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Multiple Local Synaptic Modifications at Specific
Sensorimotor Connections after Learning Are Associated
with Behavioral Adaptations That Are Components of a
Global Response Change
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Learning causes local changes in synaptic connectivity and coordinated, global changes affecting many aspects of behavior.
How do local synaptic changes produce global behavioral changes? In the hermaphroditic mollusc Aplysia, after learning that
food is inedible, memory is expressed as bias to reject a food and to reduce responses to that food. We now show that mem-
ory is also expressed as an increased bias to reject even a nonfood object. The increased bias to rejection is partially
explained by changes in synaptic connections from primary mechanoafferents to five follower neurons with well defined roles
in producing different feeding behaviors. Previously, these mechanoafferents had been shown to play a role in memory con-
solidation. Connectivity changes differed for each follower neuron: the probability that cells were connected changed; excita-
tion changed to inhibition and vice versa; and connection amplitude changed. Thus, multiple neural changes at different sites
underlie specific aspects of a coordinated behavioral change. Changes in the connectivity between mechanoafferents and their
followers cannot account for all of the behavioral changes expressed after learning, indicating that additional synaptic sites
are also changed. Access to the circuit controlling feeding can help determine the logic and cellular mechanisms by which
multiple local synaptic changes produce an integrated, global change in behavior.
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How do local changes in synapses affect global behavior? Studies on invertebrate preparations usually examine synaptic
changes at specific neural sites, producing a specific behavioral change. However, memory may be expressed by multiple be-
havioral changes. We report that a change in behavior after learning in Aplysia is accomplished, in part, by regulating connec-
tions between mechanoafferents and their synaptic followers. For some followers, the connection probabilities change; for
others, the connection signs are reversed; in others, the connection strength is modified. Thus, learning produces changes in
connectivity at multiple sites, via multiple synaptic mechanisms that are consistent with the observed behavioral change. /
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ignificance Statement

Introduction

Memory is expressed by changes at specific, local synapses, and
also by widespread, global changes in behavior. How are changes
at local synapses related to global changes in behavior? In inver-
tebrate model systems, neurons and synapses are readily accessi-

Received Nov. 7, 2019; revised Feb. 24, 2020; accepted Feb. 25, 2020.
Author contributions: I.H. and A.J.S. designed research; S.T. and LH. performed research; S.T. and A.J.S.

analyzed data; H.J.C. and A.J.S. wrote the paper.

*S.T. and L.H. contributed equally to this work.

The authors declare no competing financial interests.

This research was supported by Israel Science Foundation Grants 1379/12 and 2396/18, U.S.-Israel
Binational Science Foundation (BSF) Grant 2017624, and National Science Foundation-Division of Integrative
Organismal Systems-BSF Grant 1754869. We thank Arina Soklakova for performing the behavioral experiment
on rejection of a cannula.

Correspondence should be addressed to Abraham J. Susswein at avy@biu.ac.il.

https://doi.org/10.1523/JNEUR0SCI.2647-19.2020
Copyright © 2020 the authors

ble, but studies have usually focused on single neural sites
producing a specific behavioral change (Kandel, 2001; Hawkins
and Byrne, 2015). However, the sites examined are unlikely to be
the only ones affected. Learning may produce changes at many
sites (Benjamin et al., 2000), reflecting the finding that even sim-
ple stimuli recruit many neurons (Zecevic et al., 1989), presum-
ably with many functions. Changes in multiple aspects of
behavior after an experience are particularly striking in humans
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and in higher animals, in which, with the appropriate experi-
mental techniques, the different aspects are separable (Cohen
and Squire, 1980).

Multiple changes in behavior arise from multiple changes in
the functional connectome, the set of neurons active while per-
forming a behavior (Alivisatos et al., 2012). To examine how a
connectome is functionally rewired (Bennett et al, 2018) and
how local synaptic changes can globally affect behavior when
long-term memory is expressed, we used an associative learning
paradigm in which Aplysia try but fail to consume food
(Susswein et al., 1986). Training is characterized by progressively
fewer attempts to swallow food, until animals completely stop
responding. Long-term memory is expressed by a number of
changes in behavior. First, animals make fewer attempts to bite
and swallow the food, because of an increased likelihood to pro-
duce active rejection responses in place of biting and swallowing.
Second, there is a decrease in the time required to stop respond-
ing to the food. Third, the decrease is taste specific (Susswein et
al,, 1986). A recent study (McManus et al,, 2019) indicated that
the decreased response time is explained by a postsynaptic
decrease in the response of neurons in the cerebral ganglion to
the transmitter released by chemoafferents responding to food
on the lips. However, this study did not account for the increased
bias to reject food. Two findings suggested that the changes in
behavior that precede the cessation of responses might be local-
ized to a group of mechanoafferents in the buccal ganglia that in-
nervate the interior of the mouth. First, the mechanoafferents
release peptides biasing motor activity to rejection (Vilim et al.,
2010). Second, molecular correlates of long-term memory for-
mation after training with inedible food are localized to these
mechanoafferents (Levitan et al., 2012). We therefore focused on
the possible role of these mechanoafferents in an increased bias
to reject.

How could an increase in the likelihood to reject food, rather
than to ingest it, be expressed in the nervous system? In general,
a number of possible mechanisms for choosing a behavior have
been found in the nervous system, ranging from command neu-
ron-like systems, in which one behavior suppresses all others; to
reorganizing circuitry, in which changes in input “carve out” dif-
ferent patterns of neural activity; to population encoding, in
which a continuous range of different behaviors can be generated
(Morton and Chiel, 1994; Kristan, 2008). We found that in ani-
mals expressing long-term memory that biases feeding to rejec-
tion-like activity, the synaptic output of a subpopulation of the
mechanoafferents is modified, so as to bias the response to rejec-
tion. The bias is accomplished in different ways to different fol-
lowers, indicating that even a specific aspect of the overall
change in behavior does not occur at a single neural site, by a
specific neural mechanism, but rather arises by regulating multi-
ple synapses simultaneously. For some synapses between mecha-
noafferents and their followers, the connection probability
changes; in others, connection sign (excitation or inhibition) is
reversed; in still others, connection amplitude is increased or
decreased. Thus, even a single aspect of memory is expressed by
changes at a variety of neural sites, via both functional rewiring
(adding or eliminating connections) and changes in relative
amplitude.

Materials and Methods

Animals

Aplysia californica weighing 50-250 g were purchased from Marinus
Scientific, and were stored in 600 L tanks filled with natural
Mediterranean seawater maintained at 17°C. The animals were fed two
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to three times weekly with Ulva lactuca gathered from the
Mediterranean coasts of Israel or were purchased from Seakura (https://
www.seakura.co.il/en/), and stored frozen until used.

Experimental design and statistical analysis

Training and testing memory. As in numerous previous studies examin-
ing learning that food is inedible in Aplysia (Susswein et al., 1986;
Katzoff et al., 2002, 2006; Levitan et al., 2012), 24 h before being trained,
animals were transferred to 10 L experimental aquaria that were main-
tained at room temperature (23°C). They were kept two to an aquarium,
with the two animals separated by a partition allowing the flow of water.
As in previous studies (Susswein et al., 1986), the animals were trained
with inedible food, the seaweed Ulva wrapped in plastic net. The food
induced biting, leading to food entering the buccal cavity, where it
induced attempts to swallow. Netted food cannot be swallowed, and it
produces repetitive failed swallows. When the unswallowed food subse-
quently leaves the buccal cavity, the experimenter continues holding it
touching the lips, inducing further bites, entries into the buccal cavity,
and failed swallows. As training proceeds, many bites fail to cause entry
of food into the mouth. When food does enter the mouth, it stays within
for progressively shorter periods, eliciting fewer attempted swallows.
Training proceeded until the animals stopped responding to food, which
was defined as a lack of entry of food into the mouth for 3 min. Data
were included only from animals in which food in the mouth elicited
failed attempts to swallow for at least 130 s. Animals displaying less time
attempting to swallow are relatively unresponsive to food, and are often
not well trained and therefore display poor memory. Previous experience
(Levitan et al., 2012) showed that use of a criterion of even 100 s within
the mouth almost always shows long-term memory. We used an even
more stringent criterion to increase the likelihood of producing memory.
Approximately 80% of the animals satisfied this criterion. A full training
session until animals stopped responding to food requires 10-25 min of
training. Such a training session causes long-term memory measured af-
ter 24 h. Animals that stopped responding in <<5 min were discarded.

To be certain that ganglia from animals that were fully trained and
that exhibited long-term memory were examined, 1 h after training the
animals were trained a second time, with a procedure identical to that
during the first training. The double training was used to increase the
likelihood of obtaining animals displaying memory. The next day, before
examining the buccal ganglia, memory was tested by training the ani-
mals again. Only animals displaying long-term memory, shown by a
decrease in the time to stop responding to the food, with respect to the
first training, were retained for further study. Approximately 10% of the
animals did not satisfy this criterion and were not used in the subsequent
electrophysiological analysis.

Behavioral tests of rejection. Seven animals were trained as above.
One hour after the test of memory, animals were again stimulated with
food, and when they opened their mouths, a cannula was inserted into
the mouth. The cannula was swallowed, and after entry into the gut,
when the cannula was no longer gripped by the radula, the cannula was
gently pushed further into the gut. The end of the cannula could be felt
through the soft skin of the animal. The cannula was marked every half
centimeter, allowing one to measure how much had been swallowed.
The time required to fully eject the cannula was measured, allowing us
to calculate the rate of rejection in centimeters ejected per minute. An
identical procedure was also performed in seven naive, untrained
controls.

Electrophysiology. Both animals showing long-term memory and con-
trols (naive, untrained animals) were injected with 25-50% isotonic
MgCl,, dissected, and the buccal ganglia (see https://commons.wikimedia.
org/wiki/File:Aplysia_californica_buccal_ganglia.jpg) were removed and
pinned to Sylgard on the bottom of a Petri dish, and the caudal surface of
the ganglia were desheathed. The S1 neurons are one of two clusters of
mechanoafferent neurons that innervate the interior of the buccal mass.
While recording from a member of the S1 cluster, one of five identified
neurons of known function in producing feeding behavior that are located
on the same (caudal) surface of the ganglion was then penetrated, and syn-
aptic connections from the S1 neuron to that other neuron were charac-
terized. Electrodes were pulled with a Sutter Brown-Flaming type model
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release peptides biasing motor activity to rejection
(Vilim et al., 2010), and that molecular correlates of
long-term memory formation after training with
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Figure 1.

N'=7 naive animals and N =7 trained animals), asterisk marks a significant difference.

97 puller, using 1 mm thin-walled glass with a filament. The electrodes
were filled with 3 mm potassium acetate and had resistances of 40-60 MQ.
Although this solution is likely to affect the properties of the impaled cells
(Hooper et al., 2015), the use of this solution is unlikely to affect results
since the same electrodes were used for both naive and trained animals.
Recordings were via an Axoclamp 2 voltage clamp/amplifier in current-
clamp mode. Noise level was ~200 wV. For this reason, when analyzing
the data, the recorded potential was rounded to the nearest millivolt [i.e.,
postsynaptic potentials (PSPs) <500 uV were scored as OuV; PSPs
>500 uV were scored as 1 mV]. After documenting the connectivity, a
second SI neuron was penetrated, and connectivity was measured. In
many preparations, connections from a number of SI neurons to a num-
ber of followers were sampled. Presynaptic (S1) neurons were stimulated
with pulses of depolarizing currents (1 nA, 250 ms duration, 10 Hz). Each
pulse initiated a single action potential. Three trains of five stimuli were
delivered 10 s apart, for a total of 15 pulses. Unless otherwise mentioned,
the analyses are of the first PSP recorded in the follower cell. In addition
to producing the fast PSP that is the subject of this report, S1 neurons also
often produced slow PSPs. These were not analyzed and will be the subject
of a future report.

A total of 377 synaptic connections from S1 neurons to the five fol-
lowers were sampled in >40 control preparations, and a total of 371 syn-
aptic connections from S1 neurons to the five followers were recorded in
>40 preparations from animals that had been trained. The specific num-
ber of connections sampled from S1 neurons to each follower is indi-
cated in the legends to the relevant figures.

Statistics. Mann-Whitney U tests were used to compare the overall
difference in connectivity between the S1 mechanoafferents and five fol-
lowers, since the data were not normally distributed. )(2 tests were used
to compare the distributions of excitation, inhibition, and lack of a con-
nection, between ganglia from naive and trained animals. Unpaired ¢
tests assuming unequal variance were used to compare differences in
amplitude of the first PSP elicited by an action potential in an S1 mecha-
noafferent between ganglia from trained and untrained animals. When
comparing the effects of trains of action potentials on PSPs, a two-way
ANOVA was used, which examined the effects of repetition and train-
ing. In the behavioral experiment that examined the efficacy of rejec-
tions, an unpaired ¢ test assuming equal variance was used.

Results

Memory is expressed in part by increased rejection of
nonfood objects

Long-term memory after training with inedible food is expressed
in part by decreased attempts to bite and swallow the food
(Susswein et al., 1986) because of an increased bias to reject the
food. The findings that the mechanoafferents produce and

Rejection and modulation of rejection after training. A, Rejection of a swallowed cannula. The
dark band on the cannula moves away from the jaws in frames 1-8. Note that the tube translates outward.
Anatomical features are indicated in frame 5. The radular surface is labeled, as are the lips and perioral zone
(figure is taken from Ye et al., 2006). B, Training enhances rejection, as measured by increased rate to reject
a swallowed cannula (in cm/min). Means and SEs are shown (p =0.002, t=3.97, df =12, two-tailed ¢ test;

inedible food are localized to these mechanoaffer-
ents (Levitan et al., 2012), suggested that long-term
memory might also be expressed by an increased
tendency to reject even nonfood objects within the
mouth. To test this possibility, rejection of a non-
food object placed within the mouth was compared
in animals displaying long-term memory after train-
ing and in naive controls. As in previous studies, the
nonfood object was a cannula that the animals were
induced to swallow (Kupfermann, 1974; Morton and
Chiel, 1993a; Katzoft et al., 2006; Fig. 1A, rejection
process). The length rejected per unit time provided
a measure of rejection efficacy. Trained animals dis-
played significantly improved rejection, as shown by
a significantly increased rate of cannula rejection
(Fig. 1B), indicating that memory is also partially
expressed as an increased bias to reject nonfood
objects. We therefore examined neural correlates of increased
rejection.

To examine neural correlates of rejection, one must first char-
acterize how rejection differs from other consummatory feeding
behaviors controlled by the buccal ganglia. Three different behav-
iors, biting, swallowing, and rejection, all consist of sequential
protraction and retraction of the toothed radula (Kupfermann,
1974). In biting and swallowing, retraction is the power phase,
with the two halves of the radula closing on food during retrac-
tion, pulling food inward. Protraction is stronger and retrac-
tion is weaker in biting than in swallowing (Morton and Chiel,
1993a; Ye et al., 2006; Neustadter et al., 2007; Lu et al., 2015).
In contrast, during rejection, protraction is the power phase,
with the radula halves closing during protraction, pushing
objects out (for examples of biting and rejection, see https://
www.youtube.com/watch?v=y2RCc99VnYQ). An increased
bias to rejection would arise by strengthening synaptic con-
nections biasing toward protraction, while weakening connec-
tions biasing toward retraction and biasing radula closing
against occurring during retraction.

Synaptic connectivity in naive animals

To determine whether changes in synaptic outputs of mecha-
noafferents contribute to increased rejection after training, we
first examined in naive animals the monosynaptic connectivity
of a subpopulation of mechanoafferents, the S1 neurons, to five
followers with different functions (Fig. 2). In these experiments,
in each preparation, connectivity of a number of S1 neurons to
the different followers was examined. Only the response to the
first spike elicited in the S1 neurons to the five followers was
measured.

Surprisingly, the patterns of connectivity of the S1 mecha-
noafferents differed from those observed in other populations of
mechanoafferents, which generally have relatively uniform out-
puts to their followers (Byrne et al, 1974; Rosen et al., 1979;
Walters et al., 1983a). Two followers received exclusively excita-
tory connections from all S1 neurons that were tested, whereas
the other three were excited by some S1 neurons and inhibited
by others. The number of unconnected S1 neurons also differed
widely among the five followers. There were also different ranges
of PSP amplitudes in the different followers (Fig. 3).
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Increased bias to rejection is expressed A
by changes in synaptic output

To test whether changes in synaptic con-
nections contributed to increased rejec-
tion, monosynaptic connections from S1
neurons to the five followers were com-
pared in animals expressing long-term
memory and in naive animals. Trained

S1 Sensory
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-

animals showed net increases in excita-
tion to B4/B5 and to B61/B62, and a net
increase in inhibition to B3, with no net
changes in connectivity to B8a/b and to
B31/B32 (Fig. 4).

Synaptic changes are consistent with an
increased rejection bias. B4/B5 biases motor
patterns toward rejection-like activity
(Morton and Chiel, 1993b; Jing and Weiss,
2002; Ye et al., 2006), and the increased ex- B
citation to B4/B5 after training (Fig. 4B)
would increase the likelihood of this bias.
Increased inhibition of B3 after training
(Fig. 4C) is consistent with a decreased bias
to ingestion, and an increased bias to rejec-
tion. This is because B3 (Fig. 2) is a motor
neuron exciting muscles active during re-
traction (Lu et al, 2015), the power phase

Neurons

L
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S1 Sensory
Neurons

during ingestion. B4/B5 inhibit B3 at the
start of retraction during ingestion to delay
its activity. If not for the delay, the lumen of
the jaws would close on the grasper too
early (Ye et al,, 2006). Increased net excita-
tion of B61/B62 after training (Fig. 4D) is
consistent with increased rejection, since
B61/B62 innervate a muscle (I2) that pro-
duces protraction (Hurwitz et al.,, 1996; Fig.
2), the power phase of rejection. The lack of
net change in B8a/B8b (Fig. 4E) probably
reflects their role in activating radula closer
muscles (Fig. 2), whose timing may be con-
trolled separately in rejection and ingestion
(Morton and Chiel, 1993b; Jing and Weiss,
2002). In rejection, the radula closes during
protraction, pushing objects out (Morton
and Chiel, 1993b; Jing and Weiss, 2002).

Neurons B31/B32 have a key role in
initiating all consummatory behaviors
(Hurwitz et al., 2008) (Fig. 2), and are
active preceding and during protraction
of biting, swallowing, and rejection
(Hurwitz et al., 1996). Since memory is
expressed in part by a decrease in
response to food, one might expect a decrease in excitation to
B31/B32. The lack of changes to B31/B32 connectivity (Fig. 4F)
suggests that the decrease in the initiation of feeding responses
after training may be effected by upstream neurons that respond
to food and excite B31/B32 (Hurwitz et al., 2003), rather than by
changes in connectivity to B4/B5.

Figure 2.

increased rejection.

Changes in connectivity arise by changes in the number of
excitatory and inhibitory connections, and in their
amplitude

Since individual S1 afferent outputs may not be connected to all
follower neurons, or may be either excitatory or inhibitory,
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Jaw closure and retraction

12 (Protractor) J ¢

Protraction h
S -
A

[4 (Closer)

[ =
B3

Grasper closure
Grasper closed during protraction
@ Inedible material pushed out
o
B3

Grasper open, jaws initially inhibited during retraction

Inedible material released

O

Grasper open

-

Monosynaptic connectivity of afferents to the five followers examined, and the behavioral functions of the fol-
lowers. Excitation is indicated by a line, inhibition by a filled circle. 4, During the protraction phase of rejection, the grasper
(closed by the 14 muscle, highlighted in green) is tightly closed on the inedible material (shown schematically as a tube with a
mark on it), and is protracted to push the material out of the buccal cavity using the protractor muscle (the 12 muscle, high-
lighted in green), pushing the anterior jaw muscles open (movements of the tube, grasper, and jaw muscles are indicated
using green arrows). Closing of the grasper muscle is due to activation of the B8 motor neuron (also highlighted in green;
Morton and Chiel, 1993b; Sasaki et al., 2009), and activation of the protractor muscle is due to the B61/B62 motor neurons
(also highlighted in green; Hurwitz et al., 1996). B, At the onset of retraction, the B4/B5 multiaction neuron is strongly acti-
vated (indicated in green; Ye et al., 2006), inhibiting both the grasper closer motor neuron B8 (shown in red) and the jaw
closer motor neuron B3 (shown in red; Lu et al., 2015). As a consequence, the open grasper can move backward through the
jaws (shown in red) without their closing down on the grasper, which would otherwise cause it to close on the inedible mate-
rial and pull it back into the buccal cavity (Ye et al., 2006). B31/B32 innervate the 2 muscle (Hurwitz et al., 1994, 1999), but
also have a central role in deciding whether or not to initiate a feeding motor response (Hurwitz et al., 1996, 2008).
Enhancements of B4/B5 activity, of B61/B62 firing, and weakening of B3 firing during retraction would bias behavior toward

changes in the connectivity of the population of mechanoaffer-
ents to their followers could result from changes in the number
of connections to followers, from the relative proportion of exci-
tation or inhibition, or from changes in the amplitude of excita-
tory or inhibitory connections. We tested these possibilities.
Training had a differential effect on the distribution of excita-
tory and inhibitory connections. In ganglia from naive animals,
all connections to B4/B5 (Fig. 5A) and B31/B32 (Fig. 5E) were
excitatory, with some mechanoafferents not connecting to B4/B5
or B31/B32. Training induced no significant changes in the per-
centage of S1 neurons producing monosynaptic excitation onto
B4/B5 or B31/B32. In contrast, for B3 (Fig. 5B), B61/B62 (Fig.
5C), and B8a/B8b (Fig. 5D), some S1 neurons in ganglia from
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Figure 3.

Different patterns of synaptic connectivity from S1 mechanoafferents to five followers. A, Connectivity of mechanoafferents to the 5 followers. As above, excitation and inhibition

are indicated by a line and a circle, respectively. B, Distribution of PSP amplitudes in the five followers of the ST neurons in naive animals. 0 mV (no connection), shaded white; inhibitory con-
nections, shaded red; excitatory connections, shaded green. Note the differences in distributions of the same population of mechanoafferents to the different follower neurons. B4/B5 (N =88
connections measured) and B31/B32 (N =69 connections measured) do not receive any inhibitory connections. Also note the differences in the percentage of unconnected neurons, and in the
different distributions of EPSP and IPSP amplitudes for the five followers (V=102 connections measured to B3; N'=>57 connections measured to B61/B62; N =61 connections measured to

B8a/hb). C, Examples of monosynaptic PSPs to two follower neurons in naive Aplysia.

naive animals produced excitation, others inhibition, and others
were unconnected. Training caused significant changes in the
distribution of the connections. For B3, inhibitory connections
increased; for B61/B62, excitatory connections increased; for
B8a/B8b, both excitatory and inhibitory connections increased,
and unconnected neurons decreased. The increase in inhibitory
connections to B3, and the increase in excitatory connections to
B61/B62, partially account for the changes in connectivity after
training. The increases in both excitation and inhibition to B8a/
B8b are consistent with the overall lack of net change after
training.

Connection amplitude was also differentially affected by
training. The amplitude of the S1 to B4/B5 EPSPs was signifi-
cantly increased after training (Fig. 6A, 1), fully accounting for
the increased excitation after training. For the connection to B3,
the amplitude of excitatory connections was not significantly
affected by training (Fig. 64, 2), but the amplitude of inhibitory
connections was significantly increased (Fig. 6B, 2). For the con-
nections to B61/B62, the amplitude of excitatory connections
was significantly increased (Fig. 64, 3). Thus, for the connections
to both B3 and B61/B62, the net changes in connectivity arise via

changes in both the number of connections and in their ampli-
tude. There were no significant changes in the amplitude of the
connections in either B8a/B8b or in B31/B32.

Changes in connectivity are retained after multiple spikes

The analyses above focused on the response of S1 followers to a
single spike, but natural stimuli are likely to cause repetitive spik-
ing, which itself could cause plasticity that changes the connec-
tivity both in naive animals and after training. To test this
possibility, we delivered three sets of stimuli (five stimuli in each
set producing a total of 15 spikes). In addition to examining
changes in the net amplitude of the first PSP, changes in the eli-
cited PSP amplitudes were examined for the 5th and 15th stim-
uli. Two-way ANOVAs determined whether the overall PSP
amplitudes were affected by the spike repetitions, by the training
history, and by their interaction. Patterns of connectivity were
maintained (Fig. 7). Mean PSP amplitude decreased with spike
repetition for B4/B5, B61/B62, and B8a/b. Nonetheless, excita-
tion to B4/B4 and to B61/B62 was consistently increased, and in-
hibition to B3 was consistently decreased after training,
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indicating that the increased bias to
rejection after training is maintained.

Discussion

Explanations of memory in Aplysia and
other invertebrates generally focus on neu-
ral changes at specific sites, explaining
simple behavioral changes (Byrne and
Hawkins, 2015). However, in Aplysia
learning with inedible food, memory is
expressed as a variety of changes in
behavior. We have examined neural
mechanisms underlying one aspect of
memory, an increased bias to rejection.
We have found that functional rewir-
ing (i.e., adding or subtracting connec-
tions, or changing their sign) and
changes in synaptic strength both con-
tribute to changing the functional con-
nectome. Other mechanisms underlie
other aspects of the global behavioral
change.

We found changes in connectivity
between primary mechanoafferents
and their followers. Connections from
mechanoafferents similar to those exam-
ined (Walters etal.,2004) are modified in
other Aplysia learning paradigms. The
other mechanoafferents were treated as
homogeneous populations (Walters et
al., 1983b). One might argue that it is
inappropriate to explore different mem-
ory mechanisms giving rise to multiple
changes in behavior by examining pri-
mary mechanoafferents. Populations of
mechanoafferents in many systems,
including in Aplysia, differ in body areas
innervated or in activation thresholds,
but otherwise have similar outputs
(Byrne et al., 1974; Rosen et al., 1979;
Walters et al., 1983a). Larger or smaller
mechanical stimuli, covering wider or a
more restricted areas, recruit more or
fewer afferents, thereby producinglarger
or smaller responses, but responses are
qualitatively similar. Surprisingly, the
buccal ganglia mechanoafferents pro-
duced varied connections to followers
with different functions (Fig. 3), combin-
ing features of vertebrate dorsal root gan-
glion mechanoafferents with those of
spinal cord interneurons, which receive
input from afferents and from higher-
order neurons, and distribute inputs to
agonists and antagonists to produce an
integrated response affecting different
muscles (Jankowska, 2001; Butt and
Kiehn, 2003). Since S1 mechanoafferents

call into play different combinations of motor neurons, their out-
putsareagoodsite to change the biasbetween differentbehaviors.
The documented connectivity changes are behaviorally appro-
priate, since they bias the motor system to rejection, by strengthen-
ing net excitation to B4/B5 and to B61/B62, and strengthening net
inhibition to B3 (Figs. 2, 4). Memory after training with inedible
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Figure 4.  Training biases motor activity toward rejection. 4, Summary of changes in connectivity after training. As above, exci-
tation and inhibition are indicated by a line and a circle, respectively. Followers with both inhibitory and excitatory connections
are shown with both symbols. Increased excitation, green shading; increased inhibition, red shading. B—F, Mean net connectivity
(average amplitude of all measured connections, both excitatory and inhibitory; unconnected neurons were also included and
were given a value of zero) from S1 mechanoafferents to the five followers in ganglia from naive and trained Aplysia. SEs are
shown. Significant effects are marked with an asterisk. B, Training caused a significant increase (Mann—Whitney U test,
p=10.007) in mean excitation of the connections to B4/B5 (N = 88 connections in naive animals; N’ =107 in trained animals). C,
Training caused a significant increase (Mann—Whitney U test, p = 0.001) in mean inhibition of the connections to B3 (V=102
connections in naive animals; N=104 in trained animals). D, Training caused a significant increase (Mann—Whitney U test,
p=10.001) in mean excitation of the connections to B61/B62 (N = 57 connections in naive animals; N'= 49 in trained animals). E,
Training caused no significant change in mean connectivity to B8a/b (V=61 connections in naive animals; N' =53 in trained ani-
mals) after training (Mann—Whitney U test p=0.142). F, Training caused no significant change in mean connectivity to B31/B32
(N'=69 connections in naive animals; N'= 109 in trained animals) after training (Mann—Whitney U test p = 0.638).
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Figure 5.  Percentage of excitatory, inhibitory, and unconnected S1 mechanoafferents to five followers. The relative changes in

excitation, inhibition, or no connection in naive and trained preparations were tested with XZ tests with 1 or 2 df, based on
whether naive preparations did or did not have PSPs with net inhibition to a particular follower. Note that the number of connec-
tions tested is presented in the previous figure. Significant effects are marked with an asterisk. 4, Training did not cause a signifi-
cant difference in the distribution of the type of connections to B4 (p=0.78, > = 0.81, df=1). Note that, after training, a
single inhibitory connection was observed. This did not generate a significant change in connectivity. B, Training caused a signifi-
cant difference in the distribution of the type of connections to B3 (p << 0.001, x* = 35.10, df=2), enhancing inhibition. ,
Training caused a significant difference in the distribution of the type of connections to B61/B62 (p << 0.0001, x* = 22.17,
df = 2), enhancing excitation. D, Training caused a significant difference in the distribution of the type of connections to B8a/b
(p=0.0001, x* = 38.14, df=2); both the percentage of excitatory and inhibitory connections increased. E, Training did not
cause a significant difference in the distribution of the connections to B31/B32 (p=0.69, x* = 0.73, df =1).

food is expressed in part by fewer attempts to swallow inedible food
(Susswein et al., 1986), because of increased bias to rejection. We
have now shown that memory is also expressed by an increased bias
torejecteven nonfood objects (Fig. 1).

Why was net connectivity to some followers not changed by
training? Grasper closer motor neurons B8a/b are similarly active
during ingestion and rejection, although in different phases
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Figure 6. Mean amplitude of excitatory and inhibitory connections from S1 mechanoafferents to 5 followers in

ganglia from naive and trained animals. SEs are shown. Significant effects are marked with an asterisk. 4, EPSP
amplitude increased in B4/B5 (p=0.003, t=3.64, df=159.01) and in B61/B62 (p=0.022, t=2.48, df=21;
two-tailed ¢ tests assuming unequal variance), but not in the other three followers. All 13 EPSPs to B61/B62 in na-
ive animals were 1mV, and therefore no error bar is shown. B, IPSP amplitude increased in B3 (p = 0.0008,
t=3.45, df =122.359; two-tailed ¢ tests assuming unequal variance). Note that there were no IPSPs after training
in B61/B62. A single IPSP was seen in B8a/b in naive animals, whose value is not shown. In addition, no IPSPs
were present in B4/B5 and in B31/B32 from naive animals, and therefore no changes in IPSP amplitude could
have been observed.
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Figure 7.  Changes in net connectivity after repeated spikes. All measured connections are shown (the sum of

excitatory, inhibitory, and unconnected S1 neurons to each follower cell). A total of 15 stimuli were applied to the
presynaptic neurons, in three bursts of five spikes each, separated by 10 s. The data show the net amplitude and
SEs of the 1st, 5th, and 15th response. Note that the data for the first PSP are identical to those shown in Figure
2 (blue, naive; purple, trained). Means and SEs are shown. A, Connectivity to B4/B5. A two-way ANOVA showed
significant main effects due to training (p << 0.001, F1579)=31.616) and due to repetition (p <<0.001,
Fia,579)=10.981), with no significant interaction (p = 0.546, F3579 = 0.605). B, Connectivity to B3. A two-way
ANOVA showed a significant effect due to training (p << 0.001, (61 = 78.501), with no significant effect due to
repetition (p=0.694, F(, 612 = 0.365), and no significant interaction (p = 0.936, Fy 612 = 0.066). €, Connectivity
to B61/B62. A two-way ANOVA showed a significant increase in the overall connection due to training
(p < 0.001, F1312=16.115), as well as a significant effect due to repetition (p << 0.578, F(5 315 = 21.824), with
no significant interaction (p=0.907, Fiy108 =0.098). Note that the net connection becomes inhibitory with
repeated stimulation, but it is less inhibitory after training. This suggests that other sources of input, not captured
in these studies, may account for some of the behavioral changes during the expression of memory. An inhibitory
bias for B61/B62 would reduce the likelihood that an animal would respond to food at all, and this is consistent
with other behavioral observations after animals are trained on inedible food. Rather than rejecting food, animals
simply do not respond to it at all. D, Connectivity to B8a/b. A two-way ANOVA showed no significant change in
connectivity due to training (p = 0.345, F( 525 = 0.894), but there was a significant decrease in excitation as a
result of repetitive spiking (p = 0.001, Fy 534 = 6.739), with no significant interaction (p = 0.880, (5,534 = 0.127).
E, Connectivity to B31/B32. A two-way ANOVA showed no significant change in connectivity due to training
(p=10.503, F1,336 = 0. 449), and no significant effect as a result of repetitive spiking (p = 0.187, F(; 335)= 1.687),
as well as no significant interaction (p = 0.585, F(5 336 = 0.536).
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(Morton and Chiel, 1993b; Jing and Weiss, 2002),
so changes in connectivity to B8a/b would not
only affect rejection. However, lack of net change
in connectivity to B8a/b camouflaged increases in
the number of both excitatory and inhibitory con-
nections, which cancelled one another (Fig. 5D).
The increase in both excitatory and inhibitory
connections will lead to an increased conductance,
which characterizes B8a/b activity during both pro-
traction and retraction phases of ingestion and
rejection behavior (Sasaki et al., 2009). The balance
between excitation and inhibition causes B8a/b to
preferentially fire during the phase (Sasaki et al.,
2009) when synaptic inputs are most intense.
Increased conductance during an active phase of a
behavior by increasing both excitation and inhibi-
tion is also seen in other repetitive motor behaviors
(Berg et al,, 2007). Increases after learning of both
excitatory and inhibitory inputs may contribute to
the increased conductance, allowing only the
strongest additional inputs, such as from B4/B5
(Sasaki et al., 2009), to bias responses to rejection.

Lack of change in connectivity to B31/B32 is
surprising (Fig. 4F), since B31/B32 firing initiates
all feeding responses (Hurwitz et al., 2008). Since
memory is also expressed as a decreased time to
stop responding to food (Susswein et al., 1986),
one might predict that training would cause
decreased excitation to B31/B32, thereby decreas-
ing response likelihood. However, a recent study
(McManus et al.,, 2019) indicated that response
cessation after training is localized to cerebral gan-
glion neurons upstream from B31/B32, which stop
responding to acetylcholine released by taste recep-
tors (Xin et al., 1995; Susswein et al., 1996). This
change can also account for the taste specificity of
memory (Susswein et al, 1986; Schwarz et al,
1988). Thus, the location and mechanism of neural
changes accounting for cessation of responses and
for taste specificity differ from those biasing feeding
toward rejection.

The synaptic changes documented in this study
are unlikely to be the only memory mechanisms
increasing the bias to reject food. Connections
from cerebral ganglion command-like neurons to
the buccal ganglia also function in biasing activity
to different behaviors (Jing and Weiss, 2001, 2005;
Morgan et al, 2002), as do actions of identified
buccal ganglia neurons (Teyke et al., 1993; Hurwitz
et al,, 1997; Nargeot et al,, 1999; Jing and Weiss,
2001, 2002; Dacks and Weiss, 2013) not yet exam-
ined. In addition, we have not yet analyzed possible
changes in connectivity from a second group of
buccal ganglia mechanoafferents, the S2 neurons.
We have also not yet examined changes in slow
PSPs from the S1 and S2 neurons (Levitan et al.,
2012) to their followers.

Memory appears to be expressed in some con-
nections as a reversal in the sign of synaptic con-
nections. How is the connection sign reversed?
One possibility is that the S1 neurons are hetero-
geneous, with some neurons producing excitation
and others inhibition, and relative strengths of
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excitation and inhibition change, but no sign reversals in fact
occur. This possibility is unlikely, since the S1 neurons have
exclusively excitatory connections to B4/B5 and B31/B32. Thus,
the S1 neurons are a homogeneous population to these followers,
but nonetheless produce mixed synapses onto other followers.
Aplysia neurons are known to produce opposite effects on differ-
ent followers (Kandel et al., 1967), and even opposite effects on a
single follower (Wachtel and Kandel, 1967), precluding the need
to posit that different populations of S1 neurons underlie excita-
tion and inhibition. In addition, we tested the possibility that
outputs of different populations of S1 neurons are differentially
modified after training, by dividing the S1 cells into four subar-
eas. We examined connectivity from each subarea to the five fol-
lowers, in ganglia from naive and trained animals (S. Tam and L.
Hurwitz, unpublished observations). Two-way ANOVAs found
no significant interactions between training and location of the
S1 neurons for any of the five followers. Thus, the change in the
sign of connections is not localized to a specific S1 area.

How could the sign of a connection be reversed? Buccal gan-
glia mechanoafferents use glutamate and a variety of peptide
cotransmitters, with the former producing excitation and the lat-
ter inhibition (Brunet et al., 1991; Dale and Kandel, 1993;
Walters et al., 2004; Vilim et al., 2010). Since some followers dis-
play exclusively excitatory connections, whereas others are either
excited or inhibited by different S1 neurons, different terminals
might release different transmitter combinations, violating Dale’s
principle (Eccles et al., 1954). Different terminals of Aplysia bag
cells also may release different transmitters (Sossin et al., 1990),
as do mammalian motor neurons (Nishimaru et al., 2005). A sec-
ond possibility is that postsynaptic neurons express different
combinations of receptors. Changing the sign of a connection
may be achieved by changing the relative distribution of different
transmitters released at different terminals, perhaps coupled with
changes in postsynaptic receptors to the different transmitters,
rather than by de novo growth and retraction of synaptic connec-
tions. However, since molecular correlates of learning were pre-
viously found only in the mechanoafferent clusters (Levitan et
al., 2012) at least some of the changes are likely to be presynaptic.

After training, are changes in connectivity from mechanoaf-
ferents to followers a result of inherent synaptic remodeling, or
are they a consequence of synaptic changes occurring elsewhere,
which secondarily modulate S1 outputs? In conditioning affect-
ing mechanoafferent-to-motoneuron reflexes in mammals,
many synaptic changes are seen in the spinal cord, some of
which underlie the change in the reflex (Wolpaw, 2010).
However, these changes depend on descending signals, indicat-
ing that local changes in the spinal cord reflect changes in higher
regions, which affect the reflexes (Wolpaw, 2010). In contrast,
the changes in connections between S1 neurons and their fol-
lowers are likely to arise locally. After learning that food is inedi-
ble, a molecular correlate of long-term memory formation is
localized to the mechanoafferents (Levitan et al., 2012), indicat-
ing that these are a primary site for memory formation. It is
unlikely that the changes in connectivity also reflect additional
primary changes elsewhere within the buccal ganglia (the only
ganglia present), since no changes in gene expression in the rest
of the buccal ganglia were found after training (Levitan et al.,
2012).

The different effects of training on connections from S1 neu-
rons to its followers, biasing behavior to rejection, and the find-
ing that cessation of feeding and taste specificity after training is
localized to a different ganglion and occurs via a different cellular
mechanism (McManus et al., 2019), indicate that the functional
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connectome is regulated by learning at a variety of different sites,
by different cellular mechanisms. Access to presynaptic and post-
synaptic neurons will allow the identification of the signals and
the mechanisms producing the individual changes that together
lead to a global change in behavior and help clarify the logic of
learning at the synaptic level.
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