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Although electrical coupling is present in many microcircuits, the extent to which it will determine neuronal firing patterns and network
activity remains poorly understood. This is particularly true when the coupling is present in a population of heterogeneous, or intrinsi-
cally distinct, circuit elements. We examine this question in the Aplysia californica feeding motor network in five electrically coupled
identified cells, B64, B4/5, B70, B51, and a newly identified interneuron B71. These neurons exhibit distinct activity patterns during the
radula retraction phase of motor programs. In a subset of motor programs, retraction can be flexibly extended by adding a phase of
network activity (hyper-retraction). This is manifested most prominently as an additional burst in the radula closure motoneuron B8.
Two neurons that excite B8 (B51 and B71) and one that inhibits it (B70) are active during hyper-retraction. Consistent with their near
synchronous firing, B51 and B71 showed one of the strongest coupling ratios in this group of neurons. Nonetheless, by manipulating their
activity, we found that B51 preferentially acted as a driver of B64/B71 activity, whereas B71 played a larger role in driving B8 activity. In
contrast, B70 was weakly coupled to other neurons and its inhibition of B8 counteracted the excitatory drive to B8. Finally, the distinct
firing patterns of the electrically coupled neurons were fine-tuned by their intrinsic properties and the largely chemical cross-inhibition
between some of them. Thus, the small microcircuit of the Aplysia feeding network is advantageous in understanding how a population
of electrically coupled heterogeneous neurons may fulfill specific network functions.

Introduction
For any given microcircuit to function properly, circuit elements
have to generate specific activity patterns, which are determined
by both synaptic connections and intrinsic properties of compo-
nent neurons. Growing evidence suggests the importance of elec-
trical coupling, which is present in many microcircuits in both
invertebrates and vertebrates, and often serves to synchronize
neural activity (Galarreta and Hestrin, 2001; Bennett and Zukin,
2004). As might be expected, many homogenous or intrinsically
similar circuit elements, either homologous neurons that are bi-
laterally located or neurons of the same type (presumably with
similar intrinsic properties), are electrically coupled. These ho-
mogenous neurons often have similar firing patterns during
network activity, and electrical coupling may function to syn-
chronize their activity. Indeed, electrical coupling between ho-
mogenous neurons has been relatively well studied, using both
experimental and modeling techniques (Sherman and Rinzel,
1992, Jefferys, 1995; Chow and Kopell, 2000; Bennett and Zukin,
2004).

Although electrical coupling between heterogeneous or in-
trinsically distinct neurons appears to be less prevalent, it is pres-

ent in invertebrate circuits (Johnson et al., 1993; Jing and Gillette,
1999; Jing and Weiss, 2001; Susswein et al., 2002; Kristan et al.,
2005; Soto-Treviño et al., 2005; Sasaki et al., 2007; Nargeot et al.,
2009; Jing et al., 2011; Roffman et al., 2012) and the mammalian
spinal cord and cortex (Galarreta and Hestrin, 2001; Wilson et al.,
2007). The functional role of this form of electrical coupling is
less well understood, particularly when considering a population
of, rather than two, heterogeneous circuit neurons. In part, this is
a result of the fact that there are few experimentally amenable
model systems where this type of coupling can be studied. A
priori it might be expected that electrical coupling would serve to
promote synchronous firing. However, modeling studies suggest
that heterogeneity can influence network behavior in unintuitive
ways (Kepler et al., 1990; Wilson and Callaway, 2000; Soto-
Treviño et al., 2005); e.g., it can destabilize synchronous behavior
(De Vries et al., 1998). This raises two interesting and intriguing
experimental questions: How does electrical coupling between
heterogeneous neurons relate to (1) their activity patterns and (2)
their network functions?

We sought to address these issues in an experimentally advan-
tageous model system, i.e., the Aplysia feeding motor network
(Cropper et al., 2004; Jing et al., 2009), where a population of five
heterogeneous neurons is electrically coupled. These neurons,
which include one newly identified interneuron, all show activity
during the retraction phase. Their specific activity patterns differ,
however. Moreover, they appear to have distinct network func-
tions. In particular, we took advantage of the small number of
circuit elements and determined the coupling strength between
all pairs of neurons. We demonstrated the prevalence of asym-
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metrical electrical coupling between heterogeneous neurons.
To our knowledge, there are few studies such as ours that
characterize the activity patterns and network functions of
microcircuits of heterogeneous electrically coupled neurons.
Specifically, we were able to show that two strongly coupled
neurons exhibit identical activity patterns during programs
and excite the same motoneuron. Nonetheless, they appear to
fulfill different network functions.

Materials and Methods
Experiments were performed on Aplysia californica (100 –250 g) ob-
tained from Marinus. Aplysia are hermaphroditic; i.e., each animal has
reproductive organs normally associated with both male and female
sexes. Animals were anesthetized by injection of isotonic MgCl2 (30 –
50% of body weight). The cerebral and buccal ganglia were removed,
desheathed (ventral surface of the cerebral ganglion, caudal surface of the
buccal ganglion), and pinned in a recording chamber (14 –17°C; volume,
�1 ml) perfused at 0.33 ml/min. The composition of normal artificial
seawater was as follows (in mM): 460 NaCl, 10 KCl, 11CaCl2, 55 MgCl2,
and 10 HEPES, pH 7.6. To suppress polysynaptic pathways, a high-
divalent cation saline was used [containing (in mM) 368 NaCl, 8 KCl, 13.8
CaCl2, 115 MgCl2, and 10 HEPES, pH 7.6]. All reagents were obtained
from Sigma.

Electrophysiology. Initially, intracellular recordings were made using
single-barrel electrodes (5–10 M�) filled with 2 M K-acetate and 30 mM

KCl. Later experiments used electrodes (5–10 M�) filled with 0.6 M

K2SO4 plus 60 mM KCl. Intracellular signals were acquired using an
AxoClamp 2B amplifier (MDS Analytical Technologies) or a Getting
model 5A amplifier. Extracellular signals were acquired from polyethyl-
ene suction electrodes using a differential alternating current amplifier
(model 1700; A-M Systems). A Grass stimulator model S88 (Grass In-
struments) was used for stimulation.

The B71 interneuron is described here for the first time (see Results).
All other neurons were identified as described previously (Plummer and
Kirk, 1990; Rosen et al., 1991; Hurwitz et al., 1994, 1997; Hurwitz and
Susswein, 1996; Jing and Weiss, 2001; Sasaki et al., 2009). The morphol-
ogy of B71 was determined by injection of Alexa 488 or Alexa 568. To
allow the dye to diffuse from the buccal ganglion to the cerebral ganglion,
we incubated the ganglion after dye injection in the refrigerator (4 – 8°C)
overnight.

Motor programs and hyper-retraction. Each cycle of the Aplysia feeding
motor programs consists of two phases, a radula protraction phase fol-
lowed by a radula retraction phase (see Fig. 1). Motor programs can be
elicited through stimulation of higher-order interneurons, cerebral– bu-
ccal interneuron-2 (CBI-2) (Rosen et al., 1991; Jing and Weiss, 2001),
CBI-12 (Jing and Weiss, 2005), and CBI-4 (Jing et al., 2004). Often, in
motor programs elicited by CBI-4 (Jing et al., 2004), the retraction phase
is followed by an additional burst of activity present in radula closure
motoneuron B8 and other neurons (e.g., B51), termed hyper-retraction
(see Fig. 1A) (Morton and Chiel, 1993a,b; Evans and Cropper, 1998; Jing
et al., 2004). Behaviorally, hyper-retraction is believed to be important
when the animals successfully grasp food object and may serve to move
the food object deeper into the buccal cavity, e.g., during swallowing or
bite swallowing (Evans and Cropper, 1998; Jing et al., 2004). The second
part of this paper investigates how B8 activity during hyper-retraction is
controlled by interneurons in the feeding microcircuit.

The buccal central pattern generator (CPG) microcircuit generates
several types of motor programs. The major components of these pro-
grams are protraction–retraction and opening– closing movements of
the radula. Regardless of the type of motor program, the protraction–
retraction sequence remains constant. Protraction was monitored by
recording from the I2 nerve, which contains the axons of protractor
motoneurons B31/32 (Hurwitz et al., 1994). In some experiments, re-
traction was monitored by recording from the buccal nerve 2, which
contains the axons of retractor motoneurons. In other experiments, re-
traction was monitored by the sustained depolarization of the radula
closing motoneuron B8 following protraction. In contrast to the phase
invariance of the protraction–retraction sequence, the timing of radula

opening and closing depends on the type of program (Morton and Chiel,
1993a,b; Church and Lloyd, 1994; Nargeot et al., 1997; Jing and Weiss,
2001; Morgan et al., 2002; Jing et al., 2010; Wu et al., 2010). Briefly, when
B8 fires predominantly during retraction, and thus (in the intact animal)
helps bring the food into the buccal cavity, the program is considered to
be ingestive. When B8 fires predominantly during protraction, and thus
helps in removing an inedible object from the buccal cavity, the program
is considered to be egestive. When B8 fires during both protraction and
retraction, programs are defined as intermediate.

In this study, motor programs were elicited via intracellular stimula-
tion of higher-order neurons, including CBI-2 at �10 Hz and CBI-4 at
�15 Hz. Each current pulse was set to trigger a single action potential.
Stimulation of CBIs was manually terminated after the protraction phase
ended as determined by activity in the I2 nerve.

Data analysis. Electrophysiological recordings were digitized online
with AxoScope and plotted with CorelDraw. Spike width was defined as
the duration of the spike at half height, and the measurement of the spike
width was automatically performed off-line using Clampfit software. Bar
graphs were plotted using Axum (MathSoft). Data are expressed as
mean � SEM. Statistical tests were performed using Prism (GraphPad
Software). They included Student’s t test and repeated-measures one-
way ANOVA, which were applied as was appropriate. Data that showed
significant effects in ANOVA were analyzed further in individual com-
parisons with Bonferroni’s correction. In all statistical tests, effects were
considered statistically significant when p � 0.05.

Results
The core of the central pattern generator microcircuit that gen-
erates Aplysia motor patterns consists of two major classes of
neurons: protraction and retraction neurons. In this report, we
focus on retraction neurons. Retraction neurons are of interest
because previous work (Plummer and Kirk, 1990; Hurwitz and
Susswein, 1996; Evans and Cropper, 1998; Baxter and Byrne,
2006; Sasaki et al., 2009) indicated that many, if not all, neurons
that are active during retraction (including the flexibly added
hyper-retraction; see Materials and Methods) are electrically
coupled. These neurons include B64, B4/5, B70, and B51. Inter-
estingly, despite this electrical coupling, these neurons do not
exhibit identical firing patterns (Fig. 1A). This suggests they may
differ in intrinsic properties and/or synaptic inputs. For example,
the plateau-generating retraction interneuron B64 is active
throughout retraction and hyper-retraction (Jing et al., 2004).
B4/5 is active during the early part of retraction, while B70 is
active during the later part of retraction (Sasaki et al., 2009). In
contrast, B51 is only active during hyper-retraction (Evans and
Cropper, 1998; Jing et al., 2004). Thus, these retraction neurons
constitute an example of a circuit that contains heterogeneous
electrically coupled neurons.

Here, we identify a novel retraction neuron, termed B71, that
is only active during hyper-retraction. Paired recording of B71
and B51 showed that the activity pattern of B71 was similar to that
of B51 (Fig. 1B). During protraction, both B71 and B51 primarily
received IPSPs that hyperpolarized them. During retraction,
there was a gradual buildup of depolarization in the absence of
discrete EPSPs, presumably partly resulting from the extensive
electrical coupling within the retraction circuitry. Indeed, B71
was electrically coupled, to various degrees, to all the buccal re-
traction neurons that we tested, including B51, B64 (Fig. 2), B4/5,
B70, and B21.

The similarity between the B51 and B71 firing patterns raised
the question of whether they may have similar intrinsic proper-
ties and/or have similar synaptic connections. As a first step to-
ward answering this question, we examined B71 morphology by
intracellular dye injection. B71 is a medium-sized cell of 80 –110
�m in diameter. There are two B71s in the buccal ganglion, which
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are electrically coupled (coupling ratio, 0.073 � 0.006; n � 8).
The two B71s differ from most other homologous neurons that
have been identified in Aplysia, which are located bilaterally in the
two hemiganglia. In contrast, both B71s are present on the same

side (right). They are located in the ventral
motoneuron cluster near the commissure,
in the vicinity of the B4/5 neurons (Fig.
3A,C). To verify that both B71s are at the
right side, we identified two neurons that
have the physiological characteristics
(spike height, firing patterns, synaptic
connections, etc.) similar to B71. We then
injected one cell with Alexa 488 (Fig.
3A,B), and the other with Alexa 568 (Fig.
3C–H), and showed that both cells had
similar morphology under a Nikon fluo-
rescence microscope with appropriate
filters.

B71 is a bipolar cell with two axons
(Fig. 3A–D), one axon projecting to the
ipsilateral cerebral– buccal connective
(CBC) and the other crossing the com-
missure and projecting to the contralat-
eral CBC. Within the buccal ganglion, fine
processes arborize extensively in the neu-
ropile along the axons. Both B71 axons
enter the cerebral ganglion through bilat-
eral CBCs and ramify more locally near
the root of the CBCs in the cerebral gan-
glion (Fig. 3E–H). B71 axons do not exit
the buccal or the cerebral ganglion
through peripheral nerves; thus B71 is a
buccal– cerebral interneuron with bilat-
eral innervation of the cerebral ganglion,
similar to the B20 interneuron (Teyke et
al., 1993). The morphological characteris-
tics of B71 indicate it is different from
B51, which has a peripheral axon in the
radula nerve, and subserves a sensory
function (Evans and Cropper, 1998).
Thus, it is possible that B51 and B71 are
intrinsically different, and may be tenta-
tively considered as heterogeneous mem-
bers of the electrically coupled retraction
circuit.

Electrical and chemical connections
within retraction circuitry
The activity patterns of the five retraction
neurons differ, but the activity patterns
of some neuron pairs, i.e., between B51
and B71, are more similar to each other
than to other neurons (Fig. 1A). Given
that electrical coupling generally pro-
motes synchronous firing of coupled
neurons (Galarreta and Hestrin, 2001;
Bennett and Zukin, 2004), we hypothe-
sized that the difference in firing patterns
may be related to the difference in cou-
pling strength, and that the neurons
with similar patterns would have stronger
coupling.

To test this hypothesis, we measured
steady-state electrical coupling ratios between all five neuron
pairs. Although electrical coupling between neurons other than
B71 has been described previously, most of the coupling ratios
have not been reported. Analyses of coupling ratios (Fig. 4A;

A

B

Figure 1. Activity phasing of neuronal elements within the retraction circuit. A, Schematic representations of activity phasing
of neurons in a single cycle. Each cycle of a motor program consists of protraction (open bar) followed by retraction (filled bar). In
a subset of programs, as illustrated here, hyper-retraction (gray bar) is added on to the retraction phase. Five retraction neurons,
B64, B4/5, B70, B51, and B71, show various activity patterns during retraction and hyper-retraction. B, In a single cycle of a
program elicited by CBI-4 (data not shown), B51 and B71 showed similar activity patterns during hyper-retraction, accompanied by
strong firing in B8. The bottom graph shows that increasing firing frequency (% change) and spike width (% change) of B8 during
hyper-retraction (n � 21) are positively correlated. Line, Linear regression line; r, correlation coefficient. Protraction (open bar) is
marked by I2 activity. Freq, Frequency.
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A1 B1 C1

A2 B2 C2

Figure 2. Electrical coupling between three neuronal elements (B64, B51, and B71) within the retraction circuit. A1, A2, From B64 (both depolarizing and hyperpolarizing currents, 1.5 nA) to B51
(A1), and from B51 (3 nA) to B64 (A2); n � 4. B1, B2, From B64 (1.5 nA) to B71 (B1), and from B71 (2 nA) to B64 (B2); n � 3. C1, C2, From B51 (2 nA) to B71 (C1), and from B71 (2 nA) to B51 (C2);
n � 4. For each panel, the top recordings show the presynaptic cells that were depolarized and hyperpolarized for 3 s, and the bottom recordings show corresponding responses in the postsynaptic
cells. Coupling ratios measured by depolarizing and hyperpolarizing pulses were similar, suggesting that these electrical synapses are nonrectifying. Note the different coupling strengths between
the coupled pairs and asymmetrical coupling within the coupled pairs. Membrane potentials at the beginning of traces were as follows: B64, �62 mV; B51, �57 mV; B71, �55 mV.

Figure 3. The two B71 neurons are both located in the right side of the buccal ganglion. A, Photograph of the buccal ganglion shows that B71, a bipolar interneuron, projects two axons bilaterally
to the CBCs. B71 was injected with Alexa 488 dye. B, B71 soma area in higher magnification. C–H, The second B71 was injected with Alexa 568 dye. C, D, similar to A and B, except they were from
the second B71. F, G, Photographs of the right and left cerebral ganglion around the roots of the CBCs, showing the second B71 projections that enter the cerebral ganglion. E, H, Higher-magnification
views of the B71 axon terminals from the photographs in F and G, respectively. Buccal ganglion (rostral side up): BN, buccal nerve; EN, esophageal nerve; RN, radula nerve. Cerebral ganglion (ventral
side up): AT, anterior tentacular nerve; ULAB, upper labial nerve; LLAB, lower labial nerve. CPC, Cerebral-pedal connective.
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Table 1) revealed that the coupling between most pairs of neu-
rons was not symmetrical, consistent with the idea that these
neurons are heterogeneous. For example, between B51 and B64,
the coupling ratio from B51 to B64 was stronger than the cou-
pling ratio from B64 to B51 (0.209 � 0.032 vs 0.057 � 0.008, t(6)

� 6.19, p � 0.001, n � 7). In addition, electrical coupling be-
tween different neuron pairs differed. For the purpose of discus-
sion, we refer to coupling ratios of �0.04 as weak, and those of
�0.07 as strong. Consistent with near synchronous firing of B51
and B71, the coupling strength between them was one of the
strongest (0.16, 0.09). B51 and, less so, B4/5 and B71 were
strongly coupled to B64 (0.21, 0.08, 0.06), which might promote
the generation or maintenance of the B64 plateau during retrac-
tion. B51 and B71 also were moderately coupled to B70 (0.06,
0.04), and this might promote the initiation and maintenance of
B70 activity during the later part of retraction. In contrast, the
coupling from B70 to all other retraction neurons was weak
(0.01– 0.02). Finally, we also found that B71 was strongly electri-
cally coupled to jaw closure motoneuron B6 (Church and Lloyd,
1994) (coupling ratios, from B71 to B6, 0.149 � 0.010; from B6 to
B71, 0.16 � 0.028, t(3) � 0.43, p � 0.05, n � 4).

The asymmetrical coupling could have resulted from differ-
ences in intrinsic properties of the coupled neurons or rectifying
electrical coupling between them (Furshpan and Potter, 1959;
Bennett, 1966; Johnson et al., 1993). Because rectifying electrical
coupling passes current better in one direction, one of its hall-

marks is that for two coupled neurons A and B, depolarizing
current injected into A will produce larger responses in B than
hyperpolarizing current injected into A. Furthermore, hyperpo-
larizing current injected into B will produce larger responses in A
than depolarizing current in B (Furshpan and Potter, 1959;
Marder, 2009). When we calculated coupling ratios shown in
Figure 4A and Table 1, we mostly applied only hyperpolarizing
currents. To determine whether the asymmetrical coupling we
observed in B64 –B51, B64 –B71, and B51–B71 pairs was due to
rectifying electrical coupling, we applied both hyperpolarizing
and depolarizing currents (Fig. 2). Coupling ratios derived using
hyperpolarizing versus depolarizing currents were similar: from
B64 to B51, 0.086 � 0.005 versus 0.098 � 0.006 (t(3) � 1.25, p �
0.05), and from B51 to B64, 0.171 � 0.013 versus 0.168 � 0.014
(t(3) � 0.51, p � 0.05, n � 4); from B64 to B71, 0.048 � 0.004
versus 0.045 � 0.004 (t(2) � 0.42, p � 0.05), and from B71 to B64,
0.074 � 0.010 versus 0.079 � 0.012 (t(2) � 0.40, p � 0.05, n � 3);
from B51 to B71, 0.155 � 0.009 versus 0.152 � 0.008 (t(3) � 0.30,
p � 0.05), and from B71 to B51, 0.104 � 0.007 versus 0.102 �
0.003 (t(3) � 0.36, p � 0.05, n � 4). These data indicate that the
asymmetrical coupling is not due to rectifying electrical coupling.
In addition, our estimate of apparent input resistances of the
three neurons (Fig. 5A) indicate that B51 has the lowest input
resistance, which is significantly lower than input resistances of
B71 and B64 (F(2,10) � 9.692, p � 0.01, n � 6). This suggests that
the asymmetrical coupling between these neurons is, at least
partly, due to differences in input resistance.

The coupling ratio data support the hypothesis that neurons
with similar firing patterns tend to have high coupling ratios.
However, there is at least one exception. Specifically, although
B64 and B51 are coupled strongly, B64 started firing upon initi-
ation of retraction, while B51 was only active during hyper-
retraction. Thus, we sought to identify other factors that might
also influence the initiation of firing.

First, we measured spike thresholds of B64, B51, and B71. B64
had the lowest threshold, while B51 had the highest (Fig. 5B; F(2,6)

� 123.8, p � 0.0001, n � 4). In addition, B64 has been described
as a cell that generates plateau potentials (Hurwitz and Susswein,
1996). Importantly, we also found differences in chemical synap-
tic connections that may contribute to differences in firing pat-
terns. All synaptic connections were examined in both normal
saline and high-divalent saline, but to avoid redundancy, only
one example from either experiment was selected for illustration
purpose (Figs. 6, 7, 8A). In general, the chemical synaptic con-
nections between the five retraction neurons are predominantly
inhibitory (Fig. 6). Previous work has shown that B4/5 inhibits a
number of retraction neurons, including motoneurons and B64,
B51, B21, and B70 (Gardner, 1977; Plummer and Kirk, 1990;
Rosen et al., 2000; Baxter and Byrne, 2006; Sasaki et al., 2009)
(Fig. 4B). Here we found that B4/5 also inhibited B71 (Fig. 6A).
The inhibitory connections from B4/5 to B70, B51, and B71
might help prevent the firing of these neurons during the early
part of retraction. In contrast, the low spike threshold of B64
combined with its ability to generate a plateau potential of B64
might enable it to be the first retraction neuron to escape B4/5
inhibition to fire. It is notable that B51 also generates a plateau
potential (Plummer and Kirk, 1990; Nargeot et al., 1999; Mozza-
chiodi et al., 2008), but its high spike threshold prevents it from
firing early.

Although excitatory chemical connections are less common,
there exists at least one such connection, from B64 to B70 (Sasaki
et al., 2009). This connection may help B70 to escape inhibition
from B4/5 to spike during the later part of retraction. We also

A

B

Figure 4. Schematic diagrams of synaptic connections of retraction circuitry neurons. A,
Electrical coupling showing the coupling ratios. Thickness of lines is proportional to coupling
ratios. B, Chemical connections. Also illustrated are connections to motoneurons B8 and B6.
Two neurons, B4/5 and B70, that inhibit B8 are shown in filled circles. Open triangles, Chemical
excitation; closed circles, inhibition; resistor symbol, electrical coupling.
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found that retraction neuron CBI-5/6 (Sasaki et al., 2007) excites
B71 (Fig. 6B).

Finally, we examined the synaptic connectivity of B71 with
protraction neurons. B71 received inhibition from protraction
interneurons B63, B34, and B65 (Fig. 7A–C), providing a basis for
the B71 hyperpolarization observed during protraction of motor
programs (Fig. 1B). In turn, B71 also inhibited these protraction
interneurons and protraction motoneurons B31/32 (Fig. 7D–F).
Thus, B71 and protraction neurons are largely connected via mu-
tual inhibition, which at least partially explains the absence of B71
activity during protraction. One notable synaptic connection
that B71 makes with the protraction circuitry is that, in addition
to the fast inhibition it induces, B71 also elicited a slow EPSP in
B63 and B31/32. The slow EPSP was most obvious when B71 was
stimulated for long periods (tens of seconds) (Fig. 7D).

To summarize, our results indicate that electrical coupling
strength is an important factor in determining whether coupled
heterogeneous neurons have similar network activity patterns.
Additionally, however, other factors, such as intrinsic properties
and synaptic connectivity, also contribute.

Network functions: B71 and the hyper-retraction phase:
We next sought to determine how electrical coupling in this
group of neurons may relate to their network functions, e.g.,
their network output. We asked the following fundamentally
important question: do the strongly coupled neurons that
have similar activity patterns during network activity also have
similar network functions? Indeed, studies that primarily
study activity of neurons in different behaviors or network
states often infer network functions of neurons based on their
activity patterns.

Here, we focus on the network functions of B51 and B71.
Although they differ in morphology, both B51 and B71 are
strongly coupled and have similar activity patterns during the
hyper-retraction phase of motor programs. Do these latter prop-
erties imply that B51 and B71 are also functionally similar? To
address this issue, we examined the contributions of these two
neurons to the activation of the radula closure motoneuron B8
during hyper-retraction.

Previous work has shown that B8 is a critical determinant of
the type of motor program generated. B8 is active during both
protraction and retraction phases of programs (Morton and
Chiel, 1993a,b; Church and Lloyd, 1994; Nargeot et al., 1997; Jing
and Weiss, 2001; Morgan et al., 2002; Jing et al., 2010; Wu et al.,
2010). When B8 is predominantly active during protraction, pro-
grams are egestive; when it is predominantly active during retrac-
tion, programs are ingestive. Relevant to the present study, B8 is
also active during hyper-retraction, and therefore can be used as
an important output neuron to examine the network functions of
B51 and B71. We observed that when the hyper-retraction phase
is present, B8 fired strongly, and its activity progressively in-
creased as hyper-retraction progressed (Fig. 1B, first panel) (Jing
et al., 2004, their Fig. 2). Because B8 activity showed a progres-
sively higher firing frequency and previous work suggested that
some neurons display frequency-dependent spike broadening
(Ma and Koester, 1996), we measured B8 spike width (spike du-
ration at half height; see Materials and Methods) and found that
it also increased as hyper-retraction progressed (Fig. 1B, second
panel). We quantified these changes during hyper-retraction in
21 cycles of CBI-4-elicited motor programs in 11 preparations.
We determined that the initial frequency (average instantaneous
frequency over the first three spikes, 4.03 � 0.42 Hz) and peak
frequency (average of the maximum instantaneous frequency
and frequencies of two adjacent spikes, 8.66 � 1.11 Hz) are sig-
nificantly different (t(20) � 5.57, p � 0.0001, n � 21). Spike width
of the first spike (4.96 � 0.21 ms) and the longest spike width
(6.31 � 0.34 ms) are also significantly different (t(20) � 5.48, p �
0.0001, n � 21). We plotted firing frequency (percentage change)
against spike width (percentage change) (Fig. 1, bottom) and
showed that these two parameters are positively correlated (Pear-
son’s r � 0.67, p � 0.001).

Previous work (Plummer and Kirk, 1990; Evans and Cropper,
1998; Nargeot et al., 1999; Jing et al., 2004) has shown that one
source of the excitatory input to B8 is likely to be B51, which
elicits fast EPSPs in B8. Here, we found that B71 elicited both fast
and slow EPSPs in B8 (Fig. 8A; n � 25). These data suggest a
potential contribution of both B51 and B71 to B8 activity during
hyper-retraction. To directly compare the specific contribution
of each cell, we examined the ability of the two neurons to drive
B8 activity. For this, we first quantified the firing rates of B51 and
B71 during motor programs elicited by CBI-4: B51 fired at
21.05 � 0.73 Hz, while B71 fired at 14.03 � 0.41 Hz (t(3) � 7.81,
p � 0.0001, n � 4; Fig. 1B). To simulate normal firing rates of B51
and B71 during programs, we activated B51 at 20 Hz, and B71 at
15 Hz (n � 4; Fig. 8B). We found that B8 fired more when B71
was stimulated (5.44 � 0.92 Hz) than when B51 was stimulated
(1.75 � 0.17 Hz, t(3) � 4.71, p � 0.05, n � 4). In addition, when
B71 was stimulated, the B8 firing frequency progressively in-
creased, and B8 spikes broadened significantly (first spike, 4.53 �
0.23 ms, vs the spike with maximum spike width, 5.9 � 0.56 ms;

Table 1. Electrical coupling ratios between retraction neurons

Pre vs Post B64 B4/5 B70 B51 B71

B64 0.026 � 0.006 (4**) 0.018 � 0.005 (4, ns) 0.057 � 0.008 (7***) 0.041 � 0.008 (4*)
B4/5 0.082 � 0.006 (4**) 0.029 � 0.005 (5*) 0.046 � 0.004 (4, ns) 0.044 � 0.003 (4**)
B70 0.012 � 0.003 (4, ns) 0.007 � 0.001 (5*) 0.016 � 0.002 (5*) 0.011 � 0.002 (3*)
B51 0.209 � 0.032 (7***) 0.043 � 0.011 (4, ns) 0.056 � 0.013 (5*) 0.155 � 0.020 (9**)
B71 0.063 � 0.014 (4*) 0.024 � 0.001 (4**) 0.036 � 0.006 (3*) 0.093 � 0.009 (9**) 0.073 � 0.006 (8)

Numbers in parenthesis denote the number of preparations. ns, Not significant. The t test results are as follows: B64 versus B4/5 pair, t(3) � 9.61, p � 0.01, n � 4; B64 versus B70 pair, t(3) � 1.75, p � 0.05, n � 4; B64 versus B51 pair, t(6) �
6.19, p � 0.001, n � 7; B64 versus B71 pair, t(3) � 3.26, p � 0.05, n � 4; B4/5 versus B70 pair, t(4) � 4.46, p � 0.05, n � 5; B4/5 versus B51 pair, t(3) � 0.18, p � 0.05, n � 4; B4/5 versus B71 pair, t(3) � 6.9, p � 0.01, n � 4; B70 versus
B51 pair, t(4) � 2.9, p � 0.05, n � 5; B70 versus B71 pair, t(2) � 4.97, p � 0.05, n � 3; B51 versus B71 pair, t(8) � 3.73, p � 0.01, n � 9.

*p � 0.05; **p � 0.01; ***p � 0.001 (coupling ratios between paired neurons differ significantly, i.e., they are asymmetrical).

A B

Figure 5. Intrinsic properties of B51, B71, and B64. A, Apparent input resistances (n � 6). B,
Spike thresholds are the minimum depolarizing currents needed to induce spiking (n � 4).
*p � 0.05; **p � 0.01; ***p � 0.001 (Bonferroni post hoc tests). Error bars indicate SEM.
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t(3) � 3.49, p � 0.05, n � 4), which is what was observed during
the hyper-retraction phase of motor programs (Fig. 1B). In con-
trast, when B51 was stimulated, the B8 firing frequency did not
show progressive increase, and B8 spikes did not broaden signif-
icantly (first spike, 4.47 � 0. 23 ms, vs the spike with maximum
spike width, 4.84 � 0.11 ms; t(3) � 2.54, p � 0.05, n � 4). These
data are the first indication that B71 and B51 functions may
differ, i.e., B71 is likely to provide a more prominent excitatory
drive to B8 during hyper-retraction than B51.

To further assess specific roles of B71 in hyper-retraction, we
sought to determine whether B71 activity is necessary for hyper-
retraction. We stimulated CBI-4 to evoke programs with a hyper-
retraction phase, and in some programs we hyperpolarized B71
to prevent it from firing. Because hyper-retraction does not al-
ways occur, we began B71 hyperpolarization only after we ob-
served spiking in B71. We found that B71 hyperpolarization
interrupted the expression of hyper-retraction (n � 6; Fig. 9).
These data suggest that B71 may be necessary for hyper-
retraction. B51 is also necessary for hyper-retraction (Jing et al.,
2004). Because of the strong coupling between B51 and B71, it is
difficult to determine which cell is more critical. However, we
designed several stimulation paradigms, as described below, that
further distinguish the functions of the two neurons.

Specifically, we determined whether B71 stimulation was suf-
ficient to extend retraction when motor programs elicited by
CBI-4 did not have a hyper-retraction. We activated B71 through
DC current injection after �5 s of retraction and found that this
induced robust B8 firing, which became stronger as B71 stimula-
tion progressed (first burst vs the last burst, 5.70 � 0.64 Hz vs
9.45 � 0.28 Hz; t3 � 6.84, p � 0.01, n � 6; Fig. 10A2,B2). Inter-
estingly, while B71 activation was able to drive B8 activity, neither
B51 (Fig. 10A2) nor B64 (B2) showed continued firing, save for a
brief period of initial activity. Thus, the ability of B71 to drive B8
did not depend on the activation of B51 or B64, indicating that

B71 by itself was sufficient to act as a crit-
ical source of excitatory input to B8 dur-
ing hyper-retraction.

The absence of continued firing of ei-
ther B51 or B64 during B71 activation
contrasts with normal hyper-retraction
when B51, B64, and B71 are all coactive
throughout this phase. We therefore de-
termined what would happen if we acti-
vated cells concurrently. We found that,
when we coactivated B71 together with ei-
ther B51 (Fig. 10A3) or B64 (B3), B8
showed more pronounced firing, particu-
larly during the initial period of activation
of these neurons (comparison of the first
B8 burst when only B71 is activated vs
when both B71 and B51 are activated,
5.01 � 1.1 Hz vs 10.97 � 0.15 Hz; t(2) �
6.09, p � 0.05, n � 3; when only B71 is
activated vs when both B71 and B64 are
activated, 6.59 � 0.46 Hz vs 10.31 �
0.97 Hz; t(3) � 3.51, p � 0.05, n � 4),
suggesting that activation of B51 or B64
can provide additional excitation to B8,
either directly or indirectly.

The inability of B71 to recruit contin-
ued firing of other critical retraction ele-
ments, i.e., B51 or B64, appears to contrast
with the actions of B51. Specifically, our

previous work indicated that B51 activation extended retraction,
and this action was associated with the prolongation of activity in
B64 (Jing et al., 2004, their Fig. 9). Here we examined whether
B51 extension of retraction was also associated with the activa-
tion of B71. We elicited motor programs without a hyper-
retraction phase through stimulation of CBI-2 or CBI-4. Figure
11 illustrates an experiment in which programs were elicited by
CBI-2. In some trials, we activated B51 through DC stimulation
of B51 (Fig. 11B), and the retraction phase was extended with
strong firing of B8. Importantly, B71 was also activated during
the stimulation of B51 (n � 7). Since B71 was recruited by B51,
we examined the contribution of B71 to the firing frequency of
B8. For this, we activated B51 through DC stimulation of B51,
and at the same time hyperpolarized B71 to prevent it from firing
(Fig. 11C). Under this stimulation paradigm, we found that B8
firing frequency during B51 stimulation and B71 hyperpolariza-
tion (2.46 � 0.62 Hz) was significantly lower than B8 firing fre-
quency (8.59 � 0.99 Hz, t(3) � 6.14, p � 0.01, n � 4) when only
B51 activity was manipulated.

In summary, the synaptic connectivity and functional data
together with our previous work (Jing et al., 2004) indicate that
the two strongly coupled neurons, B51 and B71, are both impor-
tant for expression of hyper-retraction. However, B71 is more
critical in providing a prominent excitatory drive to radula clo-
sure motoneuron B8, whereas B51 appears to be more critical in
activating elements of the hyper-retraction circuitry, including
B71 and B64. The strong electrical coupling from B51 to both B64
and B71 (Fig. 4A) provides a basis for and supports such a func-
tion for B51.

Network functions: B70 and the hyper-retraction phase
Previously we identified a buccal interneuron, B70, that is
active during the later part of retraction and provides inhibi-
tion to B8 (Sasaki et al., 2009). However, it was not known

A B

C D

Figure 6. Chemical synaptic connections of B71 with other retraction neurons. A, B4/5 elicits one-for-one IPSPs in B71. Also
shown is the B21 neuron, which is also inhibited. B, Retraction neuron CBI-5/6 excites B71 and B4/5. C, B71 inhibits B4/5 and B21.
No unitary IPSPs can be resolved. D, B71 is electrically coupled to motoneuron B6. Spikes in B71 elicit large changes in B6 membrane
potential, suggesting that B71 may also chemically excite B6. “c-” before cell names in this and the rest of the figures means
“contralateral. ” Numbers at the beginning of traces are membrane potentials (in millivolts).
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whether B70 is active during hyper-
retraction and, if so, whether it deter-
mines the activity of B8. To address this
question, we first examined B70 activity
patterns during CBI-4-elicitied pro-
grams with hyper-retraction. We found
that B70 started firing during the later
part of retraction, when B4/5 activity
waned, and that B70 continued firing
throughout hyper-retraction (Fig. 12A).
Thus, in addition to B51, B71,
and B64, B70 is also active during
hyper-retraction.

Previously we demonstrated that B8
activity during retraction is subject to
concurrent excitatory and inhibitory con-
trol, with B70 acting as one major source
of inhibition during the later part of re-
traction (Sasaki et al., 2009). Our data
suggest a similar concurrent excitatory
and inhibitory control scheme during
hyper-retraction since B70 inhibits B8,
whereas B71 and B51 excite it.

Consistent with this hypothesis, we
found that although B8 activity during
hyper-retraction was often very strong
(Fig. 1B), this was not always the case.
During some motor programs, B8 fired at
a low frequency (Fig. 12A). To assess a
causal role of B70 in determining B8 ac-
tivity, we performed B70 hyperpolariza-
tion experiments. We elicited a motor
program with a hyper-retraction by stim-
ulating CBI-4. Consistently, strong firing
of B70 was associated with a weak firing of
B8 (Fig. 12A). However, in the next pro-
gram, when we hyperpolarized B70 to
prevent it from firing, B8 activity during
the later part of retraction [as observed by
Sasaki et al. (2009)] and during hyper-retraction was increased
(Fig. 12B). We quantified B8 firing during hyper-retraction and
found that B8 activity when B70 was hyperpolarized (4.73 � 0.39
Hz) was significantly higher than B8 activity during control
(1.13 � 0.27 Hz, t(4) � 13.18, p � 0.001, n � 5). Together, the
data indicate that B8 activity during hyper-retraction is con-
trolled by both the excitatory neurons B71 and B51, and the
inhibitory neuron B70.

Discussion
Our study indicates that electrical coupling does play a major role
in promoting similar firing patterns of coupled neurons in Aply-
sia feeding microcircuit. Despite this, we showed, surprisingly,
that strongly coupled neurons with similar activity patterns and
synaptic connections do not necessarily have similar network
functions.

Coupling strength and activity patterns
One primary function of electrical coupling is to promote coor-
dinated firing among coupled neurons (Galarreta and Hestrin,
2001; Bennett and Zukin, 2004). Indeed, electrical coupling was
commonly observed among homogeneous neurons, i.e., neurons
with similar intrinsic properties and synaptic connectivity. This is
particularly true in invertebrates where neurons of the same type,

including contralateral homologues, are electrically coupled and
have similar activity patterns (Byrne, 1980, 1983; Getting, 1981;
Johnson et al., 1993; Jing and Gillette, 1999; de Bono and Maricq,
2005). Notably, coupling between contralateral homologues pro-
motes bilateral coordination (Plummer and Kirk, 1990; Jing and
Gillette, 1999). In mammalian cortical circuits, electrical cou-
pling is commonly observed among GABAergic interneurons of a
specific cell type (Galarreta and Hestrin, 2001; Connors and
Long, 2004). It is, however, unclear how the specific activity pat-
terns of these neurons compare.

Although less common, electrical coupling between heteroge-
neous neurons was observed in a number of systems (Johnson et
al., 1993; Jing and Gillette, 1999; Susswein et al., 2002; Kristan
et al., 2005; Soto-Treviño et al., 2005; Sasaki et al., 2007; Nargeot
et al., 2009; Jing et al., 2011; Benjamin, 2012; Roffman et al.,
2012), including mammals (Galarreta and Hestrin, 2001; Wilson
et al., 2007). The functional role of this electrical coupling is
complicated by the fact that these cells are intrinsically different
and may also have different synaptic connectivity. Thus, it has
been difficult to determine what the specific function of the elec-
trical coupling is. Previous work in well-studied crustacean sto-
matogastric nervous systems (Johnson et al., 1993, 2005) and
leech swimming network (Fan et al., 2005) showed that electrical
coupling between heterogeneous elements is present among se-

A B

C

D

E F

Figure 7. Synaptic connections of B71 with protraction neurons. A–C, Protraction interneurons B63 (A), B34 (B), and B65 (C)
inhibit B71. A, B, B63 and B34 elicit one-for-one IPSPs in B71. B63 also inhibits B52. C, B65 also elicits one-for-one EPSPs in B52, and
induces three spikes in B52 that in turn elicit three large-amplitude IPSPs in B71. D–F, B71 in turn inhibits B63 and B31/32 (D), B34
(E), B65 (F ), and no unitary IPSPs can be resolved. In addition to the IPSPs, B71 also elicits a slow EPSP in B63 and B31/32 that is
more obvious when B71 is stimulated for prolonged periods (D, right). Recording in B–E were made in high-divalent saline.
Numbers at the beginning or the end of traces are membrane potentials (in millivolts).
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lect members of respective networks, and that it plays important
roles in mediating network activity. However, explicit relation-
ships between coupling strengths and activity patterns remain to
be determined.

The Aplysia feeding CPG generates motor programs that con-
sist of two antagonistic phases, protraction followed by retrac-
tion. Two separate groups of neurons produce protraction and
retraction. Electrical coupling is present within both the protrac-
tion and retraction circuitry, but is rarely present between neu-
rons serving antagonistic functions. Here we study five retraction

neurons that are electrically coupled. The
retraction phase shows substantial vari-
ability because a hyper-retraction phase,
which can be flexibly added to retraction,
is sometimes present (Evans and Cropper,
1998; Jing et al., 2004). Indeed, the five
heterogeneous neurons show variations
in their activity patterns (Fig. 1), which,
we hypothesized, might result from dif-
ferences in coupling strengths.

Consistent with this idea, electrical
coupling strength among the five hetero-
geneous elements differs (Fig. 4, Table 1).
Importantly, coupling strength generally
matched activity patterns during motor
programs. For example, B51 and B71 ex-
hibit one of the strongest coupling ratios
and show similar activity patterns, with
near synchronous firing during the hyper-
retraction phase of programs.

However, there is at least one excep-
tion to this correlation. B64 and B51 are
very strongly coupled, but their activity
patterns differ. Such a discrepancy can be
explained, in part, by the low spike thresh-
old of B64, which may allow B64 to fire
early. Moreover, inhibition from B4/5 to
B51 and B71 may serve to delay B51/B71
firing during retraction. Thus, the cou-
pling patterns, combined with chemical
synaptic connections and intrinsic prop-
erties of these neurons, provide a basis for
their distinct activity patterns during the
retraction phase of motor programs.

Interestingly, the coupling between the
five neurons is mostly asymmetric, i.e.,
the coupling between pairs of neurons is
stronger in one direction than in the op-
posite direction. Asymmetric coupling
has been observed in other systems (Fur-
shpan and Potter, 1959; Giaume and
Korn, 1983; Friesen, 1985; Johnson et al.,
1993; Jing and Gillette, 1999; Kawano et
al., 2011; Wu et al., 2011). In some cases it
results from rectifying electrical coupling
(i.e., heterotypic gap junctions) (Phelan et
al., 2008), and in others differences in in-
trinsic properties (Bennett, 1966; Johnson
et al., 1993). Here, we show that asymmet-
rical coupling between B64 and B51, B64
and B71, and B51 and B71 neuron pairs is
not due to rectifying electrical coupling,
but rather, is likely due to differences in

intrinsic properties, i.e., input resistance. This further supports
the heterogeneity of these neurons.

Coupling strength and network functions
To examine functions of these electrically coupled neurons, we
determined their impact on the activity of B8, a critical motoneu-
ron that controls radula closing during feeding and is essential for
manipulating food (Morton and Chiel, 1993a,b; Orekhova et al.,
2001). From this perspective, B8 excitatory neurons, B51, B71,
and B64, are strongly coupled, whereas B8 inhibitory neurons,

A

B

Figure 8. Connections from B71 to radula closure motoneuron B8. A, B71 elicits fast and slow EPSPs in B8 (n � 25). The unitary
EPSPs are facilitating and become more obvious as B71 stimulation progresses. Dotted line, Resting potentials of B8. Recordings
were made in high-divalent saline. B, Comparisons of the excitatory actions from B51 (left, 20 Hz) and B71 (right, 15 Hz) to B8 (n �
4). The B71 effect is stronger. Note that when B71, but not B51, is stimulated, B8 firing frequency (Freq) increases progressively,
and B8 spikes broaden. Bottom, Enlarged records of B8 show individual spikes of the first one (diamonds, thin lines) and the one
with the longest spike width (triangles, thick lines) upon B51 (left) or B71 (right) stimulation. Numbers at the beginning of traces
are membrane potentials (in millivolts).

A B

Figure 9. Necessity of B71 for hyper-retraction. A, A single cycle of a motor program induced by CBI-4 stimulation. CBI-4 is not
shown. B, Another cycle of a program elicited by CBI-4, and hyperpolarization of B71 (bar, �9 nA) prevents expression of
hyper-retraction (n � 6).
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B4/5 and especially B70, are weakly cou-
pled to the other neurons. Thus, the over-
all patterns of coupling strengths support
the notion that functionally related neu-
rons are more strongly coupled.

Previous work (Hurwitz et al., 1997;
Jing and Weiss, 2001, 2002; Sasaki et al.,
2009) showed that B8 activity during pro-
traction and retraction is subject to con-
current excitatory and inhibitory control.
Here, the findings that B70 is also active
during hyper-retraction extend concur-
rent excitatory and inhibitory control to
hyper-retraction, because during hyper-
retraction, B8 activity is not only con-
trolled by excitatory neurons B51 and
B71, but also by inhibitory neuron B70.
Thus, B8 activity appears to be controlled
by concurrent excitation and inhibition
throughout a cycle of feeding motor programs. This form of syn-
aptic control may enable the flexible expression of various levels
of B8 activity during the generation of different forms of behav-
iorally relevant motor programs (Morton and Chiel, 1993a,b;
Jing et al., 2004).

Do functionally related neurons necessarily have similar out-
puts? Perhaps, the least expected finding of this study concerns
the differential roles of B51 and B71 in controlling B8 activity,
and was only uncovered after detailed analysis of their functions.

B51 and B71 are strongly coupled, show identical firing patterns,
and provide chemical excitation to B8, all of which may imply
that both neurons may make a prominent contribution to B8
activation. Yet, our study shows that they appear to exert differ-
ential actions. Hyperpolarization of either B51 (Jing et al., 2004)
or B71 prevents the expression of hyper-retraction and B8 stops
firing. Strong coupling between B51 and B71 makes it difficult for
the hyperpolarization experiments to discern specific contribu-
tions of the two neurons to hyper-retraction and B8 firing. How-
ever, several of our experimental paradigms reveal that both

A

B

Figure 10. B71 stimulation in motor programs elicited by CBI-4 does not recruit continued firing of B51 or B64. A1, B1, A single cycle of a motor program elicited by CBI-4 without hyper-retraction.
A2, B2, Activation of B71 (bars) induces strong firing in B8 reminiscent of B8 firing in hyper-retraction, and neither B51 (A2; n � 3) nor B64 (B2; n � 4) is recruited to fire continuously, save for a
brief period of initial activity. A3, B3, Coactivation (bars) of B51 (A3) or B64 (B3) with B71 does enhance B8 activity. All DC currents applied were 8 nA.

A B C

Figure 11. B51 stimulation recruits B71 in motor programs. A, A single cycle of a motor program elicited by stimulation of CBI-2. B, Activation of B51 (bar, 14 nA) toward the later part of retraction
induces hyper-retraction-like activity that is accompanied by strong firing in B71 (n � 7) and B8. C, Simultaneous activation of B51 (bar, 16 nA) and hyperpolarization of B71 (bar, �8 nA) result in
weaker firing in B8 (n � 4) compared to that in B.

A B

Figure 12. B70 suppresses B8 activity during hyper-retraction. A, A single cycle of a motor program elicited by CBI-4. B70 is
active during the later part of retraction and hyper-retraction. B, B70 hyperpolarization (bar, �6 nA) leads to higher-frequency
firing in B8 during the later part of retraction and hyper-retraction (n � 5). BN2, Buccal nerve 2.
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neurons contribute to the activation of B8, but B51 functions
primarily to drive B64 and B71, while B71 functions preferen-
tially to drive B8 (Fig. 13). Strong asymmetric coupling from B51
to B64 and B71 is consistent with this notion.

Previous work (Evans and Cropper, 1998; Jing et al., 2004;
Baxter and Byrne, 2006) and this study provide an integrative
understanding of how the microcircuit controls hyper-retraction
(Fig. 13). Because B51 receives proprioceptive inputs from the
feeding apparatus, i.e., the buccal mass, as an activator of B64 and
B71, B51 may transmit sensory information to them. All of these

neurons may also integrate inputs from higher-order neuron
CBI-4, which is activated by food stimulus originating from the
head. Finally, activity in B71/B51, B70, and B64 would determine
the actual motor outputs during hyper-retraction. Functional
differentiation of B51 and B71 is further consistent with and
reinforces a suggestion for a modular organization of the Aplysia
feeding motor network (Jing et al., 2004; Jing and Weiss, 2005).
Modular organization may also operate in vertebrate motor cir-
cuits (Stein and Smith, 1997; Bizzi et al., 2000).

Summary
Our study indicates that it is fruitful to quantify the coupling
ratios among electrically coupled heterogeneous elements in mi-
crocircuits. This information provides a basis for the character-
ization of relative contributions of electrical and chemical
synaptic connections, and intrinsic properties of these circuit el-
ements to their firing patterns during network activity. We expect
that our work is relevant to many other model microcircuits. In
particular, our study generally supports the idea that functionally
related neurons are coupled more strongly. However, consis-
tent with previous work in other systems (Marder and Bucher,
2007; Weaver et al., 2010), it shows that, in addition to elec-
trical coupling, both intrinsic properties and chemical con-
nections of circuit elements also fine-tune their activity
patterns.

More importantly, we show that specific network functions of
electrically coupled heterogeneous neurons can be very complex
and difficult to discern. Thus, network functions of electrically
coupled network elements, and possibly also for elements that are
not coupled, cannot be simply inferred from their activity pat-
terns, or even their synaptic connectivity, particularly consider-
ing that network elements in many microcircuits often make
more than one connection. Rather, our study offers a cautionary
tale for functional studies that rely on observing activity and/or
anatomical connectivity of the brain (Lichtman et al., 2008; De-
Felipe, 2010; Kelly et al., 2012), and indicates that it is essential to
thoroughly analyze network functions of specific neurons. In this
regard, the small microcircuit of Aplysia proves to be particularly
advantageous in understanding how these neurons may fulfill
specific network functions.
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B65, B34) and retraction (R) interneurons (B64, B71) enables the generation of antagonist
protraction versus retraction/hyper-retraction phases. The B51 neuron, receiving propriocep-
tive inputs from the feeding motor apparatus, i.e., the buccal mass, during feeding, plays a
major role in exciting interneurons B71 and B64, and therefore the generation of hyper-
retraction. B71, in turn, provides strong excitation to B8. B64 also provides excitation to B70,
which inhibits B8. Thus, B8 activity is controlled by both excitatory and inhibitory interneurons.
B51 and the three interneurons B71, B64, and B70 may also receive inputs from CBI-4, which is
activated by food stimulus originating from the head and, when active, can in turn evoke motor
programs with hyper-retraction. Different synaptic strengths are illustrated with various sizes
of line thickness. Not all connections are shown, for clarity. For example, the inhibitions of all
retraction neurons by B4/5 are omitted (but see Fig. 4 B). Arrows, Chemical or electrical excita-
tion; closed circles, inhibition.
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