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Behavioral/Systems/Cognitive

Removal of Default State-Associated Inhibition during
Repetition Priming Improves Response Articulation

Andrew M. Dacks, Michael J. Siniscalchi, and Klaudiusz R. Weiss
Department of Neuroscience, Mount Sinai School of Medicine, New York, New York 10029

Behavior isa product of both the stimuli encountered and the current internal state. At the level of the nervous system, the internal state alters the
biophysical properties of, and connections between, neurons establishing a “network state.” To establish a network state, the nervous system
must be altered from an initial default/resting state, but what remains unclear is the extent to which this process represents induction from a
passive default state or the removal of suppression by an active default state. We use repetition priming (a history-dependent improvement of
behavioral responses to repeatedly encountered stimuli) to determine the cellular mechanisms underlying the transition from the default to the
primed network state. We demonstrate that both removal of active suppression and induction of neuron excitability changes each contribute
separately to the production of a primed state. The feeding system of Aplysia californica displays repetition priming via an increase in the activity
of the radula closure neuron B8, which results in increased bite strength with each motor program. We found that during priming, B8 received
progressively less inhibitory input from the multifunctional neurons B4/5. Additionally, priming enhanced the excitability of B8, but the rate at
which B8 activity increased as a result of these changes was regulated by the progressive removal of inhibitory input. Thus, the establishment of
the network state involves the induction of processes from a rested state, yet the consequences of these processes are conditional upon critical

gating mechanisms actively enforced by the default state.

Introduction

Specific features of stimulus-elicited motor responses are defined
not only by the characteristics of the stimulus, but also by the
internal state of the organism at the time when the response is
being elicited. Within the nervous system, at any given time, the
internal state reflects an integrated set of biophysical and synaptic
characteristics of neurons that constitute a specific neural circuit.
Thus, alterations of these characteristics change the state of the
network and thereby modify its output (Devor, 2002; Fontanini
and Katz, 2008; Nadim et al., 2008; Berg and Hounsgaard, 2009).
A number of studies have shown that the state of the network
often depends on the history of its activity and the history of its
inputs, both of which can modify endogenous biophysical char-
acteristics of, and synaptic inputs to, motor neurons (Ballo and
Bucher, 2009; Ballo et al., 2012; Sakurai and Katz, 2009). Tradi-
tionally, investigations of history-dependent plasticity of bio-
physical and synaptic characteristics treated the initial rested or
“default” state as a passive state that did not promote or impede
specific behaviors and was differentially altered to promote dis-
tinct behaviors. An alternative hypothetical view of the default
state, which has not been tested at the cellular level, emerged from
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PET studies that suggested the presence of an organized baseline
default function of the brain that becomes suspended when new
states are induced while the organism engages in specific behav-
iors (Raichle et al., 2001; Raichle and Snyder, 2007). Here, we use
Aplysia californica to probe this hypothesis and the role that plas-
ticity of intrinsic excitability and synaptic inputs may play in
removing a characteristic of the default state that impedes the
establishment of a new network state.

We altered the state of the feeding network of Aplysia; specif-
ically, we made it more ingestive by repeatedly eliciting motor
programs through stimulation of the command-like interneuron
CBI-2. One major manifestation of increased ingestiveness is an
increase of the firing frequency of radula closure neuron B8 in
motor programs, thus increasing bite strength relative to mo-
tor programs elicited in the default state. We found that the
progressive increase of B8 firing during repeated stimulation
of CBI-2 depends on an increase of B8 excitability and on
suppression of inhibitory input that B8 receives preferentially
when motor programs are elicited in preparations that are in
the default state. This indicates that the default network state
is by no means physiologically neutral, but rather it incorpo-
rates active processes that prevent B8 from responding as if the
network were in a more ingestive state. Repetitive activation of
the network eliminates the constraints that the default state
imposes on B8’s ability to fire at a rate that is characteristic of
ingestive behavior. Disinhibition is well established as a gating
mechanism for the initiation of motor activity (Lennard et al.,
1980; Vu et al., 1993; Perrins et al., 2002; Staras et al., 2003;
Ménard and Grillner, 2008). In contrast, our study demon-
strates that the removal of inhibition exerted in the default
state also shapes the articulation of motor responses.
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Figure 1. Characterization of ingestiveness of motor programs. A, Typical motor programs
elicited at the start ("1st program”) and the end ("10th program”) of a series of (BI-2 stimula-
tions. The nature of the motor programs is determined by the firing rate of the closure motor
neuron B8 during the two program phases: “protraction” (white bar), which is identified by the
extracellular activity recorded from the 12 nerve, and “retraction” (black bar), which begins at
the end of protraction and lasts until the cessation of activity of the large motor units recorded
from buccal nerve 2 (BN2). B, Average B8 instantaneous firing rate over protraction and retrac-
tion phases during the first (gray) and last (black) programs of a series of (BI-2 stimulations
(n = 40). C, Plot of the average B8 protraction and retraction firing rate illustrating the cluster
boundaries for ingestive, intermediate, and egestive motor programs. In the first (“1") (BI-2
program, average B8 protraction and retraction firing rate are low, resulting in an intermediate
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Materials and Methods

Electrophysiological recordings. Adult sea slugs (Aplysia californica) were
obtained from Marinus Scientific and maintained at 14—15°C. Aplysia
are hermaphrodites possessing genitalia of both sexes; therefore, all ani-
mals used in this study were of the same sex. Animals were anesthetized
with isotonic MgCl,, and all experiments were performed at 14-15°C.
Either artificial sea water (ASW; in mm: 460 NaCl, 10 KCl, 55 MgCl,, 11
CaCl,, and 10 HEPES buffer, pH7.6), a 2Mg>":1.25 Ca>* high divalent
solution (HiDi; in mM: 368 NaCl, 10 KCl, 101 MgCl2, 13.8 CaCl,, and 10
HEPES, pH 7.6; Friedman and Weiss, 2010), or a 3Mgz+:3CazJr high
divalent solution (3:3 HiDi; in mwm: 311 NaCl, 10 KCl, 132 MgCl2, 33
CaCl,, and 10 HEPES, pH 7.6) were superfused onto the preparation at
0.3 ml/min. Atropine, hexamethonium, and mecamylamine were all
purchased from Sigma. Intracellular recordings were performed with
borosilicate electrodes filled with 0.6 M K2SO4 and 60 mm KCl electrolyte
solution. Electrodes were pulled with a Sutter Instrument Flaming/
Brown micropipette puller and beveled with a stream of aluminum oxide
in water to a final resistance of 7-9 MOhm for motor neurons and 10-12
MOhm for interneurons. Electrodes were held in Molecular Devices
HS-2A headstages and input to AxoClamp 2B (Molecular Devices) am-
plifiers. Neurons were identified based on physiological and locational
criteria (Gardner and Kandel, 1977; Rosen et al., 1991; Hurwitz and
Susswein, 1996; Jing and Weiss, 2002, 2005; Sasaki et al., 2009). Extracel-
lular nerve recordings were performed by aspirating buccal nerve 2, 12
nerve, and the radular nerve into polyethylene tubing. Intracellular and
extracellular signals were then amplified by a CyberAmp 380 (Molecular
Devices) and sent to a 1320A Digidata (Molecular Devices) for data
acquisition. AxoScope version 10 (Molecular Devices) was used to visu-
alize and record experiments. Data were analyzed in Spike 2 (Cambridge
Electronic Design) and organized in Excel (Microsoft) for later statistical
analyses that were performed in GraphPad Prism version 5.01 (Graph-
Pad Software). Error bars indicate SEM and an alpha of 0.05 was selected
for significance tests. When ANOVA tests indicated significant effects,
further individual comparisons were calculated with a Bonferroni cor-
rection. Normality was tested with using the D’Agostino and Pearson
omnibus normality test.

Defining motor programs and identifying neurons. Buccal motor pro-
grams (BMPs) result from the coordinated movements of two sets of
antagonistic groups of muscles: (1) those muscles that open and close the
radula (the mouthparts); and (2) those that protract and retract the
radula. Because BMPs always begin with protraction followed by retrac-
tion, the functional nature of BMPs depends on the activation of the
opener/closer motor neurons in relation to protraction and retraction.
Protraction duration was defined as the period of activity of protraction
motor neurons recorded extracellularly from the I2 nerve (Hurwitz et al.,
1996; Nargeot et al., 1999a,b; Morgan et al., 2000; Jing and Weiss,
2001,2002), while retraction duration was defined as the period of high-
frequency activity of large motor units recorded extracellularly from buc-
cal nerve 2 following protraction (Morton and Chiel, 1993a,b; Nargeot et
al., 1999a).

If the radula is open during protraction and then closed during retrac-
tion, the radula will extend out, clamp down on a food item, and draw it
into the mouth. This is referred to as an “ingestive behavior.” Over the
course of a feeding bout, bite speed and strength progressively increase
(Susswein et al., 1978; Weiss et al., 1980). This is associated with an
increased output of the radula closure motor neurons at the time the
mouthparts are drawn back into the head (Morton and Chiel, 1993a,b).
This change in network activity is referred to as “ingestive build-up” or
“ingestive priming.” Thus, in the isolated nervous system we used the
phasing of firing of the radula closure motor neuron B8 to determine
whether the motor program was ingestive or intermediate (Fig. 1A).
Specifically, if B8 fired at low rates during both protraction and retrac-
tion, the program was considered to be intermediate. A progressive in-
crease of B8 firing during the retraction phase was taken as evidence of

<«

motor program. In the final (BI-2 program in a bout of priming (“10”), average B8 retraction
firing rate increases, resulting in an ingestive motor program.
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ingestive priming (Proekt et al., 2004). Figure 1B depicts the instanta-
neous firing rate of B8 in the first and last motor programs over the
course of priming (n = 40). Figure 1C depicts the average protraction
and retraction firing rate of B8 over the course of protraction as the
motor program nature transitions from being intermediate in nature to
ingestive. Thus, the relationship between B8 protraction and retraction
firing rates determines the classification of motor programs as ingestive
or intermediate. Because rejection motor programs were not triggered in
this study, we do not discuss egestive motor programs further. This level
of increase in B8 firing frequency results in a functional closure of the
radula in semi-intact preparations (Jing and Weiss, 2005; Friedman et al.,
2009), indicating that the priming observed in the isolated nervous sys-
tem can be used to monitor response priming.

All neurons were identified based on previously published physiolog-
ical criteria. B8 is a large motor neuron located on the dorsolateral surface
of the buccal ganglion, and its spiking activity is monitored by extracel-
lular recording from the radula nerve (Morton and Chiel, 1993b). B4/5
are large cells sitting on the dorsomedial rostral surface of the buccal
ganglion and produce one-for-one IPSPs in B8 (Gardner, 1977). B40 is a
small interneuron located on the posterior and lateral caudal surface of
the buccal ganglion and elicits fast IPSPs and a slow EPSP in B8 (Jing and
Weiss, 2002). B34 is a small interneuron located more anteriorly than
B40 on the lateral caudal surface of the buccal ganglion and elicits fast
IPSPs and a slow EPSP in B8 (Susswein and Byrne, 1988; Hurwitz et al.,
1997). B34 and B40 can be distinguished, as B40 has a lower spiking
threshold and larger spikes, while B34 has a larger afterhyperpolarization
(Jing and Weiss, 2002). B70 is located on the anterior lateral caudal
surface of the buccal ganglion and elicits fast IPSPs in B8 (Sasaki et al.,
2009). B64 is located on the anterior lateral rostral surface of the buccal
ganglion, is strongly active in retraction and is electrically coupled to
B4/5 (Hurwitz and Susswein, 1996). B63 is located on the caudal surface
of the buccal ganglion near B34 and receives one-for-one fast EPSPs from
B34 (Hurwitz et al., 1997). The command neurons CBI-2 and CBI-12 are
located in the M-cluster of the cerebral ganglion (Rosen et al., 1991;
Hurwitz et al., 1999). Spiking CBI-2 at 10 Hz initiates protraction within
a couple of seconds, and protraction will last on average 20 s, whereas
CBI-12 takes around 10—15 s to initiate protraction that lasts on average
10 s (Jing and Weiss, 2005).

Stimulation protocols. Ingestive priming was induced by firing the
command-like interneuron CBI-2, which initiates BMPs (Rosen et al.,
1991) for the duration of protraction at ~10 Hz with 15 ms DC pulses
eliciting one-for-one action potentials (Friedman and Weiss, 2010).
CBI-2 stimulation was repeated 30 s after the termination of protraction
in the previous program for a total of 10 programs. To induce the per-
sistent change in B8 excitability in HiDi, CBI-2 was stimulated 10 times at
10 Hz for 20 s, with 30 s between each stimulus train. The same stimula-
tion protocol was used to test the effects of repeated CBI-12 and B63
BMPs on B8 excitability, with the exception that B63 was stimulated
at 15 Hz.

To probe B8 excitability, B8 was injected 5 times with a 1 min inter-
stimulus interval with direct current (DC) sufficient to elicit 4, 7, or 15
spikes over 4 s. The same amount of DC was then injected into B8 after
repeated CBI-2 programs to gauge any changes in excitability. Excitabil-
ity was defined by the latency to the first spike and the number of spikes
elicited by a current pulse injection. For B4/5 hyperpolarization experi-
ments, B4/5 was hyperpolarized immediately after the onset of retraction
to avoid interfering with proper phasing due to the electrical coupling
between B4/5 and B64 (Hurwitz and Susswein, 1996). Furthermore, B4/5
display a significant rebound, so the hyperpolarizing current was relieved
gradually.

Results

Priming results in a progressive disinhibition of motor
neuron activity

To examine the cellular basis for the transition from the default
state, we used the repetition priming paradigm that has been
established in the feeding central pattern generator of Aplysia
(Proekt and Weiss, 2003; Proekt et al., 2004,2007; Friedman et al.,
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Figure2. Simplified circuit diagram of the inputs that B8 receives during (BI-2 elicited biting
motor programs. (Bl-2 ("Command Neuron”) directly activates the protraction interneurons
B34 and B40, which provide fast inhibitory input to B8 during protraction and a slow EPSP
during retraction phase. Because (BI-2 initiates programs and the inhibitory neurons B4/5 and
B70 are activated during retraction phase, CBI-2 also indirectly activates B4/5 and B70, which
suppress B8 activity during retraction phase.

2009; Friedman and Weiss, 2010). Repeated stimulation of the
command neuron CBI-2 causes programs to become progres-
sively more “ingestive,” with the activity of the radula closure
motor neuron B8 increasing during the retraction phase (Proekt
et al., 2004). Figure 2 depicts a simplified circuit diagram of the
neurons that provide input to B8 during CBI-2 elicited motor
programs. In addition to initiating protraction, CBI-2 activates
the protraction interneurons B40 and B34, which elicit fast IPSPs
in B8 during protraction and a slow EPSP that is expressed during
retraction after B40 and B34 stop spiking (Jing and Weiss, 2002).
In addition, the retraction phase neurons B4/5 provide inhibitory
drive to B8 during retraction phase (Kabotyanski et al., 1998; Jing
and Weiss, 2001; Sasaki et al., 2009). Thus, the balance between
the input from B40/B34 and B4/5 to B8 during retraction to a
large extent determines the nature of the program elicited.

The increase in B8 retraction phase firing rate induced by
repeated CBI-2-elicited motor programs could be mediated by
two general mechanisms: (1) a removal of inhibitory input, sug-
gesting that the default state actively controls network output; or
(2) an increase in the excitability of B8 or neurons that provide
excitatory synaptic drive to B8, suggesting that the default state is
a passive state from which network state-associated changes are
induced. We began by examining the activity of neurons that
provide inhibitory synaptic input to B8 during retraction phase,
B4/5 and B70. B4/5 elicit IPSPs in the ipsilateral B8 (Gardner and
Kandel, 1977) and can suppress B8 retraction firing rate during
the first half of retraction (Kabotyanski et al., 1998; Jing and
Weiss, 2001; Sasaki et al., 2009). B70, while less potent than B4/5,
can reduce B8 firing during the latter half of retraction (Sasaki et
al., 2009). We therefore recorded the activity of B4/5 and B70
during CBI-2-induced build-up. Initially, B8 retraction activity is
low while B4/5 has a high firing rate during retraction (Fig. 3A).
After 10 CBI-2 programs, B8 retraction firing rate increases,
while B4/5 retraction firing rate drops dramatically (Fig. 3A).
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D, The average B70 retraction firing rate does not change over the course of priming.

Figure 3B summarizes the decrease in B4/5 retraction firing rate
(10.68 = 0.66 Hz SEM to 2.15 * 0.35 Hz SEM; n = 23) and the
concomitant increase in B8 firing rate. In contrast to B4/5, B70
retraction firing rate remains relatively stable over the course of
build-up (Fig. 3C). Figure 3D summarizes the average course of
B70 retraction firing rate (14.67 = 1.75 Hz SEM to 14.15 * 4.17
Hz SEM; n = 3) during CBI-2 build-up. These results indicate
that over the course of CBI-2 priming, B8 receives decreasing
inhibitory input from B4/5 during retraction phase. Thus, the
default state of the system involves active suppression of motor
output that is progressively removed with repeated motor
programs.

The decrease in B4/5 activity in CBI-2-elicited programs sug-
gested that B4/5 may gate the activity of B8 during retraction,
thus providing a synaptic control mechanism to allow for the
increase in B8 activity over the course of priming. We therefore
sought to determine the relative contribution of B4/5 to the ex-
pression of the ingestive state over the course of priming. We
induced priming by eliciting 10 CBI-2 programs, then elicited an
11th program in which the ipsilateral B4/5 were depolarized with
a constant current injection to produce a firing rate similar to that
of the first program. Finally a 12th program was elicited as a
“recovery” control in which the depolarization of B4/5 was re-
moved (Fig. 4A). Thus, if the disinhibition of B8 during retrac-
tion was the sole mechanism underlying the change in B8 activity,
returning B4/5 firing rate to prepriming levels should reduce B8
retraction firing rate to prepriming levels.

Figure 4B depicts a typical example of this experiment. Ini-
tially, B8 retraction firing rate increased dramatically from prep-
riming (program 1) to postpriming levels (program 10), whereas
B4/5 retraction firing rate did the opposite. B8 retraction firing
rate decreased when B4/5 were depolarized (program 11) and

(program 10) and the recovery from B4/5
depolarization (program 12) during the
first three quadrants (Fig. 4C). Impor-
tantly however, when B4/5 were depolar-
ized, B8 retraction firing rate was still significantly higher
compared to prepriming levels (program 1). To ensure that the
B4/5 retraction firing rates were equivalent prepriming (program
1) and when B4/5 were depolarized postpriming (program 11), we
performed a repeated-measures ANOVA with a Bonferroni correction
comparing B4/5 retraction firing rate during the 1st, 10th (post-build-
up), 11th (B4/5 depolarized), and 12th (B4/5 recovery) programs.
While B4/5 retraction firing rate was significantly different be-
tween programs 1/11 and programs 10/12 (Fig. 4D; F; 40y =
43.83; ***p < 0.001, n = 16 B4/5 s from 8 animals), B4/5 retrac-
tion firing rate was not significantly different between the 1st and
11th programs, nor was it different between the 10th and 12th
programs. Thus, the differences between B8 retraction firing rate
observed prepriming and postpriming with B4/5 depolarized
(Fig. 4C) were not due to discrepancies in B4/5 firing rate. This
suggests that while the decrease in B4/5 activity strongly contrib-
utes to the increase in B8 retraction activity during priming, it
does not completely account for the change in B8 activity, and
therefore an additional mechanism is likely to be involved. Thus,
the transition from the default to the primed state involves both
the inactivation of processes present in the default state and the
induction of processes associated with the primed state.

Priming does not affect the firing rate of neurons providing
excitatory drive to B8

We next sought to determine whether the transition to the
primed state involved the induction of processes from the default
state. We began by determining whether there were any marked
increases in the activity of neurons that provide either phasic or
delayed excitatory drive to B8 during retraction phase. We mea-
sured the firing rates of B40, B34, and B64, all of which provide
excitatory drive to B8 during retraction (Hurwitz and Susswein,
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1996; Jing and Weiss, 2002) over the
course of CBI-2 priming. B40 protraction
firing rate changed only marginally (Fig.
5A,B;from7.33 = 0.66 Hz SEM to 8.14 =
0.67 Hz SEM; n = 16) relative to the in-
crease in B8 retraction rate firing (from
2.4 = 0.55 Hz SEM to 7.11 = 0.79 Hz
SEM) over the course of priming. B34
protraction firing rate also changed very
little (Fig. 5C,D; 11.92 * 0.77 Hz SEM to
11.27 = 0.88 Hz SEM; n = 15), as did B64
retraction firing rate (Fig. 5E, F; 8.83 *=
0.48 Hz SEM to 10.60 = 0.68 Hz SEM;
n==6).

Priming induces an increase in motor
neuron excitability

We next sought to determine whether
CBI-2 priming induced a change in the
excitability of B8. Baseline B8 excitability
was probed with 4 s constant current
pulses to elicit ~4, 7, or 15 spikes (n = 10,
13, 22, respectively). CBI-2 priming was
then induced and B8 excitability was
probed postpriming by injecting the same
amount of current as during the baseline
measures (Fig. 6A). The latency to first
spike was significantly reduced across all
three levels of current injection [478.3 *+
94.68 msto 228.1 = 26.7 ms SEM, t = 2.835,
degrees of freedom (df) = 9, p < 0.05 for 4
spikes; 219.4 = 23.3 msto 140.6 = 11.76 ms,
t = 5.102, df = 12, p < 0.001 for 7 spikes;
1154 = 17.4 ms to 63.10 = 3.6 ms, t =
3.094, df = 21, p < 0.01 for 15 spikes].
More importantly from the viewpoint of
this study, the number of spikes elicited
from B8 at all levels of DC injection in-
creased after CBI-2 priming (Fig. 6B).
Paired t tests revealed a significant in-
crease in the number of spikes elicited at
each level of stimulation (Fig. 6C; t =
5.373,7.832, and 11.31, respectively; df =
9, 12, and 21, respectively; p < 0.001 for
all). Figure 6D shows the timeline of the
enhancement of B8 excitability, which is
highest immediately after priming and re-
turns to baseline after ~30 min. Thus, the
transition of B8 from the default state to
the primed state appears to involve two
processes, one that inactivates extrinsic
inhibitory inputs to B8, and one that in-
creases intrinsic excitability of B8.

Neither protraction nor retraction
interneurons mediate the
priming-induced increase in motor
neuron excitability

Since CBI-2 programs activate many
neurons (both during protraction and re-
traction), we sought to determine which
neurons were responsible for the change
in B8 excitability. To narrow down the
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retraction firing rate (program 11), which recovers when B4/5 are no longer depolarized during programs (Program 12). €, B8 firing
rates during the first three quadrants of retraction are significantly decreased by depolarizing B4/5, yet they are still significantly
higher than before priming. D, B4/5 retraction firing rates are significantly lower during programs 10 and 12 compared to programs
1and 11, but do not differ between programs 1and 11 and between programs 10and 12 (*p << 0.05, **p << 0.01, ***p << 0.001).
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Figure 5.

increases slightly during priming.

number of candidate neurons causing the enhancement of B8
excitability, we repeatedly stimulated CBI-2 (simulating the con-
ditions that elicit priming) while superfusing HiDi onto the prep-
aration. CBI-2 stimulation in HiDi reliably triggers protraction,
but rarely results in retraction. As with ASW, stimulation of
CBI-2 in HiDi enhanced B8 excitability (Fig. 6C; paired ¢ test; t =
8.016, df = 10, p < 0.001; n = 11), suggesting that neurons
activated during retraction are not likely to underlie the modula-
tion of B8 excitability during CBI-2 priming.

To test whether simply triggering buccal motor programs al-
ters B8 excitability, we probed B8 excitability before and after
stimulating B63 (which recruits numerous protraction neurons
such as B31/32 and B61/62) to trigger 10 motor programs. Stim-
ulating B63 did not significantly affect the number of spikes elic-
ited from B8 by a 4 s constant current pulse (from 14.79 = 0.16 to
12.63 = 1.7 spikes; paired ¢ test; n.s., not significant; n = 4),
suggesting that the protraction neurons active in all motor pro-
grams are unlikely to mediate the increase in B8 excitability in-
duced by repeatedly triggering CBI-2 motor programs.

The excitatory inputs to B8 do not change their firing rate during priming. 4, Example of B40 activity in the 1st and
10th (BI-2 programs during priming. B, The average B40 protraction firing rate increases slightly during priming. €, Example of B34
activity in the 1st and 10th CBI-2 programs during priming. D, The average B34 protraction firing rate decreases slightly during
priming. E, Example of B64 activity in the 1st and 10th (BI-2 programs during priming. F, The average B64 retraction firing rate

B40s fired robustly during the protraction
phase of every program. When both B40s
were hyperpolarized for 10 CBI-2 pro-
grams, B8 retraction firing rate still in-
creased, although to a lesser extent than
during the control or recovery phases
(Fig. 7B). When an 11th program was
triggered in which both B40s were able to spike, B8 retraction
firing rate was indistinguishable from the 10th CBI-2 programs of
the control and recovery groups. The XY plot in Figure 7C depicts
B8 retraction and protraction firing rates during the first and last
programs during priming. While bilateral hyperpolarization of
both B40s increased B8 protraction firing rate during the first
program (one-way ANOVA; F(, 15, = 9.11;p < 0.01;n = 5) due
to the lack of fast inhibitory input from B40 (Jing et al., 2003),
there was no effect on B8 retraction firing rate during the final
program (one-way ANOVA; n.s.; n = 5). Furthermore, in all
treatments CBI-2 priming increased B8 excitability (one-way
ANOVA; Fs 54y = 7.643; p < 0.001; n = 5), and these increases
did not differ between treatments (Fig. 7D). For bilateral hyper-
polarization of B34, the time course of the increase in B8 retrac-
tion firing rate did not differ between the treatments (Fig. 7E),
although B8 retraction firing rate was higher during the final
program of the recovery treatment (Fig. 7F; one-way ANOVA;
F17) = 5.75; p = 0.02; n = 6). Similar to the B40 results, B8
excitability increased regardless of B34 participation in motor
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programs (one-way ANOVA; Fs54 = A
14.37; p < 0.001; n = 6), and the magni-
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tude of the increases were not statistically
different (Fig. 7G). Thus, neither B40 nor
B34 were necessary for the changes in B8

excitability induced by priming.

CBI-2 contributes to the priming-
induced increase in motor

neuron excitability

We next examined whether CBI-2 directly
contributes to the increase in B8 excitabil- 1s
ity. Although not previously reported, we

started by testing whether CBI-2 makes a BS

direct synaptic connection with B8. In 3:3
HiDi (see Materials and Methods) we
briefly (2-3 s) injected DC into CBI-2 and
monitored the activity of B34 and B61 to
ensure that CBI-2 triggered facilitating
PSPs without initiating protraction. Brief
spiking of CBI-2 induced a slow depolar-
ization of B8 that lasted for 5-10 s and
summated over a long timescale (Fig. 8A).
The magnitude of the elicited slow depo-
larization increased when we depolarized
B8 via DC injection (Fig. 8 B,C).

The primary transmitter of CBI-2 is
acetylcholine (Hurwitz et al, 2003).
CBI-2 also releases neuropeptides FCAP
and CP2, which increase the excitability of
other motor neurons (Koh et al., 2003;
Friedman and Weiss, 2010). However,
CBI-2 is unlikely to increase B8 excitabil-
ity via the neuropeptides. FCAP and CP2
do not affect B8 excitability on their own 10
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(Friedman and Weiss, 2010), and we
found that stimulating the command
neuron CBI-12, which also releases FCAP
and CP2 (Morgan et al., 2000; Vilim et al.,
2001; Koh et al., 2003), does not affect B8
excitability (14.48 * 0.24 spikes SEM to
14.45 = 0.83 spikes SEM post CBI-12
stimulation; n.s.). Repeated activation of
muscarinic-like receptors has been demonstrated in other inver-
tebrate systems to prime behavioral output (Heinrich et al., 2001;
Wenzel et al., 2002). Attempts to induce the increase in B8 excit-
ability with the application of cholinergic agonists were unsuc-
cessful as these agonists robustly elicited network activity,
making stable excitability measures impossible. Therefore, we
tested whether blocking cholinergic receptors could affect the
ability of CBI-2 to enhance B8 excitability. We found that the
slow depolarization of B8 by CBI-2 was blocked in the presence of
1 mM atropine (Fig. 8D), which reduced the PSP size from 3.77 =
1.66 mV to 0.16 = 0.16 mV (Fig. 8E; one-way ANOVA; F, ) =
20.27; p < 0.01; n = 4), suggesting that the slow depolarization is
due to the activation of a cholinergic receptor. Finally, we tested
whether atropine could block the ability of repeated CBI-2 stim-
ulation to increase B8 excitability. In 1 mwm atropine, CBI-2 in-
duces only a small residual depolarization of protraction
interneurons. Under these conditions, repeated activation of CBI-2 no
longer induces the increase in B8 excitability (one-way ANOVA; n.s.;
n = 5), whereas the excitability changes were induced during the
control phase (one-way ANOVA; F(, o) = 12.17; p < 0.015 1 = 5)

Figure 6.

(BI-2 priming enhances B8 excitability. A, Experimental protocol to assess the effects of CBI-2 priming on B8 excit-
ability. B8 is injected with DC pulses (vertical lines) sufficient to elicit either 4, 7, or 15 spikes, 10 (BI-2 programs (white and black
boxes) are elicited, and then B8 is injected with the same DC pulses as before the (BI-2 programs are elicited. B, A4 s DCinjection
to B8 neuron elicits more spikes after CBI-2 priming. €, (BI-2 priming induces a significant increase in B8 excitability measured at
multiple levels of DC injection (eliciting 4, 7, and 15 spikes pre-CBI-2 priming) in artificial sea water, ASW, and in high divalent
saline, HiDi. D, Timeline of the enhancement of B8 excitability by (BI-2 (n = 18) (*p << 0.05, **p << 0.01, ***p < 0.001).

and after washout (one-way ANOVA; F(, ;) = 5.41;p < 0.05;n =
5) of atropine (Fig. 8F). These results are consistent with the
possibility that CBI-2 directly increases B8 excitability over the
course of priming. Neither 1 mm hexamethonium nor 100 um
mecamylamine prevented the CBI-2-induced increase in B8 ex-
citability (53% and 28% increase in number of B8 spikes
postpriming, respectively, n = 2 for both). At these concentra-
tions both pharmacological agents block nicotinic receptors in
Aplysia (Hurwitz et al., 2003; White and Magoski, 2012), includ-
ing those underlying the fast EPSPs from CBI-2 to B34 that we
monitored in our experiments, suggesting that the effects of
CBI-2 on B8 are consistent with the involvement of a muscarinic-
like receptor.

Progressive disinhibition controls the rate of expression of
motor neuron excitability changes

Over the course of priming CBI-2 programs become progres-
sively more ingestive, but the rate at which this change occurs
involves at least two processes (a progressive increase in B8 excit-
ability and a gradual decrease in B4/5 activity), making the rela-
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Figure 7.

Neither B40 nor B34 activity is necessary for the (BI-2-elicited priming and the increase in B8 excitability. A, Representative traces of the Tst and 10th program during CBI-2 priming

before (top), during (middle), and after B40 hyperpolarization (bottom). B, Normalized B8 retraction firing rate over the course of priming in which both B40s are hyperpolarized (“B40 Hyperpo-
larization”) or are allowed to fire (“Control” and “Recovery”). €, B8 protraction and retraction firing rates (FR) in the first and final programs (brackets) for all three conditions do not differ. Because
bilaterally hyperpolarizing B40 decreases B8 retraction firing rate in CBI-2 programs, B40 was allowed to fire during an additional 11th program to assess the extent to which priming had occurred.
D, Repeated (BI-2 programs resulted in significant increases in B8 excitability in all conditions, but the amount of increase was not affected by hyperpolarization of B40. E, Normalized B8 retraction
firing rate over the course of priming in which both B34s are hyperpolarized (“B34 Hyperpolarization”) or are allowed to fire (“Control” and “Recovery”). F, B8 protraction and retraction firing rates
of the first and last programs (brackets) for all three conditions. G, Repeated CBI-2 programs significantly increase B8 excitability regardless of B34 participation in programs, but the amount of
increase was not affected by hyperpolarization of B34 (*p << 0.05, **p << 0.01, ***p << 0.001).
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Figure 8.  (BI-2 induces an atropine-sensitive depolarization of B8. 4, Brief bursts of CBI-2 spikes induce a slow cumulative depolarization in B8. B, The depolarization in B8 induced by (BI-2
increases in amplitude as B8 membrane potential is depolarized. €, Average PSP amplitude over increasingly depolarized B8 membrane potentials. D, Representative traces depicting PSPs induced
by CBI-2in B8, B34, and B61 before (left), during (middle), and after (right) T mu atropine application. E, Average B8 PSP height induced by (BI-2 before (“Control”), during (“Atropine”) and after
(“Wash”) 1 mm atropine application. F, The increase in B8 excitability induced by (BI-2 is blocked in the presence of 1 mu atropine (*p << 0.05, **p < 0.01).

tive contributions of each process to the dynamics of network
output unclear. We therefore sought to determine the extent to
which B4/5 activity shapes the dynamics of ingestive priming. A
single CBI-2 program was induced to probe the default network

state (“pre”); then, after a 10 min rest period, priming was in-
duced while, during each retraction phase, the ipsilateral B4/5
were prevented from firing by injections of hyperpolarizing cur-
rent. After 10 programs, a final CBI-2 program (“post”) was trig-
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Figure9. Hyperpolarizing B4/5increases the rate at which priming is expressed. 4, Experimental protocol. A single CBI-2
program (white and black box) is elicited and then the preparation is allowed to rest for 10 min to prevent (BI-2 priming.
(BI-2 priming is then induced by eliciting 10 (BI-2 programs with B4/5 hyperpolarized at the onset of retraction. An 11th
program is elicited to compare the contribution of B4/5 at the end of priming. The preparation is allowed to recover and
then (BI-2 priming is induced again to allow for comparison with rounds of priming in which B4/5 are hyperpolarized. B,
Biting motor programs (programs 1, 3, and 10) elicited by CBI-2 with B4/5 hyperpolarized (Bi) or B4/5 permitted to fire
during retraction (Bii). The discrepancy between B8 retraction firing rate for bouts of priming is most striking during
program 3. C, Average B8 retraction firing rate (FR) over the course of priming when B4/5 are hyperpolarized during
retraction (“B4/5 Hyperpolarized”; black) and when B4/5 are permitted to fire during protraction (“Control”; gray). Hatched
lines indicate two-thirds of the B8 retraction firing rate during program 10 for each treatment.
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gered in which B4/5 were permitted to
participate (Fig. 9A). The preparation was
allowed to recover, and another round of
priming was induced to compare the rate
at which B8 retraction activity increased
when B4/5 were permitted to fire during
retraction. Example recordings of the 1st,
3rd, and 10th programs during both
rounds of priming are depicted in Figure
9B. B8 firing rate before priming did not
differ between trials in which B4/5 was hy-
perpolarized (pre) and control trials (pro-
gram 1), indicating that during both
rounds of priming the baseline state was
similar (Fig. 9C). Furthermore, B8 retrac-
tion firing rate in the additional program
triggered after a round of priming in
which B4/5 were hyperpolarized (post)
did not differ from the final program of
control rounds of build-up (Fig. 9C), sug-
gesting that B4/5 hyperpolarization does
not produce long-term effects on net-
work output.

During the 1st program of CBI-2
priming (Fig. 9B; program 1), B8 retrac-
tion firing rate was only slightly higher
with B4/5 hyperpolarized. However, by
the 3rd program (Fig. 9B; program 3), B8
retraction firing rate was dramatically
higher when B4/5 were hyperpolarized
compared to control trials. By the 10th
program (Fig. 9B; “Program 10”) B8 re-
traction firing rate was similar under both
conditions, a result consistent with the de-
crease in B4/5 activity observed when
the network was primed under control
conditions. A two-way repeated-measures
ANOVA revealed that B8 retraction firing
rate was not significantly different for the
first two and last two programs when B4/5
was hyperpolarized compared to controls.
Therefore no significant interaction was
observed between program number and
treatment when programs 1-10 were ana-
lyzed under the two conditions. However,
to determine whether removing the influ-
ence of B4/5 caused B8 retraction firing
rate to approach “primed” levels sooner,
we calculated the number of programs
necessary surpass 66% of B8 retraction
firing rate in program 10 (Fig. 9C) for
both groups. On average, the 66% thresh-
old was surpassed significantly sooner
(paired f test; £ = 2.994, df = 4, p < 0.05)
when B4/5 were hyperpolarized (3.6 = 0.6
programs SEM) compared to control
rounds of priming (5.8 £ 0.9 programs
SEM). This suggests that although the in-
crease in B8 excitability may occur rela-
tively rapidly, inhibition by B4/5 delays its
expression in network output. Thus, the
rate with which B8 activity increases over
the course of CBI-2 priming is the product
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of two processes: the induction of excitability changes in B8, and
the gating of the expression of these excitability changes by the
removal of inhibitory input from B4/5 to B8.

Discussion

As we interact with our environment, recent experiences bias our
responses to the stimuli we encounter by establishing a history-
dependent internal state. At the cellular level, the nature of these
states and the transitions between them involve multiple pro-
cesses that occur on different timescales. The goal of this study
was to determine the nature of the cellular mechanisms that me-
diate the transition from a default/baseline network state to a
primed network state. We found that to produce primed behav-
ior from the default state, the nervous system progressively re-
moves an active suppression of network output and increases the
excitability of output neurons, thus resulting in enhanced re-
sponses. This indicates that the establishment of a network
state involves the inactivation of processes present in the default
state as well as the activation of processes associated with recent
network activation.

The concept of the “default state” arose from the observation
that there were decreases (in addition to increases) in the brain
activity of human subjects as they began a task from either having
their eyes closed at rest or conditions of visual fixation (Shulman
etal., 1997; Gusnard et al., 2001; Raichle et al., 2001; Raichle and
Snyder, 2007). While the observed increases tended to be in task
specific areas of the brain, the decreases tended to be task inde-
pendent in their location (Shulman et al., 1997), suggesting that
before a task is initiated there exists an “organized, baseline de-
fault mode of brain function that is suspended during specific
goal-directed behaviors” (Raichle et al., 2001). Repetition prim-
ing is particularly well suited to study the establishment of a
network state from a default state, as neuroimaging (Squire et al.,
1992; Buckner et al., 1995) and electrophysiological studies
(Miller et al., 1991; Li et al., 1993; Miller and Desimone, 1994;
Badgaiyan and Posner, 1997) have reported a “repetition sup-
pression” in which the priming of a behavior accompanies a de-
crease in brain activation in response to the primed stimuli.
Repetition suppression has been hypothesized to be a manifesta-
tion of an increase in the efficiency with which the brain responds
to a previously encountered stimulus (Henson, 2003) and may
therefore represent a removal of active suppression enforced by
the default state that could regulate network output based on the
level of inhibition exerted (Buzsaki et al., 2007).

In the nervous system of Aplysia, we demonstrate that a sup-
pression of interneuronal firing strongly contributes to the gen-
eration of primed motor output. Over the course of ingestive
priming, we observed a dramatic decrease in the activity of neu-
rons (B4/5) that inhibit motor neurons (B8) that implement the
closure of the mouthparts (Fig. 3A, B). Restoring the inhibitory
drive exerted by B4/5 significantly decreased B8 firing rate (Fig.
4), although not to prepriming levels (due to the increase in B8
excitability also induced by priming). Based on previous para-
metric studies, the reduced B8 activity would produce much
weaker biting (Jing and Weiss, 2005; Friedman et al., 2009) de-
spite the changes in B8 excitability, demonstrating the contribu-
tion of disinhibition to the functional expression of network
output. Disinhibition is a widespread mechanism employed by
the nervous system to regulate behavior and can involve the re-
moval of tonic or phase-specific inhibition, endowing the ner-
vous system with a large degree of control over the threshold for
the production of a behavior (Vu and Krasne, 1993; Vu et al.,
1993; Staras et al., 2003) or even the phase-specific properties of
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the behavior itself (Pinaud et al., 2008). On a very basic level the
progressive decrease in B4/5 input to B8 represents a history-
dependent conditional gating mechanism for the expression of
network dynamics that occur during the establishment of an in-
ternal state. The strength of this gating mechanism suggests that
the default state should not be considered merely a passive state
from which the network is activated.

Several lines of evidence suggested that a mechanism in addi-
tion to disinhibition contributes to the increase in B8 retraction
activity during priming: (1) for several minutes after priming, B8
spikes spontaneously; (2) depolarizing B4/5 postpriming does
not decrease B8 retraction activity to prepriming levels (Fig. 4);
and finally, (3) hyperpolarizing B4/5 in unprimed animals does
not cause B8 retraction firing rate to reach postpriming levels
(Fig. 9). Specifically, we observed a persistent increase in B8 ex-
citability postpriming (Fig. 6). Excitability modulation has been
demonstrated in a number of systems as a mechanism by which
recent history can implement longer lasting temporal dynamics
in the response properties of a neuron (Byrne and Kandel, 1996;
Destexhe and Marder, 2004; Baroni et al., 2010; Steinert et al.,
2011). Our data, in combination with previous work on the cel-
lular mechanisms underlying repetition priming (Friedman and
Weiss, 2010), suggest that multiple mechanisms induce changes
in motor neuron excitability and that their implementation may
be segregated based on functional traits of target motor neurons.
Because multiphasic behaviors involve the coordination of
movements in a specific sequence, improvements in the imple-
mentation of a multiphasic behavior require increased motor
output of antagonistic muscle groups to be antiphasic. During
ingestive priming in Aplysia, the radula closure motor neuron B8
preferentially increases its firing rate during retraction phase,
while the radula opener motor neuron B48 increases its firing rate
during protraction (Proekt et al., 2004; Friedman et al., 2009).
Thus, the activity of motor neurons coordinating antagonistic
movements increases during different phases of the behavior. For
both B48 (Friedman and Weiss, 2010) and B8 (Fig. 6), priming
results in an increase in excitability, yet several differences in the
nature of these increases suggest different underlying mecha-
nisms. The excitability changes in B48 are induced by FCAP and
CP2, the neuropeptides released by CBI-2, yet these neuropep-
tides do not affect B8 excitability (Friedman and Weiss, 2010).
Furthermore, the CBI-2 stimulation protocol sufficient to induce
the excitability changes in B48 was not sufficient to affect B8
excitability (Friedman and Weiss, 2010). Finally, the magnitude
of the excitability change induced by CBI-2 is much larger in B48
(Friedman and Weiss, 2010) relative to B8 (Fig. 6). These differ-
ent mechanisms may represent different forms of control imple-
mented on the basis of functional features of the different motor
neurons. B48 is only active during protraction, and thus a large
and rapid increase in excitability provides a simple yet elegant
solution to increase its activity in only one phase. B8, on the other
hand, is active across both phases, and therefore the network may
require greater control over the expression of changes in B8 ex-
citability. This could explain why the effect of priming on the
biophysical properties of B8 was smaller compared to B48, and
the expression of the modulation of B8 excitability (manifested as
an increased firing rate) was conditional upon the removal of
gating inhibition from B4/5.

Unexpectedly, the increase in B8 excitability did not affect B8
protraction firing rate during priming (Fig. 1B). This could be
because the protraction neurons B40 and B34 provide potent
shunting inhibition to B8 during protraction (Jing and Weiss,
2002; Jing et al., 2003), resulting in a high conductance state
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(Sasaki et al., 2009) that could alter the slope of B8’s input—out-
put relationship (Destexhe, 2010). It is therefore conceivable that
shunting inhibition reduces the potency of the observed excit-
ability change in a phase-specific manner. Likewise, disinhibition
of B8 via the decrease in B4/5 retraction activity likely represents
a phase-specific transition from a high to alow conductance state
that would be further augmented by the low conductance slow
EPSPs elicited by B40 and B34 in the retraction phase (Jing and
Weiss, 2002), thus gating the expression of the excitability
changes in B8. Additionally, the synaptic input to B8 during pro-
traction may change. For instance, there is a small increase in the
protraction firing rate of B40 (Fig. 5A, B), potentially increasing
the inhibitory drive to B8 during protraction.

The present study has focused on the convergence of multiple
mechanisms in the production of state-dependent control of net-
work output. Our results demonstrate that transition from the
default to a primed network state involves both additive and
subtractive mechanisms with regard to network activity. One
mechanism, the history-dependent modulation of motoneuro-
nal excitability, provides slow temporal dynamics to the enhance-
ment of motor output seen during successive responses to similar
environmental stimuli. This aspect of state transition represents
the activation of additional processes not present in the default
state. The second mechanism, disinhibition of motor output,
allows the changes in motoneuronal biophysical properties to be
conditionally expressed, and may facilitate the articulation of well
tuned behavioral responses. This mechanism represents the in-
activation of processes present in the default state. The impor-
tance of disinhibition in the priming of feeding responses
emphasizes the notion that establishment of a motivational state
involves the transition between two active states, rather than sim-
ple activation from a passive baseline. These results reinforce the
notion that even when the identity and connections of many
neurons in a neural network are known, the network output in
response to a constant stimulus cannot be adequately predicted
without an understanding of the cellular processes underlying
different network states (Selverston, 1980; Nadim et al., 2008;
Brezina, 2010).
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