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Abstract 

Inhibition of potassium channels is possibly the first step in the sequence of biochemical events leading to 
memory formation. These channels appear to be regulated directly or indirectly by GTP-binding proteins (G 
proteins), which may themselves be affected by phosphorylation and dephosphorylation in response to elev- 
ated calcium levels or other phenomena resulting from the blockage of the potassium channels. A wide variety 
of cellular phenomena, from transcriptional changes to axonal transport, are thus capable of being initiated by 
these events. 

*Author to whom all correspondence and reprint requests should be addressed. 
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Introduction 

One of the most interesting questions in neu- 
robiology is the question of what cellular changes 
are associated with learning and memory. These 
changes might consist of structural changes, ion 
current changes, messenger ribonucleic acid 
(mRNA) increases or other nuclear changes, or 
protein changes. Each of these categories over- 
laps with other categories. For instance, changes 
in proteins must underlie dendritic structural 
changes, and ion current changes may produce 
protein changes. Of the protein changes that have 
been found by various researchers, those involv- 
ing biochemical information transduction or con- 
trol pathways are most closely analogous to the 
information transmitting process in neurons 
themselves and have attracted the most attention. 
This is particularly true for G proteins, about 
which considerable new information has 
emerged in recent years. This article will discuss 
new findings concerning the role of G proteins 
in memory storage and their effect on other cel- 
lular phenomena involved in memory, includ- 
ing potassium channels and protein kinases. 

G Proteins 
and Potassium Currents 

Although comparatively little is known about 
the mechanisms of action of low-molecular- 
weight G proteins on potassium channels, acti- 
vation and inhibition of potassium and calcium 
conductances by heterotrimeric G proteins are a 
compara t ive ly  we l l - s tud ied  phenomenon  
(Brown, 1990). In the most well-studied proto- 
type mechanism, stimulation of ~-adrenergic 
receptors results in activation of the stimulatory 
G protein G s, which in turn activates adenylyl 
cyclase. This leads to higher levels of cyclic aden- 
osine 5'-monophosphate (cAMP), which activates 
cAMP-dependent protein kinase, which then 
phosphorylates ion channels (Reuter, 1983; 
Trautwein and Hescheler, 1990). 

In an alternative pathway, the receptor-asso- 
ciated G protein Gp activates phospholipase C, 
which hydrolyzes membrane lipids to diacyl- 
glycerol (DAG) and inositol 1,4,5-triphosphate 
(IP3). The IP 3 acts to release Ca 2§ from endo- 
plasmic reticulum or (in muscles) sarcoplasmic 
reticulum (Berridge, 1984), whereas the DAG can 
activate protein kinase C (PKC) (Nishizuka, 1984). 
The PKC might possibly in turn phosphorylate 
the ion channels (Brown, 1990). 

It has also been suggested that small G pro- 
teins can regulate K § channels indirectly by regu- 
lating the activity of the trimeric G proteins, since 
an endogenous ras, after binding to ras-GTPase- 
activating protein (ras GAP), inactivates cardiac 
muscarinic K§ channels (Brown, 1990; 
Yatani et al., 1990). In contrast to the second mes- 
senger-mediated effects of Gp, the G k trimeric G 
protein directly activates the atrial K§ chan- 
nel (Breitwieser and Szabo, 1985). Pertussis toxin- 
sensitive, inhibitory trimeric G proteins (Gi) are 
a component of the pathway for inhibition of 
muscarinic Ca2+-activated K + channels in colonic 
myocytes (Cole and Sanders, 1989). The "other" 
G protein, G o, activates K § channels in hippocam- 
pal pyramidal cells (Van Dongen et al., 1988). 
ATP-dependent K § channels are also directly 
gated by G proteins (Eddlestone et al., 1989; Par- 
ent and Coronado, 1989). In mast cells, activators 
of G proteins (including GTP'yS, GppNHp, and 
A1F 4- ) inhibit an inward rectifier K § current and 
activate a different K § channel in excised patches 
(McCloskey and Cahalan, 1990). GTP~S also 
activates the S-potassium channel in Aplysia neu- 
rons (Brezina, 1988). The G protein(s) involved 
in these latter two experiments have not yet been 
characterized. 

Thus, most of the K§ effects of trim- 
eric G proteins that have been studied consist of 
an activation or inhibition of agonist-linked K § 
channels. In contrast to the usually excitatory 
effects of the larger trimeric G proteins, the two 
low-mol-wt G proteins thus far found to affect 
K § channels (ras and cp20) are both inhibitory 
(see below). 
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Potassium Currents 
and Learning 
Associative conditioning of Hermissenda by 

repeatedly pairing short flashes of light with 
mechanical vibration, e.g., from a rapidly accel- 
erating turntable or a platform shaker, causes a 
sequence of well-defined ion current changes in 
the photosensitive cells of the Hermissenda eye, a 
five-neuron structure attached to the circum- 
esophageal ganglion (Lederhendler et al., 1986; 
Crow and Alkon, 1978; Goh and Alkon, 1984). 
These current changes consist of a reduction of 
the voltage-dependent K § current (IA) in the B cell 
soma membrane, in the cell's input resistance, and 
in the calcium-dependent  potassium currents 
(IK+._CA 2+) (Farley et al., 1983; Alkon, 1984; Alkon 
et al., 1985). Reduction of these outward currents 
causes increased neuronal excitability, as well as 
a greater total influx of calcium during an action 
potential (Connor and Alkon, 1984; Alkon et al, 
1982b). Artificially simulat ing these learning- 
induced changes in naive animals by injecting 
current into the B cells and pairing these injec- 
tions with light stimuli, can mimic the behavioral 
effects of conditioning (Farley et al., 1983). Thus, 
decreases in K § currents, which lead to increased 
cellular excitability, have been shown to be nec~_s- 
sary and sufficient for memory in Hermissenda 
(Alkon et al., 1982a). 

In rabbit, the most widely used conditioning 
protocol is tone-eyeblink conditioning, in which 
an animal is subjected to a puff of air or mild peri- 
orbital electrical stimulus coincident with an au- 
dible tone. The primary change that has been 
observed following conditioning in rabbit hip- 
pocampal pyramidal cells is a reduction in the 
slow afterhyperpolarization (AHP) (Disterhoft et 
al., 1986, Coulter et al., 1989), which has been 
attributed to a reduction in the Ca2§ 
potassium current (Gustafsson and Wigstrom, 
1981; Brown and Griffith, 1983). Reduction of this 
current permits the neuron to depolarize to its 
resting potential  more  rapidly, shortening its 
refractory period, thereby allowing it to fire more 

action potentials. Such an increase in excitability 
was observed in conditioned rabbits (Disterhoft 
et aI., 1988). Decreases in K § currents have been 
found in approx 62% of the pyramida l  cells 
(Disterhoft et al., 1986). Roughly the same pro- 
portion of cells (50%) show an increase in firing 
frequency after conditioning (Berger et al., 1983). 

Thus, in both invertebrates and vertebrates, 
changes  in potass ium currents  are an early 
important step in memory acquisition. Since G 
proteins are intimately involved in potassium 
currents, it is reasonable to ask whether G pro- 
teins are also involved in learning. 

Learning and G Proteins 

In an experiment from our laboratory designed 
to answer this question, Hermissenda were sub- 
jected to associative conditioning using the light- 
rotation paradigm of Alkon et al. (1985). Proteins 
were separated on a high-pressure l iquid chro- 
matography (HPLC) column under  condit ions 
designed to observe phosphoproteins.  Associa- 
tive condi t ioning  increased the HPLC peak  
area of the phosphoryla ted  form of a 20-kDa G 
protein designated cp20 by approx threefold 
(Figs. 1 and 2). Since the rate of 3H-amino acid 
i n c o r p o r a t i o n  into this  p r o t e i n  was  no t  
increased, but actually decreased by approx 
30%, it was concluded that the effect was most  
likely posttranslational, i.e., an increase in its 
state of phosphorylat ion (Nelson et al., 1990). 

Several addit ional  exper iments  conf i rmed 
the fact that cp20 was a low-mol-wt  G prote in  
(Nelson et aI., 1990): 

1. Each fraction of cp20 from Hermissenda CNS 
eluting from the AX-300 ion-exchange column 
was assayed for GTPase and GTP-binding activ- 
ity. A plot of the results showed a sharp peak of 
activity at the same position as cp20. 

2. The cp20 peak from the AX-300 column was con- 
centrated and injected into a size-exclusion 
HPLC column (GPC-100), and each fraction was 
analyzed for GTPase and GTPyS binding. 
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5. Cp20 was retained on GTP-agarose, an affinity 
chromatography medium for G proteins 
(Nelson, unpublished data). 

Fig. 1. Effect of associative conditioning on peak areas 
of phosphorylated cp20 in Hermissenda eye. Hermissenda 
were individually trained, and proteins from single eyes 
were separated by ion-exchange HPLC. The increase in 
cp20 phosphorylation, evident as an increase in the A280 
peak areas as a percentage of total area of the retained 
peaks, was significant at p < .01 (Nelson et al., 1990). 

GTPase  and  GTP~S b i n d i n g  were  consis tent ly 
found in the 20-kDa region. The stoichiometry 
of 35S-GTPyS binding was at least 0.3-0.4 mol/ 
mol protein. More recent measurements give 
values near 0.93 mol/mol. 

3. Purified cp20 reacted with 32p-labeled azido- 
anilido-GTP, which is a photoaffinity label for 
G proteins, to form a covalently-labeled deriva- 
tive. This derivative was observed as a single 
spot on a one-dimensional SDS gel (Nelson, un- 
published data). 

4. Analyzing the cp20 peak from the ion-exchange 
column on an SDS acrylamide gel and then prob- 
ing a nitrocellulose blot of the gel with 32p-GTP 
revealed a single 32p-band on autoradiography, 
at 20 kDa. Binding of blotted proteins to GTP is 
a common property of the low-mol-wt G pro- 
teins. 

Low-Mol-Wt G Proteins 
in Rabbit 

In a similar experiment, the photoaffinity la- 
bel azidoanilido-GTp-32p was used to label all G 
proteins from the rabbit CA1 hippocampal region 
at a period 24 h after the end of 3 d of tone-eyepuff 
conditioning. Labeling of a 20-kDa G-protein was 
decreased after conditioning by about 35% in the 
paired group in the cytosol fraction and 25% in 
the particulate fraction (Nelson et al., 1991). One 
possible explanation for this was that the protein 
was bound  to more endogenous  GTP in the 
paired group, and this prevented labeling by the 
photoaffinity label. Alternatively, the rate of syn- 
thesis could have been decreased. Additionally, 
there were decreases of a small G protein (16 kDa) 
and a G protein between 32 and 36 kDa in the 
cytosol. These experiments suggest that there are 
also changes in G proteins following condition- 
ing in higher animals. At present, it has not been 
established whether the 20 kDa protein, which is 
changed in rabbit, is rabbit cp20 or some other 
20-kDa G protein. 

Biological Effects of Cp20 

The most obvious effect of injecting cp20 into 
the photoreceptor neurons from which it was iso- 
lated is an immediate increase in the response to 
light. Exposure of isolated dark-adapted Hermis- 
senda circumesophageal  ganglia to very low- 
intensity light flashes of l ight elicits a s low 
transient depolarization accompanied by a few 
action potentials. In contrast, in the same cell after 
an iontophoretic injection of cp20, a prolonged 
depolarization accompanied by numerous action 
potentials was observed (Alkon and Nelson, 
1990) (Fig. 3). Iontophoretic injection of salt solu- 
tion (K acetate) alone had no effect. This effect is 
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Fig. 2. Reversed-phase (C18) HPLC rechromatography of the phosphorylated peak of conditioning-associated GTP- 
binding protein cp20 isolated by ion-exchange (AX-300) HPLC. Samples equivalent to 1.14 naive central nervous systems, 
18 naive eyes, or 6 paired eyes were chromatographed on AX300 under conditions designed to maximize separation of 
phosphoproteins. The cp20 peak was collected, concentrated, and reinjected onto the C18 column. 

This experiment demonstrated that cp20 from paired eyes was the same as cp20 from naive eyes. This eliminated the 
possibility that the increased peak size was the result of a new protein that cochromatographed with an old peak, and 
supported the idea that the increased peak size was the result of a change in a preexisting protein. In other experiments (not 
shown), analysis of the cp20 peak on size-exclusion HPLC and SDS gel electrophoresis showed that this peak consisted of 
a single 20-kDa protein. Since the amount of material injected from the paired sample was only about 1/3 as much as the 
amount  injected from the naive eye sample, this RP-HPLC experiment was also the clearest demonstration thus far of an 
increase in the phosphorylation of cp20 in Hermissenda after conditioning. The curve marked "buffer only" is a blank 
containing a sample of buffer from the ion-exchange column. Peaks h, i, j, and q are trace buffer contaminants. Absorbance 
scale: 0.0008 AUFS, except top curve, 0.0016 AUFS. (Nelson et al., 1990). 

similar to that observed after conditioning. No 
other biomolecules, including ras, various pro- 
tein kinases, or proteases, could produce this 
effect at the low concentrations at which cp20 
affects these cells. 

The biophysical basis for this excitatory effect 
is a blockage of the same two potassium chan- 
nels that are partially blocked after associative 
conditioning, i.e., I A and IK + _ Ca 2+ (Alkon et al., 
1985). Voltage-clamp analysis of these cells indi- 
cated that I A and IK + - Ca 2§ were reduced by 50 
and 70%, respectively. The inhibition of the cur- 
rents was maximal  5 min after injection and 

remained constant for at least 15 min  (Nelson et 
al., 1990). Cp20 has similar  effects on other  
Hermissenda central neurons, such as LP1, a large 
motoneuron in the circumesophageal ganglion 
(C. Collin, unpublished results). 

Recent data suggest that G proteins are associ- 
ated with axonal transport. Application of l gM 
cp20 to isolated crab walking leg neurons reduced 
the number  of particles moving in the retrograde 
direction, as observed by cont ras t -enhanced  
video microscopy (Moshiach et al., 1991). Other 
researchers have also found low-mol-wt G pro- 
teins associated wi th  smal l  axonal  vesicles  
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Fig. 3. Intracellular recordings of the effect of cp20 on the light response of Hermissenda type B photoreceptor  neurons. 
Cells were maintained in darkness for 20 min with per iodic  5-ms flashes of extremely faint whi te  light. After  several 
control light responses were recorded, cp20 was injected iontophoretical ly into the cell, and  the responses to identical 
flashes of light were recorded. Approximate ly  90 ng of cp20 were present  in 15 ~tL of 1M KAc in the iontophoresis  
electrode. It was est imated,  based on the amount  of current injected, that less than 3 x 10 -14 g of prote in  was  injected. Cp20 
caused a marked increase in excitability, which was traced to inhibition of outward K* currents, whereas  the sodium 
currents (the initial broad peak) and resting potential were unaffected. Injection of other proteins had  no effect (Alkon and 
Nelson, 1990). 

(Bielinski et al., 1989). The effect of cp20 on active 
particle transport is similar to the effects of other 
low-mol-wt G proteins on particle transport 
through the Golgi apparatus (Segev et al., 1988). 
For instance, it has been shown that mutant yeast 
defective in Yptl are unable to transport proteins 
into the vacuoles (Bacon et al., 1989). The ras-like 

G protein sec4, which cycles between the plasma 
membrane and secretory vesicles (Salminen and 
Novick, 1987; Goud et al., 1988), also regulates 
vesicular transport (Salminen and Novick, 1989). 
Other small G proteins, such as rab3a, which is 
only found in synaptic vesicles, may regulate 
synaptic vesicle fusion with the membrane in de- 
polarization-induced ex~ytosis (von Mollard et 
al., 1990, 1991). Rab proteins may function in 
vesicular transport in higher animals in an 
analogous manner to YPT in yeast (Zahraoui et 
al., 1989). 

Modification of axonal transport could be a 
mechanism by which a G protein could affect 
cellular morphology. Dendritic branching is 

known to be affected by associative conditioning 
(Atkon et al., 1990). Other small G proteins, such 
as rab2, can induce neurite outgrowth in vitro. 
Aggregates of cultured mouse mesencephalic 
neurons incubated with rab2 became dissociated, 
forming highly branched neurites with growth 
cones (Ayala et al., 1990). 

Effects of Ras 
on Potassium Channels 

The effects of ras on K § channels are similar to 
those of cp20, although ras is less potent than 
cp20. Iontophoretic injections of H a - R a s  into 
Hermissenda LP1 cells progressively reduced the 
amplitudes of the potassium current I A by 30- 
40% and that of IK§ Ca2+ by 40-60% after a delay 
of 20 min, possibly representing the time required 
for posttranslational modification or membrane 
association of the ras (Collin et al., 1990a). The 
effect on I A may have been caused by a reduc- 
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tion in the current inactivation kinetic rate. Virally 
t ransformed ras vail2 (v-ras) was much  more  
effective than the nontransforming form (c-ras) 
at reducing the currents, which showed no sign 
of returning to normal after 60 min. In contrast, 
currents completely returned to normal levels by 
50 min after injection of the nontransforming 
c-ras (Collin et al., 1990b). 

Ras also activates outward Ca 2+ currents in the 
same cells. A similar difference between c-ras and 
v-ras was observed, with the effects of v-ras being 
at least twice as large as c-ras, and showing no 
signs of reversal at 60 min. Moderately high 
electrode concentrations of ras (150 tlg/mL) were 
required to observe both of these effects. In con- 
trast, the cp20 effects are typically observed with 
concent ra t ions  of 0.1-1 t l g /mL in the ion- 
tophoresis electrode. 

Interestingly, the effects of cp20 on K + currents 
more closely resembled those of the virally trans- 
formed ras than normal c-ras in their intensity as 
well as the time duration. Since some of the effects 
of ras may involve  fos and jun , other protoonco- 
genes that affect DNA transcription (Sassone- 
Corsi et al., 1989; Doucet et al., 1990), it will be 
interesting to see what  if any effects cp20 may 
have on this pathway. There is some evidence 
that learning can induce mRNA synthesis in 
Hermissenda and other species (Flexner et al., 1962; 
Zemp et al., 1966; Shashoua, 1968,1974; Rainbow, 
1979; Mizumori et al., 1985; Nelson and Alkon, 
1989, 1990). It is not yet known whether a G pro- 
tein mediates this effect. 

Long-Term Potentiation 

Since long-term potentiation (LTP) in mamma- 
lian hippocampus has been used as a model for 
learning (Berger, 1984; Byme, 1987), it would be 
of interest to know whether G proteins are also 
involved in this form of synaptic plasticity. 
Tetanus-induced LTP could not be induced in 
h ippocampal  slices from rats that had been 
intracerebrally injected 3-4 d earlier with per- 
tussis toxin (Goh and Pennefather, 1989). Since 

321 

pertussis toxin covalently labels and inactivates 
some G proteins (predominantly 30-40-kDa tri- 
meric G proteins), this suggests that a functional 
G protein may be required for LTP. Pertussis 
toxin injected 2 d or less before the slices were 
prepared had no effect. The long time delay was 
presumed to be necessary for the toxin to cross 
the membrane. 

These results suggest that a G protein could 
be involved at some point in the induction of LTP. 
Three days after injection of pertussis toxin into 
rat hippocampus, the late IPSP was reduced or 
absent, whereas  the early IPSP was  normal  
(Thalmann,1988). It was suggested that this could 
be owing to attenuation of the K + conductance. 
Surprisingly, injection of GTP?S, a nonhydro-  
lyzable G protein agonist, into postsynaptic neu- 
rons, caused hyperpolarization and reduced the 
late IPSP current in a manner  similar to pertussis 
toxin. 

LTP is initiated by influx of calcium through 
N-methyl-D-aspartate (NMDA) receptor channels 
and is maintained by calcium-dependent intra- 
cellular messengers (Lynch et al., 1990). Although 
the main LTP effect involves calcium rather than 
potassium, there are also recent reports of an 
NMDA-independent  form of LTP induced by 
high concentrations of the potassium channel 
blocker te t raethylammonium (Aniksztejn and 
Ben-Ari, 1991). Application of 50-100 pM 4- 
aminopyridine,  a K + channel blocker, caused 
effects resembling afferent tetanization, a plastic 
change in the hippocampus observed after high- 
strength stimulation (Hess and Gustafsson, 1990). 
However, evidence implicating G proteins and 
potassium currents acting together in either 
posttetanic potentiation or LTP is still lacking. 

Possible Involvement of PKC 

Although cp20 is phosphorylated in vivo fol- 
lowing conditioning of Hermissenda, the active 
kinase for cp20 is not yet known. However, sub- 
stantial evidence points to the involvement  of 
PKC in learning and learning-related phenom- 
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ena in .several species, including Hermissenda 
(Neary et al., 1986). Under conditions of intracel- 
lular Ca 2§ elevation, introduction of 1-oleoyl-2- 
acetyl-sn-glycerol (OAG) or phorbol esters into 
type B photoreceptor neurons reduces the con- 
ductance of the K+ channels involved in memory 
acquisition (Alkon et al., 1988). The ATP analog 
H-7 also prevents the changes in these two K § 
channels when  bath-applied to Hermissenda  
circumesophageal  ganglia dur ing in vitro 
associative conditioning (Matzel et al., 1990). 

Bank et al. (1988a) first observed a decrease in 
enzymatically measured PKC activity in the 
cytosolic fraction of rabbit CA1 hippocampus fol- 
lowing tone-eyepuff conditioning. This was 
accompanied by a corresponding increase in 
membrane-associated PKC activity, suggesting 
translocation. Binding of phorbol esters, which 
are structural analogs of DAG, is also increased 
in rabbit hippocampus after conditioning, as well 
as in the specific Hermissenda neurons known to 
be involved in storage of learned light-rotation 
associative memories (Olds et al., 1989; McPhie 
et al., 1991). This suggests a possible membrane 
translocation or some other change in PKC that 
could lead to increased binding of DAG. Based 
on this involvement of PKC in other aspects of 
conditioning in Hermissenda and in rabbit, it is 
likely that PKC is also involved at some point in 
the actions of cp20. In this context, the analogy 
with the interaction between ras and PKC may 
be instructive. Inhibition of potassium channels 
in  Hermissenda LP1 cells by v-ras was blocked by 
the protein kinase C (PKC) inhibitor stauro- 
sporine (Collin et al., 1990a). Inection of ras can 
cause an increase in the level of PKC's cofactor, 
DAG (Lacal et al., 1987a), as well as arachidonic 
acid (AA), both of which can activate PKC 
(Nishizuka, 1984; Price et al., 1989 Shearman et 
al., 1989). Rat thyroid epithelial cells transfected 
with v-ras have increased PKC activity (Spina et 
al., 1988). However, some of the effects induced 
by ras, such as morphological transformation, 
increases in c-myc expression, and the serum- 
response element of c-los, may not be mediated 
by PKC (Fukumoto et al., 1990). 

Phosphorylation of G Proteins 
Of the various forms of ras, a variety of differ- 

ent kinase specificities have been reported. The 
c-Ki-ras p21 can be phosphorylated by cyclic 
cAMP-dependent protein kinase (A-kinase) as 
well as PKC (Ballester et al., 1987). Also, v-Ha- 
ras is phosphorylated exclusively by PKC (Jeng 
et al., 1987), whereas c-Ha-ras reportedly may be 
phosphorylated by both PKC and A-kinase 
(Saikumar et al., 1988). Platelet smg-21 and yeast 
RAS2 are phosphorylated only by A-kinase 
(Hoshijima et al., 1988; Resnick and Racker, 1988; 
Kawata et al., 1989). The ras-related protein rap- 
lb can be phosphorylated by calmodulin-depen- 
dent kinase Gr, as well as A-kinase (Sahyoun et 
al., 1991). A side reaction of the GTPase reaction 
can also result in autophosphorylation of ras in-  
dependent of any kinase (John et al., 1988). Ras 
may also affect PK C activity. The mitogenic re- 
sponse to injected ras could be blocked in Swiss 
3T3 cells by downregulating endogenous PKC 
by prolonged phorbol ester treatment. Con- 
versely, microinjection of PKC could overcome 
this blockage (Lacal et al., 1987b). An additional 
complication is that phosphorylation may trans- 
locate ras proteins (Lapetina et al., 1989), and 
translocation may affect the susceptibility of low- 
mol-wt G proteins to phosphorylation (Nagata 
et al., 1989), or the activities of A-kinase (Scott et 
al., 1990) and PKC (Nishizuka, 1986). Phosphoryla- 
tion of ras GTPase-activafing protein (ras-GAP) by 
tyrosine kinases may inactivate GAP (Ellis et al., 
1990; Molloy et al., 1989). Clearly, if all of these 
reactions occur under physiological conditions, 
there is a potential for complex regulatory interac- 
tions among the various G proteins and kinases. 

Phospholipases 
Involvement of phospholipase C or phospho- 

lipase A 2 could also be a possible site of action 
for cp20 or ras. Evidence for direct effect of ras on 
PKC via activation of phospholipases C or A 2 has 
been conflicting (Santos and Nebreda,1989). 
However, ras-GAP can be inactivated by the intra- 
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Fig. 4. Model describing the biochemical phenomena believed to occur during associative learning in Hermissenda. In 
this scheme, light or, in nonphotosensitive neurons, a neurotransmitter receptor, is hypothesized to act via rhodopsin 
(Rhod) and transducin (GT) to activate phospholipases (PLA 2 and PLC) to produce IP 3, DAG, and AA. Synaptic input from 
the unconditioned stimulus (Rotation) simultaneously impinges on the neuron, resulting in the influx of calcium. Calcium 
is also released by IP 3 from intracellular stores. These three components (Ca 2§ A_A, and DAG) converge to activate PKC 
synergistically, translating PKC to the membrane, where it phosphorylates the G protein cp20 and other proteins, possibly 
including the potassium channel. Cp20 then acts either directly or indirectly to block the two K + channels (I A and Ic~  . -K+) 
resulting in decreased K* effiux and a prolongation of the depolarization. Cp20 may also act on PKC and axonal transport 
or affect protein synthesis at the level of RNA translation. PKC and AA may also affect protein synthesis at the DNA level. 

cellular messengers arachidonic acid and phos- 
phatidic acid ( Trahey and McCormick, 1987; Tsai 
et al., 1989; Yu et al., 1990). Conversely, AA me- 
tabolites, including prostaglandins PGF2a, PGE 2, 
and PGA 2, stimulate ras-GAP (Han et al., 1991). 
Since GAP normally acts to deactivate ras (by fa- 
cilitating ras's GTPase activity), these prostaglan- 
dins would act to increase the deactivation rate. 
Other  G proteins,  including transducin, are 
known to affect phospholipase A 2, which pro- 
duces AA (Burch, 1989). A lipid-mediated effect 
is particularly appealing in view of the recent 
finding in our laboratory that AA and DAG to- 
gether are substantially more effective at activat- 
ing PKC than either alone (Bramham et al., 1991; 
Lester et el., 1991)_ It has been suggested that 
arachidonic acid from phospholipase A 2 and 
diacylglycerol from phospholipase C could act 

synergistically on PKC and serve as a conver- 
gence point for two associated stimuli, such as a 
light stimulus and a neural stimulus from the 
motion-detecting statocysts (Bank et al., 1988b; 
Lester and Alkon, 1991). AA metabolites have 
been implicated as possible modulators of the 
Aplysia S potassium channel involved in long- 
term facilitation (Buttner et al., 1989) as well as of 
the G protein-gated cardiac K § channel (Kurachi 
et al., 1989, Scherer and Breitwieser, 1990). Thus, 
membrane lipids and their metabolites are inti- 
mately involved with both the large trimeric G 
proteins and the low-mol-wt G proteins. 

Summary 
Figure 4 shows a model  summarizing the cur- 

rent state of research on the Hermfssenda photo- 
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receptor  neuron ,  combin ing  e lements  f rom 
research in rabbit and other species. In inver- 
tebrates, a light stimulus acts via rhodopsin and 
transducin to activate phospholipase C and pos- 
s ibly p h o s p h o l i p a s e  A2 ( V a n d e n b e r g  a n d  
Montal ,  1984; Rayer et al., 1990), p roduc ing  
inositol t r iphosphate (IP3), DAG, and AA by 
hydro lys i s  of m e m b r a n e  lipids. In nonpho-  
tosensitive neurons,  a neurotransmit ter  recep- 
tor could provide the same function. Synaptic 
input  from other neurons  detect ing the uncon-  
di t ioned stimulus,  in this case the motion-sen- 
sitive statocyst cells, s imul taneously  impinges 
on the neuron,  result ing in the influx of cal- 
cium. Calcium can also be released by IP 3 from 
intracellular  stores. Calcium, AA, and DAG 
wou ld  converge to activate PKC, translating it 
to the membrane ,  where  it phosphorylates  the 
G protein,  cp20, wh ich  is loosely associated 
with  the membrane  (Alkon et al., 1988), and 
other proteins,  possibly including the potas- 
s ium channel.  Cp20 then w o u l d  act to block 
the two K + channels (I A and Ica 2+ - K § result- 
ing  in d e c r e a s e d  K § eff lux and  inc reased  
responsiveness of the cell to 'additional stimuli. 
Cp20 m a y  also act on PKC, axonal transport,  
or prote in  synthesis at the level of ribonucleic 
acid (RNA) translation. PKC and AA can also 
affect protein synthesis at the deoxyribonucleic 
acid (DNA) level. 

U n a n s w e r e d  quest ions  still remain  about  
m a n y  details of this model .  For instance, is 
potassium conductance regulated by phospho-  
rylation, by direct interact ion wi th  the low- 
mol-wt  G protein, or by an indirect interaction 
involving addi t ional  components?  The basis 
for long-term regulat ion of the K § channels is 
also still u n k n o w n .  A l t h o u g h  some of the 
observed long-term changes in K § conductance 
may  result  from local structural  or biochemi- 
cal interactions, a large body  of evidence indi- 
cates that protein synthesis is also required. The 
role of the trimeric G proteins in learning is al- 
most  completely unexplored ,  as is the possible 
involvement  of ras and  other protooncogenes.  
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