener-
ation of the conditioned response, the decrease
in potassium current in B cells is a likely ante-
cedent of the associatively learned foot contrac-
tion in response to light.

Morerecently, I, and I ., ** have been shown
to be reduced by bath applied phorbol esters
and injection of purified PKC (Alkon et al., 1986;
Alkon et al,, 1988). Bath application of either
phorbol esters, synthetic analogs of diacyl-
glycerol (OAG) (Alkon et al., 1986) or intracellu-
lar injection of purified PKC (Alkon et al, in
press) were effective in decreasing [, and I .**
only if combined with intracellular calcium
loads (Fig. 3).

Two learning-specific correlates have been
identified in rabbit hippocampal CA1 pyra-
midal cells: a reduction in the AHP and in
enhancement in the summation of psps (Fig. 4,
see p. 10). A major current underlying the AHP
(particularly as measured by Disterhoft et al.,
1986 and Coulter et al., 1986) is a calcium de-
pendent potassium cuxrent (Hotson and Prince,
1980; Lancaster and Adams, 1986). Thus, a
physiological parallel between learning-spe-
cific changes in Hermissenda and hippocampus
is a reduction in calcium dependent potassium
currents. The synaptic changes that has been
identified is an increase in the summation of
synaptic potentials. This enhanced summation
appears to involve NMDA (N-methyl-D-aspar-
tate) receptors, since it is blocked by APV (2-
amino-5-phosphonovaleric acid) and may be
linked to a decrease in a dendritic potassium
conductance (LoTurco et al., 1987). Moreover,
the presence of a significant correlation between
the reduced AHP and enhanced psp summation
only in cells from conditioned animals suggests
that these two learning-specific correlates share
a common origin that could be PKC activation.
PKC activation by 250 nM phorbol ester
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(DPBA), like classical conditioning, markedly
decreases the AHP and enhances the summa-
tion of psps (Fig. 3). This represents a second
parallel between the physiological records of
learning in CA1 pyramidal neurons and Hermis-
senda B cells: They are induced not only by
conditioning but also by PKC activation.

The biophysical records of classical condi-
tioning in Hermissenda and rabbit represent
coordinated learning-specific alterations in
membrane properties. The coordination of
these properties seems an important feature of
the physiological records in Hermissenda and
rabbit, and thus, it becomes important to iden-
tify possible common mechanisms. One attrac-
tive model that accounts for such coordination
is a common biochemical pathway inducing co-
ordinated learning-specific changes. Since PKC
activation in Hermissenda B cells reduces both I,
and [ **, and in rabbit hippocampal CAI
neurons reduces the AHP and enhances psp
summation (Fig. 3), persistent activation of PKC
(Bank et al., 1988) is a reasonable common path-
way for the induction and coordination of learn-
ing-specific alterations in Hermissenda photo-
receptors and rabbit hippocampus.

Protein Kinase C and Other Forms
of Neuronal Modifiability

Protein kinase C has been implicated in long-
term potentiation (LTP). LTP is a long-term
increase in the effectiveness of synaptic trans-
mission that is induced by high frequency
stimulation of many limbic and cortical path-
ways (see Teyler and Discenna, 1987). LTP in-
duced in the perforant path results in PKC
translocation in the dentate gyrus for atleast 1h
after the LTP treatment (Akers et al., 1986).
There is also a corresponding increase in the
phosphorylation of the membrane-bound
phosphoprotein F1 (or B-50) after LTP, which
lasts up to 3 d (Lovinger et al., 1985). Both the
degree of PKC translocation and F1 phospho-
rylation coorelate highly with the degree of
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Fig. 3. Activation of PKC in rabbit CA1 cells and Hermissenda B cells induces effects similar to those observed after con-
ditioning. A: Voltage-clamp records from Hermissenda B cells. PKC refers to injection of purified PKC in the presence of
phorbol esters (500 nM) (calibration: 600 msec, 50 mV). PKCactivation together witha Ca** load reduces both1, and k="
Reduction in these currents has been shown to be casually related to classical conditioning in Hermissenda. B: Intracellular
records obtained from CA1 pyramidal cells maintained in vitro. PKC activation refers to bathapplication of 250 nM phorbol
esters. b1) AHPs following four action potentials (calibration: 500 msec, 5 mV). b2) svnaptic potentials elicited by 50 Hz,

300 msec stimulation (calibration: 50 msec, 10 mV). Both reductionin AHP and enhancement of psp summationareinduced

by either PKC activation or classical conditioning.

potentiation observed (Akers et al., 1986; Rout-
tenberg and Lovinger, 1985).

Activation of PKC by bath application of
phorbol esters in hippocampal slices cause po-
tentiation of synaptic transmission of the Schaf-
fer collateral to CA1 neuron synapse (Malenka
etal., 1986). This potentiation prevents further
LTP produced by electrically induced synaptic
input (Malenka et al., 1986). Another form of
LTP, “associative” LTP, is produced by pairing
a weak synaptic input with a strong synaptic
input. Wigstrom and colleagues have shown
that the sufficient conditions for inducing asso-
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ciative LTP are a single synaptic volley briefly
preceding or concurrent with strong postsynap-
tic depolarization (Gustaffson et al., 1987). This
“associative” LTP effect appear to involve
NMDA receptors, since it is blocked by APV
(Gustaffson et al., 1987). These LTP findings are
consistent with our model of the cellular basis of
conditioning. For LTP lasting 1-2 h, glutamate-
induced PKC translocation, coupled withdepo-
larization-induced calcium influx, could result
in long-lasting association of PKC with the
plasma membrane and, thereby, contribute to
increased synaptic responsiveness.
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Fig. 4. Biophysical correlates of classical conditioning recorded from rabbit hippocampal CA1 neurons. A: The AHP
is reduced by classical conditioning: representative recordings or hippicampal CA1 cells from conditioned, random (i. e.,
unpaired), or naive animals (calibration, 5 mV and 0.5 s); and, averages and sems of AHPs recorded from cells of animals
in the three behavioral conditions (n = 23). Measurements were made at isochronal points. B: Synaptic potentials are en-
hanced by classical conditioning: b1) Potentials to 300 of 50 Hz stimulation. b2) Profile of the peak psp amplitudes across
300 msec of 50 hz stimulation in cells from conditioned random and naive animals (cach, n = 15, mean +SEM).
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A Model for the Biochemical
Basis of Associative Learning

In many biological systems, the activation of
PKCalonedoes notalways elicit a physiological
response. Usually, PKC activation has to be
accompanied by increases in intracellular cal-
cium for a full biological response (see
Nishizuka, 1984). The fact that bath application
of phorbol ester or synthetic analogs of DG only
reduces I, and I ** if paired with a calcium
load (Alkon et al, 1986) suggests a similar
requirement in Hermissenda B cells. In the pres-
ence of DG or phorbol ester, basal levels of cal-
cium are sufficient to fully activate PKC (Wolf et
al., 1985), a calcium load would not be necessary
to reduce K* currents. Therefore, the high levels
of intracellular calcium (Alkon et al, 1986)
required to reduce I, and I **, may be doing
something in addition to directly activating
PKC. This raises the possibility that there is a
synergistic interaction between a calcium-de-
pendent event and a DG/ phorbol ester-depen-
dent activation of PKC to yield complete
reduction of I, and I . **. The synergistic re-
quirement between calcium and PKC-mediated
events for full biological activity has been ob-
served in other systems, such as platelet ag-
gregation (Kaibuchi et al., 1983) and aldo-
sterone secretion (Kojima etal., 1984;1985). This
pathway is particularly well suited for media-
ting associatively induced alterations in the bio-
physical characteristics of cells, because there is
an implicit requirement for an interaction
between two inputs that yield a biological
response that neither one alonecanyield. As far
as the candidate mechanism for the calcium
mediated branch of the synergistic interaction,
itis tempting to speculate that calcium-calmod-
ulin dependent protein kinase (CaM Kinase) is
involved, since its injection into type-B cells can
induce the same biophysical alterations as
learning, i.e., a calcium-dependent, long-term
reduction inbothI, and I ,**, (Acosta-Urquidi
et al., 1983; Sakakibara et al., 1986). Further-
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more, in hippocampal CA1 cells, CaM kinase is
increased in activity 24 h after rabbit eye blink
conditioning (Bank et al., in press).

Based on data we have accumulated from
Hermissenda B cells and rabbit CA1 cells, we
have developed a biochemical model of associ-
ative learning that incorporates the cardinal
feature of associative learning: temporal conti-
guity between two stimuli (Fig. 5). In hippo-
campus, the CS pathway is hypothesized to act
through the glutamanergic synapse because the
glutamanergic synapse is enhanced after con-
ditioning (LoTurco et al., 1988) and is the major
neurotransmitter system in the hippocampus.
In Hermissenda, the CSis light that is transduced
directly by the photoreceptor, and it is the re-
sponse to light that is altered as a result of
conditioning. Both these CS pathways are pre-
sumed to be coupled to a G protein that causes
the activation of phospholipase C, whichin turn
breaks down P1P2 into the two intracellular
second messengers, IP3 and DG (Berridge et al,,
1984). DG causes translocation of PKC and IP3
causes increases in intracellular calcium.
Therefore, the CS causes a transient association
of PKC with the membrane. If, however, a US
occurs in conjunction with this event, stimulus
(shock or rotation) will cause a simultaneous
depolarization of the cell, which results in a
calcium influx. The calcium influx will activate
CaM Kinase, which causes a stable attachment
of PKC to the membrane. This is presumed to
occur via a calmodulin-dependent phosphoryl-
ation of PKC or its membrane anchoring
proteins (Wolf and Sahyoun, 1986) so that PKC
is no longer susceptible to the processes that
normally detach it from the membrane, such as
proteolysis (Melloni et al., 1985) or autophos-
phorylation (May et al., 1985). As previously
stated, if the CS occurs alone, only a transient
association of PKC with the membrane will re-
sult. If the US occurs alone, CaM kinase will
only be transiently activated and returned to
basal levels when intracellular calcium is buff-
ered. Thelong-termassociation of PKC with the
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membrane can phosphorylate ion channels or
their constituents, particularly in response to
transient Ca ** elevation to increase cellular ex-
citability by decreasing K+ conductances or
modulating synaptic conductances.

Protein kinaese C is also known to regulate
the expression of gene products. For example,
phorbol esters induce cellular growth, prolifer-
ation, and more specifically affect protein
(Alkon et al., 1987) and DNA synthesis (see
Nishizuka, 1984). This property of PKC could
serve to bridge the temporal domain between
immediate and intermediate effects of condi-
tioning (i.e., hours to days) and the longest term
effects, which last the lifetime of the organism.
Specifically, long-term translocation to the
plasma membrane (hours to days) could un-
derly the immediate to intermediate effects of
conditioning, whereas PKC translocation to the
nuclear membrane (Thomas et al., 1986; Wood
et al., 1986) could trigger the genome to cause
permanent neural alterations that underly
memories lasting from months to years. Insup-
port of this hypothesis, we have recently found
that conditioning in Hermissenda results in anin-
crease in mRNA synthesis 24 h after condition-
ing, which correlates highly with the degree of
learning observed (Nelson and Alkon, 1987).
Furthermore, Hermissenda conditioning has
now been found to alter the synthesis of specific
proteins, one of which is a substrate for PKC as
well as CaM kinase (Nelson and Alkon, 1988).
This protein (21,000 MW) has also been found to
undergo achange of phosphorylationasa result
of conditioning (Neary etal., 1981). PKCactiva-
tion may be the trigger for this conditioning-
specific increase in mRNA synthesis.

At the cellular level, the ordering of CS and
US (i.e., activation of DG and calcium influx)
required to cause long-term PKC translocation
is not presently known. Perhaps either order
will suffice to cause long-term translocation.
The requirement for forward pairing of C5 and
US for behavioral conditioning may be sub-
sumed by neural pathways and not biochemical
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pathways. However, in the case of associative
LTP induced in hippocampal CA1 cells, neuro-
transmitter activation (DG formation) cannot
follow depolarization (Ca** influx) (Gustaffson
et al., 1987).

Summary

PKC activation has been shown to mimic the
biophysical consequences of classical condi-
tioning in both rabbit hippocampus and Hermis-
senda type B cells. Furthermore, conditioning in
rabbits results in the 24 h translocation of PKC
from cytosol to membrane, which is probably
responsible for mediating the biophysical con-
sequences of conditioning. A model has been
presented that suggests that long-term translo-
cation of PKC occurs via the synergistic activa-
tion of a DG dependent pathway that activates
PKC and a calcium dependent pathway that ac-
tivates CaM kinase. Translocation of PKCto the
plasma membrane, by altering ion channel
properties, could subserve memory lasting for
days, whereas translocation to the nuclear
membrane could induce cellular change, by
genomic regulation, lasting beyond days. We
are, therefore, suggesting that protein kinase C
may play a critical role in the formation of short,
intermediate, and long-term associative
memory.
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