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Presynaptic and Postsynaptic Mechanisms of a Novel Form
of Homosynaptic Potentiation at Aplysia Sensory—-Motor
Neuron Synapses

Iksung Jin' and Robert D. Hawkins'*
ICenter for Neurobiology and Behavior, Columbia University, and 2New York State Psychiatric Institute, New York, New York 10032

Previous studies have shown that homosynaptic potentiation produced by rather mild tetanic stimulation (20 Hz, 2 sec) at Aplysia
sensory-motor neuron synapses in isolated cell culture involves both presynaptic and postsynaptic Ca>* (Bao et al., 1997). We have now
investigated the sources of Ca** and some of its downstream targets. Although the potentiation lasts >30 min, it does not require Ca**
influx through either NMDA receptor channels or L-type Ca*>" channels. Rather, the potentiation involves metabotropic receptors and
intracellular Ca*>* release from both postsynaptic IP,-sensitive and presynaptic ryanodine-sensitive stores. In addition, it involves
protein kinases, including both presynaptic and postsynaptic CamKII and probably MAP kinase. Finally, it does not require transsyn-
aptic signaling by nitric oxide but it may involve AMPA receptor insertion. The potentiation, thus, shares components of the mechanisms
of post-tetanic potentiation, NMDA- and mGluR-dependent long-term potentiation, and even long-term depression, but is not identical
to any of them. These results are consistent with the more general idea that there is a molecular alphabet of basic components that can be

combined in various ways to create novel as well as known types of plasticity.
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Introduction

Synaptic plasticity occurs in a number of different types including
homosynaptic and heterosynaptic, facilitatory and inhibitory, as-
sociative and nonassociative, and short term and long term. An
important unresolved question has been whether these different
types of plasticity involve fundamentally different mechanisms,
or whether they share an alphabet of basic mechanisms that are
combined in different ways. Aplysia sensory—motor neuron syn-
apses in isolated cell culture provide a good preparation to ad-
dress this question, because they exhibit all of the different types
of plasticity at one synapse (Rayport and Schacher, 1986; Mon-
tarolo et al., 1986, 1988; Schacher et al., 1990; Eliot et al., 1994a,b;
Lin and Glanzman, 1994a,b; Bao etal., 1997, 1998; Schacher et al.,
1997). In addition, they have a number of technical advantages
for examining the mechanisms of plasticity. First, the neurons are
identified individuals with known behavioral functions. Second,
because there are no other neurons in the dish and they do not
form autapses, one can unambiguously distinguish between ho-
mosynaptic and heterosynaptic effects and also know the source
of spontaneous miniature EPSPs with certainty. Furthermore,
because both sides of the synapses are accessible to substances
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injected into the cell bodies, one can manipulate presynaptic as
well as postsynaptic mechanisms.

For these reasons, we and others have used this preparation to
study mechanisms of a variety of types of plasticity, including
potentiation produced by rather mild (20 Hz, 2 sec) tetanization
of the presynaptic neuron. The behavioral relevance of this po-
tentiation is still unclear, but when the tetanus is paired tempo-
rally with serotonin, the two stimuli act synergistically to create
an associative mechanism, activity-dependent presynaptic facili-
tation, that is thought to contribute to classical conditioning in
Aplysia (Eliot et al., 1994a; Bao et al., 1998; Antonov et al., 2003).
Thus, understanding mechanisms of the potentiation may be
important for understanding mechanisms of the more complex
associative effects.

Previous studies have revealed that the potentiation involves
aspects of the mechanisms of both post-tetanic potentiation
(PTP) and long-term potentiation (LTP), including dependence
on both presynaptic and postsynaptic Ca>* (Eliot et al., 1994b;
Bao et al., 1997). We have now explored other molecules that
might be involved, focusing on the sources of Ca** and some of
its downstream targets. Our results indicate that the potentiation
shares additional aspects of the mechanisms of PTP, both
NMDA-dependent and mGluR-dependent LTP, and even long-
term depression (LTD), but is not identical to any of them. It is,
therefore, a novel form of plasticity that we now refer to simply as
homosynaptic potentiation. These results are also consistent
with the more general idea that different types of plasticity do
not involve fundamentally different mechanisms, but rather
share an alphabet of basic mechanisms that can be combined
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ture (20-23°C), and the culture dish was con-
tinuously perfused at a rate of 0.5 ml/min with
50% supplemented L-15 medium and 50% ar-
tificial seawater.

Drugs were included in the perfusion solu-
tion from the beginning of the 30 min rest pe-
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riod until the end of the experiment. The fol-
lowing drugs were used: APV and N“-nitro-L-
arginine (Sigma, St. Louis, MO); nitrendipine,
thapsigargin, 2-aminoethoxydiphenylborate
(2APB), ryanodine, K252a, staurosporine, H7,
KT5720,KT5823, lavendustin A, U0126, KN93,
and calmidazolium (Calbiochem, La Jolla, CA);
LY367385 and DNQX (Tocris Cookson, Ball-
win, MO); oxymyoglobin and metmyoglobin
(prepared as described in Lev-Ram et al., 1995).
The concentrations of these drugs were gener-
ally 10 times the IC;, reported by the manufac-
turer. Because that is based on mammalian
data, we were also guided by previously pub-
lished Aplysia studies when possible. Nitrendip-
rine, thapsigargin, 2APB, ryanodine, stauro-
sporine, KT5720, KT5823, lavendustin A,
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Figure 1.  The experimental preparation and protocol. A, Micrograph of an Aplysia gill motor neuron (L7) isolated from the

abdominal ganglion of a juvenile animal and cocultured with two sensory neurons (SN) from the pleural ganglion of an adult
animal. One of the sensory neurons was stimulated with an extracellular electrode pressed against the cell body, and the evoked
EPSP was recorded with a sharp intracellular electrode in the motor neuron. B, General protocol. After 30 min of rest or drug
incubation, the EPSP was tested once every 5 min for 40 min. Tetanic stimulation (20 Hz, 2 sec) was delivered to the sensory neuron
1 min before the third test. (, Examples of the PSPs in a representative potentiation experiment and in a control experiment
without tetanic stimulation. D, The average change in the PSP in all of the no-drug potentiation experiments (n = 119) and
test-alone (homosynaptic depression) control experiments (n = 37) in this study. The data have been normalized to the value on
the pretestin each experiment. The arrow indicates the time of tetanic stimulation, and the error bars indicate the SEM. There was

no difference between experiments with and without DMSO, which have been pooled.

in various ways to produce novel as well as known types of
plasticity.

Materials and Methods

Cell culture preparation. Aplysia cocultures (an L7 gill motor neuron and
two pleural sensory neurons) were prepared as described previously
(Schacher, 1985; Bao et al., 1997) (Fig. 1 A). L7 motor neurons were
isolated from juvenile (1-3 gm) animals, and pleural sensory neurons
were isolated from adults (70—120 gm). All animals were purchased from
the Howard Hughes Medical Institute Mariculture Facility (Miami, FL).
The cell culture medium consisted of 50% filtered hemolymph and 50%
L-15 medium (Flow Laboratories, McLean, VA) supplemented with
salts, D-glucose, glutamine, penicillin, and streptomycin (Bao et al.,
1997).

Electrophysiology. Four to six days after plating of the cells, a motor
neuron was impaled with a microelectrode (10-20 MQ) filled with 2.5 m
KCIL. Because it is not possible to produce homosynaptic potentiation
while the sensory neuron is impaled with an intracellular electrode (Eliot
et al., 1994b), extracellular stimulation was used to stimulate one of the
sensory neurons and produce an EPSP. The other sensory neuron was
not used in these experiments, although its presence is more physiolog-
ical and may affect the results (Schacher et al., 1997). The motor neuron
was hyperpolarized 30 mV below resting potential during the recording
periods to allow measurement of the EPSP without action potentials.
After 30 min of rest or drug incubation, the EPSP was tested once every 5
min for 40 min. A tetanus (20 Hz for 2 sec) was applied to the sensory
neuron 1 min before the third EPSP (Fig. 1 B). During the tetanus, the
stimulation intensity was increased 20-30% above that used to evoke the
previous PSP, which was sufficient to produce one-for-one EPSPs. In
some experiments (test-alone or homosynaptic depression control), the
tetanus was omitted. All experiments were performed at room tempera-

U0126, KN93, and calmidazolium were pre-
pared as stock solutions in DMSO and diluted
to a final concentration of 0.1% DMSO. In
those experiments, the control saline contained
0.1% DMSO.

Intracellular injections. Substances were in-
jected by pressure from a 3—6 M() electrode
connected to a Pico-injector (Medical Systems,
Greenvale, NY). The injection solution con-
sisted of 0.5 M potassium acetate, 10 mm Tris-
HClI to adjust the pH to 7.5, 0.2% fast green to
visualize the injection, and one of the following:
8-amino-cyclic ADP ribose (8NcADPR; Sigma;
or Molecular Probes, Eugene, OR); heparin and
CamKII 281-309 (Calbiochem); the light chain
of botulinum toxin B (List Biological Labs, Campbell, CA). The concen-
trations of these agents in the electrode were generally 100 times the
reported ICs,. The botulinum toxin solution also contained 5 mm DTT,
20 mm sodium phosphate, and 10 mm NaCl. In control experiments, the
vehicle solution was injected into the neuron. The injection was termi-
nated when the cell body was visibly green and began to swell. The elec-
trode was then removed and replaced with a stimulating (sensory neu-
ron) or recording (motor neuron) electrode, and the preparation was
rested 30 min before the experiment began.

Data analysis. Drug experiments were compared with interleaved con-
trol experiments. The data were normalized to the first EPSP and are
presented as mean * SEM. The normalized data were analyzed with two-
or three-way ANOVA with one repeated measure (time), followed by
planned comparisons of the individual groups if there were more than
two. p < 0.05 is considered significant.

20 30 40

Results

Homosynaptic potentiation is long-lasting

Because the sensory—motor neuron PSPs undergo homosynaptic
depression as well as potentiation, the potentiation must be as-
sessed in comparison with a test-alone (depression) control
group. In agreement with previous studies (Eliot et al., 1994a,b;
Bao et al., 1997), testing the PSP even once every 5 min produced
substantial depression (84 * 2% of the first PSP on the second
testand 48 = 2% on the ninth test, 40 min after the first PSP) (Fig.
1C,D). Tetanic stimulation of the sensory neuron (20 Hz, 2 sec) 9
min after the first PSP produced homosynaptic potentiation
that was significant compared with the depression control overall
(F1,154y = 108.40; p < 0.0001) and at every time point for 30 min
after the tetanus (p < 0.01 in each case). Compared with the
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therefore, tested whether the potentiation Figure2. Homosynaptic potentiation does not require Ca®* influx through NMDA receptor channels or voltage-dependent

involves similar sources of calcium.

We first examined the role of Ca*>* in-
flux through NMDA-type glutamate re-
ceptor channels, which is usually required
for LTP in the CA1 region of hippocampus
(Bliss and Collingridge, 1993). The PSPs at
the sensory—motor neuron synapses are thought to be glutama-
tergic and to have NMDA-like properties (Dale and Kandel,
1993), and a competitive antagonist of NMDA receptors, APV
(50 uMm), blocks LTP at these synapses (Lin and Glanzman,
1994b). However, APV at the same concentration had no signif-
icant effect on homosynaptic potentiation (Fig. 2A).

LTP produced with stronger induction protocols has a non-
NMDA component both in CAl hippocampus (Bliss and Col-
lingridge, 1993) and in Aplysia (Lin and Glanzman, 1994b). In
hippocampus, this component involves L-type voltage-
dependent calcium channels. However, nitrendipine (10 um),
which blocks ~90% of the L-type current in Aplysia (Eliot et al.,
1993), also had no significant effect on homosynaptic potentia-
tion (Fig. 2 B).

To test whether Ca®™ influx through some other type of chan-
nel might be important, we examined homosynaptic potentia-
tion with extracellular Ca®" reduced from 10 to 2 mm. Decreas-
ing extracellular Ca** decreased the amplitude of the initial PSP,
as expected (Table 1), and also decreased short-term depression
during the tetanus (fifth/first PSP = 39.3 vs 13.1% in normal
Ca®"; t(16) = 2.68; p < 0.05), perhaps because of an increase in
opposing frequency facilitation (Creager et al., 1980). However,
reducing extracellular Ca>* had no significant effect on homo-
synaptic potentiation (Fig. 2C). Thus, unlike PTP at frog neuro-
muscular junction (Rosenthal, 1969) and either PTP or LTP in
CAL1 hippocampus (Dunwiddie and Lynch, 1979; Anwyl et al.,
1988; Mulkeen et al., 1988), homosynaptic potentiation at the
Aplysia sensory—motor neuron synapses does not depend impor-
tantly on the magnitude of Ca®" influx during the tetanus.

Another possible source of Ca** is through stimulation of
metabotropic glutamate receptors, which also play an important

Ca*™* channels. A, Homosynaptic potentiation is not affected by an antagonist of NMDA-type glutamate receptors, APV (50 ).
B, Homosynaptic potentiation is not affected by an inhibitor of L-type Ca®™ channels, nitrendipine (10 zm). ¢, Homosynaptic
potentiation is also not affected by reducing extracellular Ca* from 10 to 2 mm. D, Homosynaptic potentiation is reduced by an
antagonist of type | metabotropic glutamate receptors, LY367385 (300 rum).

role in LTP in hippocampus (Bashir et al., 1993). An inhibitor of
type I metabotropic receptors, LY367385 (300 um) significantly
reduced homosynaptic potentiation (F, ;5, = 7.95; p < 0.02)
(Fig. 2D), suggesting that metabotropic receptors may play an
important role in this potentiation as well.

Homosynaptic potentiation involves Ca>* release from
intracellular stores

In mammals, type [ metabotropic glutamate receptors are linked
to the release of Ca*>* from intracellular stores. An inhibitor of
endoplasmic reticulum ATPase, thapsigargin (10 um), which de-
pletes intracellular Ca** stores, greatly reduced homosynaptic
potentiation (F, 55, = 34.95; p < 0.001) (Fig. 3A, B), suggesting
that Ca®" release from intracellular stores plays an important
role in the potentiation. There was no significant interaction be-
tween the effect of thapsigargin and time, suggesting that intra-
cellular Ca** release is important for both the early and late
phases of potentiation.

There was also a trend for thapsigargin to increase homosyn-
aptic depression on the test before the tetanus, 5 min after the first
PSP (Table 1). However, when we ran two additional groups
(test-alone or depression controls) without tetanic stimulation,
we found that thapsigargin had no significant effect on the de-
pression from 10 to 40 min. These results indicate that the effect
of thapsigargin on potentiation is not because of enhanced de-
pression. In the presence of thapsigargin, the potentiation group
actually went significantly below the depression control group by
40 min, in part because the PSP gradually fell to zero in six of 11
experiments in the potentiation group but none in the depression
group (the PSP fell to zero in only one of the 156 no drug exper-
iments in Fig. 1 D). The disappearance of the PSP is not likely to
be because of a failure of presynaptic stimulation, because it oc-
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N Pretest (mV) 5" /Pre (%) Tet. Area/first (msec)
Drug Control Drug Control Drug Control Drug Control
Reduced potentiation
LY 5 10 10.7 122 82.7 83.7 2673 2804
Thap M+8 8+9 153 14.9 79.0 84.4 543%* 2682
2APB 7 9 11 20.7 75.6 82.5 2866 2561
Ryan 8 6 9.5 6.9 78.7 83.8 1300* 2705
Hep MN 10 12 1.2 9.3 68.2** 85.8 1632 2214
8N SN 10 " 10.4 15.6 767" 88.3 1052* 1937
K252a 6+7 4+38 8.7 8.6 70.3** 84.1 3053 173
Staur 6 9 12.8 1.2 70.9 80.1 1693 1477
U0126 9 8 10.5 13 735 823 2035 2062
KN93 7+9 5+6 185 16.5 7487 83.7 1608 1981
Calmid 6 7 183 18.1 80.8 89.1 1946 2190
Pep MN 10 " 9.4 138 79.5 82.2 1142 172
Pep SN 10 " 9.4 143 72.6 784 1444 1646
DNQX 7+6 9+4 5.9%* 173 75.6* 85.9 1963 2285
BoTx MN n 9 19.9%* 8.9 775" 85.6 994* 2265
Did not reduce potentiation
APV 20 23 1.0 14 843 81.0
Nit 9 7 19.0 129 84.6 84.4
Low (™" 10 8 6.0% 238 79.0 745
8N MN 12 12 14.5 9.3 82.4 85.8
Hep SN 7 " 1.9 15.6 87.9 88.3
H7 5 5 18.1 143 86.3 78.8
KT5720 9 9 10.4 7.6 783 83.7
KT5823 4 4 9.1 7.0 85.7 89.2
LavA 6 4 213 16.2 80.0 82.6
NOArg 4 7 9.0 15.6 79.8 81.6
Oxy 9 9 152 129 90.1 89.8

The Nand mean amplitude of the PSP on the pretest (in mV) and the second test, 5 min later (normalized to the pretest) for each drug group and its matching control group. For drugs that were tested on homosynaptic depression as well
as potentiation, both N's are given and the data have been pooled. For drugs that significantly reduced potentiation, we also measured the total depolarization during the tetanus, normalized to the first PSP in the tetanus, as an index of

short-term plasticity. **p < 0.01; *p < 0.05; *p < 0.05; one-tail compared with control.

curred gradually, rather than abruptly. Moreover, thapsigargin
still significantly reduced homosynaptic potentiation, even when
the experiments with zero responses were excluded ( p < 0.01).

Thapsigargin also significantly reduced the total postsynaptic
depolarization during the tetanus (area = 6,614 vs 40,661 mV X
msec in the control group; ¢, = 5.35; p < 0.001). This effect was
due in part to increased homosynaptic depression before the first
PSP of the tetanus (first/Pre = 71.3 vs 79.5%), similar to the
increased depression on the 5 min test, and in part to increased
short-term depression during the tetanus (¢,,5) = 6.26; p < 0.001)
(Table 1, Fig. 4C). These results suggest that thapsigargin might
act by reducing postsynaptic depolarization during the tetanus
and, thus, blocking other voltage-dependent mechanisms of po-
tentiation. However, two such mechanisms, Ca®" influx though
NMDA receptor channels or voltage-dependent Ca*™ channels,
do not play important roles in homosynaptic potentiation (Fig.
2A,B). Furthermore, low Ca** also reduced postsynaptic depo-
larization during the tetanus (area = 10, 079 vs 24,419 mV X
msec in the control group; ¢4 = 3.71; p < 0.01) but did not
significantly effect potentiation (Fig. 2C). In addition, in the con-
trol experiments shown in Figure 1D, there was no significant
correlation between the average percentage of potentiation and
the total postsynaptic depolarization during the tetanus (r =
0.103). Thus, the reduction in postsynaptic depolarization can-
not explain the effect of thapsigargin on potentiation.

Homosynaptic potentiation involves postsynaptic IP;
receptors and presynaptic ryanodine receptors

Thapsigargin depletes both IP;-sensitive and ryanodine-sensitive
Ca’* stores. Type I metabotropic receptors are linked to the
production of IP;, and ryanodine receptors play an important

role in Ca®"-induced Ca*" release, suggesting that both stores
might be involved. Consistent with that idea, a cell-permeable
inhibitor of IP; receptors, 2APB (10 uMm) greatly reduced homo-
synaptic potentiation (F, ;4 = 6.69; p < 0.05) (Fig. 3C). Simi-
larly, prolonged (40 min) application of a relatively high concen-
tration (100 uMm) of ryanodine, which binds to a low-affinity site
and blocks ryanodine receptors (Meissner, 1986; McPherson et
al., 1991) also reduced the potentiation (F, ;5 = 33.06; p <
0.001) (Fig. 3D). Brief (4 min) application of a relatively low
concentration (1 uM) of ryanodine, which binds to a high-affinity
site and activates ryanodine receptors, produced potentiation of
the PSP (F, 15y = 7.62; p < 0.05 compared with the no drug
control) (Fig. 3D, inset), further supporting a role of ryanodine
receptors. Like thapsigargin, a high concentration of ryanodine
also increased the short-term depression during the tetanus
(tay = 2.91; p < 0.05), but 2APB did not (Table 1, Fig. 4C).
These results suggest that whereas ryanodine-sensitive Ca®"
stores are selectively involved in short-term plasticity during the
tetanus, both IP,-sensitive and ryanodine-sensitive Ca** stores
contribute to homosynaptic potentiation.

Because the potentiation involves Ca** in both the presynap-
tic and postsynaptic neurons (Bao etal., 1997), Ca*™ release from
intracellular stores in either neuron might play a role. To test
those possibilities, we injected cell impermeable antagonists of
either IP; receptors (heparin) or ryanodine receptors
(8NCcADPR) into either the sensory neuron or the motor neuron.
Injecting heparin (2 mg/ml in the electrode) into the motor neu-
ron reduced the potentiation (F, ;) = 5.08; p < 0.05) (Fig. 4A).
However, the reduction in potentiation was more modest than
that produced by 2APB (Fig. 3C), perhaps because substances
injected into the cell body reach the synapses at a much lower
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the tetanus (¢4, = 1.94; p < 0.05; one-
tail) (Table 1), but postsynaptic SNcADPR
and either presynaptic or postsynaptic
heparin did not (Fig. 4D). These results
support the idea that presynaptic ryano-
dine receptors contribute to short-term
plasticity during the tetanus (Narita et al.,
2000; Emptage et al., 2001) and suggest
that Ca’* release from presynaptic
ryanodine-sensitive stores also contributes
to longer-lasting potentiation.

significantly different.
Homosynaptic potentiation involves
protein kinases, probably including MAP kinase
We next began to investigate possible downstream effectors of Ca**
during homosynaptic potentiation. We first tested the role of protein
kinases, many of which can be activated either directly or indirectly
by Ca®" and contribute to hippocampal LTP (Bliss and Col-
lingridge, 1993). A general inhibitor of protein kinases, K252a (200
M) greatly reduced homosynaptic potentiation (F, ,,, = 38.12;
P <<0.001) (Fig. 5A). There was also a significant interaction between
the effect of K252a and time, but this was eliminated by a log trans-
formation of the data, indicating that the ratio of the control and
drug groups was approximately constant over time. Like thapsigar-
gin, K252a also increased homosynaptic depression on the second
test, 5 min after the first PSP (F, ,5) = 9.93; p < 0.01) (Table 1), but
it had no significant effect on the depression from 10 to 40 min in
test-alone control experiments. Another general inhibitor of protein
kinases, staurosporine (50 um), also reduced potentiation (F; ;3 =
15.78; p < 0.01) (Fig. 5B). These results suggest that protein phos-
phorylation plays an important role in the potentiation.

However, a third general inhibitor of protein kinases, H7 (100
uM), had no significant effect on the potentiation (Fig. 5C), al-
though a similar concentration of H7 blocks other types of plas-
ticity in these neurons (Braha et al., 1993). H7 is a relatively
potent inhibitor of myosin light chain kinase, cAMP-dependent
protein kinase (PKA), cGMP-dependent protein kinase (PKG),
and PKC in mammals, suggesting that none of these kinases may
play a critical role. However, because H7 is thought to be some-

Figure 3. Homosynaptic potentiation involves Ca" release from both IP,- and ryanodine-sensitive intracellular stores. A,
Examples of the PSPs in a representative potentiation experiment and a depression control experiment during perfusion with
thapsigargin (10 um), which depletes intracellular Ca2* stores. B, Average results from experiments like these shown in A.
Homosynaptic potentiation is greatly reduced by thapsigargin, compared with the no drug control experiments. Thapsigargin also
tended to increase homosynaptic depression on the second test, 5 min after the first PSP, but had no significant effect on the
depression from 10 to 40 min. There was a significant drug X tetanus interaction (F; 5, = 13.83; p << 0.001) in a three-way
ANOVA with one repeated measure (time) for the data from 10 to 40 min. C, Homosynaptic potentiation is greatly reduced by a cell
permeable inhibitor of IP, receptors, 2APB (10 um). D, Homosynaptic potentiation is reduced by prolonged application of a
relatively high concentration (100 wum) of ryanodine, which blocks ryanodine receptors. Inset, Brief application of a relatively low
concentration (1 wm) of ryanodine (which activates ryanodine receptors) after the first PSP produced potentiation of the second
PSP. The average amplitudes of the PSPs on the first test were 20.4 mV (control, n = 9) and 6.8 mV (1 umryanodine, n = 6); not

what more selective for PKC in Aplysia (Braha et al., 1993), we
also tested more specific inhibitors of PKA (KT5720; 2 uM; n =9
drug and 9 control) and PKG (KT5823; 1 uM; n = 4 drug and 4
control). Neither inhibitor had a significant effect on the poten-
tiation, although at similar concentrations they both block clas-
sical conditioning in Aplysia (Antonov et al., 2003) (I. Antonov,
unpublished data).

We also performed preliminary tests of the possible roles of some
other protein kinases that contribute to LTP in hippocampus
(O’Dell et al., 1991; English and Sweatt, 1996). An inhibitor of ty-
rosine kinase, lavendustin A (1 um; n = 6 and 4) had no significant
effect on homosynaptic potentiation, although a higher concentra-
tion may be necessary in Aplysia (Purcell and Carew, 2001). How-
ever, an inhibitor of MAP kinase, U0126 (10 um), which blocks
vesicle mobilization in these neurons at a similar concentration (An-
gers etal., 2002; Chin etal., 2002), reduced the potentiation (F, ;5) =
17.04; p < 0.001) (Fig. 5D). These results suggest that MAP kinase
may contribute to homosynaptic potentiation as well.

Homosynaptic potentiation involves both presynaptic and
postsynaptic CamKII

H?7 is known to differ from K252a and staurosporine in being a
relatively poor inhibitor of calcium/calmodulin-dependent pro-
tein kinase (CamKII), suggesting that CamKII might play an im-
portant role. Consistent with that idea, a more specific inhibitor
of CamKII, KN93 (5 um), greatly reduced homosynaptic poten-
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Homosynaptic potentiation does not
require nitric oxide, but may involve
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These results suggests that NO does not
Figured.  Homosynaptic potentiation involves both presynapticand postsynaptic Ca2* release, and short-term plasticityalso ~ P1ay an important role in the potentiation.

involves presynaptic Ca2™ release. A, Homosynaptic potentiation is significantly reduced by injection of a cell impermeable
antagonist of IP; receptors (heparin, 2 mg/ml in the electrode) but not a cell impermeable antagonist of ryanodine receptors
(8NCADPR, 20 wum in the electrode) into the motor neuron. B, Homosynaptic potentiation is significantly reduced by injection of
8NCADPR, but not heparin, into the sensory neuron. (, Short-term depression during the tetanus is increased by thapsigargin ora
high concentration of ryanodine, but not by 2APB. The data are from the same experiments as Figure 3. To get an overall index of
plasticity during the 2 sec tetanus, we measured the total area under the tetanus (in millivolts X milliseconds) normalized to the
amplitude of the first PSP in the tetanus (in millivolts) in each experiment. D, Short-term depression during the tetanus is
increased by presynaptic SNCADPR but not by postsynaptic 8NcADPR or either presynaptic or postsynaptic heparin. The data are

from the same experiments as A and B.

tiation (F; 53y = 23.10; p < 0.001) (Fig. 6A). There was also a
significant interaction between the effect of KN93 and time, but
this was eliminated by a log transformation of the data, suggest-
ing that CamKII contributes to both early and late potentiation.
Like thapsigargin and K252a, KN93 also tended to increase ho-
mosynaptic depression on the second test, 5 min after the first
PSP (Table 1), but it had no significant effect on the depression
from 10 to 40 min in test-alone control experiments. An inhibitor
of calmodulin, calmidazolium (10 M), which also inhibits Cam
kinase in Aplysia (DeReimer et al., 1984), reduced the potenta-
tion as well (F, ;) = 5.02; p < 0.05) (Fig. 6B). These results
suggest the of CamKII in homosynaptic
potentiation.

To test whether CamKII acts in either the presynaptic or
postsynaptic neuron, we injected a peptide inhibitor, CamKII
281-309, into either the sensory neuron or the motor neuron.
Injecting CamKII 281-309 (300 uM in the electrode) into the
motor neuron reduced homosynaptic potentiation (F, 9y =
4.62; p < 0.05) (Fig. 6C). Injecting CamKII 281-309 into the
sensory neuron also reduced the potentiation (F(, ;o) = 5.28; p <
0.05) (Fig. 6 D), suggesting that both presynaptic and postsynap-
tic CamKII contribute to homosynaptic potentiation.

involvement

Because oxymyoglobin also scavenges car-
bon monoxide (CO), another possible
transsynaptic messenger, these results sug-
gest that CO is not involved either.

Both CamKII and MAP kinase contrib-
ute to LTP in hippocampus through inser-
tion of AMPA-type glutamate receptors
into the postsynaptic membrane (Mali-
now and Malenka, 2002). Aplysia sensory—
motor neuron PSPs are thought to have
both AMPA and NMDA components
(Glanzman, 1994; Conrad et al., 1999; Antonov et al., 2003), and
insertion of AMPA-type receptors may also contribute to facili-
tation by serotonin in Aplysia (Chitwood et al., 2001). To begin to
test whether that mechanism contributes to homosynaptic po-
tentiation as well, we examined potentiation in the presence of a
low concentration (5 uMm) of the AMPA receptor antagonist
DNQX, which should decrease the importance of any selective
changes in the AMPA component. DNQX greatly reduced homo-
synaptic potentiation (F; ,,y = 17.70; p < 0.001) (Fig. 7C). Like
thapsigargin, K252a, and KN93, DNQX also increased homosyn-
aptic depression on the second test, 5 min after the first PSP
(F(1,24)y = 5.16; p < 0.05) (Table 1), but it had no significant effect
on the depression from 10 to 40 min in test alone control exper-
iments. In the presence of DNQX, the potentiation group went
significantly below the depression control group by 40 min, in
part because the PSP gradually fell to zero in two of seven exper-
iments in the potentiation group but none in the depression
group. However, the potentiation group still went significantly
below the depression control group even when the experiments
with zero responses were excluded. As expected, DNQX also re-
duced the amplitude of the initial PSP (Table 1) and the postsyn-
aptic depolarization during the tetanus (area = 7,119 vs 28,755
mV X msec in the control group). However, these effects prob-
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like any of the other agents that we tested,
botulinum toxin selectively affected the  Figure5. Homosynaptic potentiation involves protein kinases, probably including MAP kinase. 4, Homosynaptic potentiation

early phase of potentiation. Second,
postsynaptic botulinum toxin also in-
creased the amplitude of the initial PSP
(tasy = 2.91; p < 0.01) (Table 1) and in-
creased short-term depression during the
tetanus (¢,,) = 2.71; p < 0.05) (Table 1).
Although botulinum toxin still signifi-
cantly reduced homosynaptic potentiation when these effects
were factored out in ANCOVA, they suggest that the toxin may
not act simply by blocking AMPA receptor insertion. The effects
on the amplitude and short-term depression of the PSP are the
reverse of those with low Ca*" (Fig. 2C), suggesting that postsyn-
aptic botulinum toxin may increase the presynaptic probability
of release (perhaps by blocking release of an inhibitory retrograde
signal). Thus, although our results tend to support the possible
involvement of AMPA receptor insertion in homosynaptic po-
tentiation, botulinum toxin may also affect other mechanisms.

Discussion

Mechanisms of homosynaptic potentiation

Bao et al. (1997) previously found that homosynaptic potentia-
tion at Aplysia sensory—motor neuron synapses in isolated cell
culture involves both presynaptic and postsynaptic Ca*". We
have now investigated the sources of Ca** and some of its down-
stream targets. Our results suggest that the potentiation involves
intracellular Ca®" release from both postsynaptic IP;-sensitive
and presynaptic ryanodine-sensitive stores (Figs. 3, 4) and also
both presynaptic and postsynaptic CamKII and probably MAP
kinase (Figs. 5, 6). In addition, the potentiation may involve
postsynaptic AMPA receptor insertion (Figs. 7C,D). Intracellular
Ca*" release and CamKII are similarly thought to play some role
in the spike broadening-independent component of facilitation
by serotonin at Aplysia sensory—motor neuron synapses (Boyle et
al., 1984; Nakanishi et al., 1997), and AMPA receptor insertion
may also contribute to facilitation by serotonin in the same time
range as the potentiation (around 30 min) (Chitwood et al., 2001;
Lietal., 2001). Like homosynaptic potentiation, AMPA receptor

is greatly reduced by a general inhibitor of protein kinases, K252a (200 nm). K252a also increased homosynaptic depression on the
second test, 5 min after the first PSP, but had no significant effect on the depression from 10 to 40 min. There was a significant
drug X tetanus interaction (F; ,;) = 16.68; p << 0.001) in a three-way ANOVA with one repeated measure (time) for the data
from 10to 40 min. B, Homosynaptic potentiation is also reduced by another general inhibitor of protein kinases, staurosporine (50
nu). C, Homosynaptic potentiation is not reduced by a third general inhibitor of protein kinases, H7 (100 wm). D, Homosynaptic
potentiation is reduced by an inhibitor of MAP kinase, U0126 (10 rum).

insertion is thought to involve metabotropic receptors linked to
Ca*" release from postsynaptic IP;-sensitive stores in Aplysia
(Chitwood et al., 2001; Li and Glanzman, 2002) and postsynaptic
CamKII and MAP kinase in hippocampus (Malinow and
Malenka, 2002). However, because the agents that we used to test
the possible role of AMPA receptor insertion in homosynaptic
potentiation (DNQX and botulinum toxin) may have had addi-
tional actions, it will be necessary to test that idea with other
methods.

In the presence of a few of the drugs that we used (thapsigar-
gin, postsynaptic heparin, presynaptic 8NcADPR, and DNQX),
the PSP gradually fell to zero in some of the experiments in the
tetanus group but not in the depression control group. This result
suggests that the tetanus caused depletion of some factor that
could not be restored in the presence of the drug. Because these
drugs had both presynaptic and postsynaptic actions, at least two
hypotheses seem possible: (1) the drugs might cause depletion of
AMPA receptors by blocking receptor insertion, if the tetanus
stimulates both insertion and removal; and (2) they might cause
depletion of presynaptic vesicles by blocking vesicle mobiliza-
tion. Like homosynaptic potentiation, vesicle mobilization is
thought to involve Ca** release from intracellular stores (Ku-
romi et al., 2002) and phosphorylation by MAP kinase in Aplysia
(Angers et al., 2002; Chin et al., 2002) and by CamKII in verte-
brates (Greengard et al., 1993).

Our experiments also provide some information about mech-
anisms of homosynaptic depression. Notably, almost all of the
drugs that decreased homosynaptic potentiation also increased
homosynaptic depression on the second test, 5 min after the first
PSP (Table 1), but the representative drugs that we tested more
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Figure 6. Homosynaptic potentiation involves both presynaptic and postsynaptic CamKIl. 4, Homosynaptic potentiation is ~ POStsynaptic AMPA receptor insertion

greatly reduced by amore specificinhibitor of CamKIl, KN93 (5 wum). KN93 also tended to increase homosynaptic depression on the
second test, 5 min after the first PSP, but had no significant effect on the depression from 10 to 40 min. There was a significant
drug X tetanus interaction (F; ,3) = 10.67;p < 0.01) ina three-way ANOVA with one repeated measure (time) for the data from
10 to 40 min. B, Homosynaptic potentiation is also reduced by an inhibitor of calmodulin, calmidazolium (10 wum). ¢, Homosyn-
aptic potentiation is reduced by injection of a peptide inhibitor of CamKIl, CamKIl 281-309 (300 wm in the electrode) into the
motor neuron. D, Homosynaptic potentiation is also reduced by injection of CamKIl 281-309 into the sensory neuron.

fully (a general inhibitor of intracellular Ca*™ release, thapsigar-
gin; a general inhibitor of protein kinases, K252a; a more selective
inhibitor of CamKII, KN93; and an AMPA receptor antagonist,
DNQX) did not affect the depression from 10 to 40 min, indicat-
ing that their effects on potentiation are not because of enhanced
depression. Chin etal. (2002) made a similar observation with the
MAP kinase inhibitor U0126. In addition, we found that the
amplitude of the PSP on the first test had a significant negative
correlation with the 5 min depression but not the depression
from 10 to 40 min. One possible explanation for these results is
that the first test transiently engages the same mechanisms of
potentiation as the tetanus, and these counteract the depression
at 5 min. An additional implication of these results is that the
depression from 10 to 40 min does not involve any of the mech-
anisms that we tested.

Comparison with other forms of homosynaptic potentiation

We have previously referred to the potentiation produced with
this protocol (20 Hz, 2 sec tetanus at Aplysia sensory—motor neu-
ron synapses in isolated cell culture) as PTP because it shares
many features with PTP in other systems: it is produced by rather
mild tetanic stimulation and is accompanied by an increase in the
frequency of spontaneous miniature EPSPs with no change in
their amplitude (Eliot et al., 1994b), and it is blocked by presyn-
aptic EGTA (Bao et al., 1997) but not by APV (Kononenko and
Hawkins, 1998). These features are all consistent with residual
presynaptic Ca>", which is thought to be the primary mechanism
of PTP at most synapses (Zucker and Regehr, 2002). Further-
more, like potentiation at the sensory—motor neuron synapses,
PTP in some systems involves Ca" release from presynaptic

(Fig. 7). However, unlike LTP in CA1 hip-
pocampus or Aplysia, the potentiation is
not blocked by APV (Fig.2A), and it is also
not blocked by inhibition of L-type
voltage-dependent Ca>* channels (Fig.
2B).

The potentiation, thus, has similarities
with either PTP or LTP in CAl hippocampus, but it seems to
differ from both because it is not significantly affected by a five-
fold reduction in extracellular Ca®* (Dunwiddie and Lynch,
1979; Anwyl et al., 1988; Mulkeen et al., 1988) (Fig. 2C), although
the normal Ca*" level is also higher in Aplysia. Furthermore,
unlike PTP and LTP in CAl, the early (1 min) and late (30 min)
parts of the potentiation are not differentially affected by any of
the drugs that we have tested, as indicated by the lack of a signif-
icant drug X time interaction on the log transformed data (with
the exception of postsynaptic botulinum toxin) (Fig. 7D). For
these reasons, we now refer to the increase in the EPSP with the
more neutral term, “homosynaptic potentiation.”

Because homosynaptic potentiation involves metabotropic
glutamate receptors linked to Ca®" release from intracellular
stores (Figs. 2D, 3, 4A), it may be more similar to LTP onto
hippocampal interneurons (Woodhall et al., 1999; Perez et al.,
2001). Metabotropic receptors linked to Ca** release also con-
tribute to CA1 LTP (Bortolotto and Collingridge, 1993; Wilsch et
al., 1998) and may play a role in mossy fiber LTP as well (Yeckel et
al., 1999; Kapur et al., 2001). Homosynaptic potentiation also has
mechanistic similarities to hippocampal LTD, which is thought
to involve intracellular Ca*" release from both postsynaptic IP-
sensitive stores and presynaptic ryanodine-sensitive stores (Reyes
and Stanton, 1996; Reyes-Harde et al., 1999a,b; Unni and
Siegelbaum, 2001), leading to activation of presynaptic CamKII
(Stanton and Gage, 1996). These presynaptic and postsynaptic
mechanisms are believed to be linked by retrograde signaling
through the NO-cGMP-PKG pathway (Gage et al., 1997; Reyes-
Harde et al., 1999a,b), and plasticity at Aplysia sensory—motor
neuron synapses during classical conditioning also involves ret-
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enhancement of presynaptic facilitation
that is thought to contribute to classical
conditioning (Eliot et al., 1994a; Bao et al.,
1998; Antonov et al., 2003). Like homo-
synaptic potentiation, activity-dependent
presynaptic facilitation in isolated cell cul-
ture can be blocked by presynaptic EGTA,
postsynaptic BAPTA, or strong postsynap-
tic hyperpolarization, but unlike homosynaptic potentiation, it
can also be blocked by a presynaptic inhibitor of PKA (Bao et al.,
1997, 1998). Thus, activity-dependent presynaptic facilitation
appears to combine some of the mechanisms of homosynaptic
potentiation with those of presynaptic facilitation (the PKA path-
way). A testable prediction of this idea is that activity-dependent
presynaptic facilitation may also involve the additional mecha-
nisms of homosynaptic potentiation that we have described, in-
cluding intracellular Ca?" release, CamKII, MAP kinase, and
possibly AMPA receptor insertion, and that these may in turn
contribute to some of the functional properties of classical con-
ditioning in Aplysia.
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