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Electrical synapses are abundant before and during developmental windows of intense
chemical synapse formation, and might therefore contribute to the establishment of
neuronal networks. Transient electrical coupling develops and is then eliminated between
regenerating Helisoma motoneurons 110 and 19 during a period of 48–72 h in vivo and in vitro
following nerve injury. An inverse relationship exists between electrical coupling and
chemical synaptic transmissionat these synapses, such that thedecline inelectrical coupling
is coincidentwith the emergence of cholinergic synaptic transmission. In this study,wehave
generated two- and three-cell neuronal networks to test whether predicted synaptogenic
capabilities were affected by previous synaptic interactions. Electrophysiological analyses
demonstrated that synapses formed in three-cell neuronal networks were not those
predicted based on synaptogenic outcomes in two-cell networks. Thus, new electrical and
chemical synapse formation within a neuronal network is dependent on existing
connectivity of that network. In addition, new contacts formed with established networks
have little impact on these existing connections. These results suggest that network-
dependent mechanisms, particularly those mediated by gap junctional coupling, regulate
synapse formation within simple neural networks.
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1. Introduction

Electrical coupling is widespread in invertebrate nervous
systems as well as in the developing mammalian brain.
Neurons functionally coupled by electrical synapses possess
coordinated patterns of spontaneous activity and changes in
intracellular calcium concentration (Yuste et al., 1992). Some
of these patterned activities are due to the presence of gap
junctions, i.e., membrane channels that provide a conduit for
the passage of electrical current (charged ions) and small
cytoplasmic messengers, such as IP3 and cAMP, between
.
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contacting cells (Kandler and Katz, 1998). Inmanymammalian
brain regions, electrical synapses are abundant before periods
of chemical synapse formation and then decline in number as
the extent of chemical neurotransmission increases (Bennett
and Zukin, 2004). The appearance of this gap junctional
communication, and the resulting synchronization of neuro-
nal activities, is thought to be important for the development
of neuronal assemblies (Kandler and Katz, 1995) and matura-
tion of neuronal networks (Allen and Warner, 1991; Walton
and Navarrete, 1991; Roerig and Feller, 2000; Peinado, 2001;
Personius et al., 2001; Montoro and Yuste, 2004). For example,
bio.tamu.edu (M.J. Zoran).
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Fig. 1 – Formation of electrical synaptic connections between
neurons paired in outgrowth-permissive conditions.
(A) Neurons were plated in contacting pairs for 5 days on
PLL-coated dishes, which promoted adherence to the dish
surface and outgrowth of processes. After 5 days of
outgrowth, neurons 19 (larger soma) and 110 exhibited
extensive neuritic processes. (B) Although neurons were
plated with contacting somata, in some pairs somata moved
apart as a large fascicle of processes developed between the
two cell bodies. (C) Electrical coupling coefficients (ECCs) were
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dye coupling between magnocellular neurons of the rat
hypothalamus increases in vivo during postnatal weeks 1
and 2 and then decreases during a period of intense chemical
synapse formation at postnatal weeks 3 and 4 (Arumugam
et al., 2005). Chronic block of NMDA receptors significantly
reduces uncoupling among these hypothalamic neurons,
demonstrating that chemical synaptic signaling can regulate
the developmental uncoupling of gap junctions. Similarly, in
spinal motoneurons, NMDA signaling mediates gap junction
uncoupling (Mentis et al., 2002). A rapid developmental
transition from gap junction-coupled to NMDA receptor-
mediated synaptic transmission is also thought to function
in cortical network formation (Dupont et al., 2006).

A sequential progression from electrical coupling to
chemical synaptic transmission exists at regenerating
synapses in the snail, Helisoma, both in vivo and in vitro. At
a period of transition from electrical to chemical commu-
nication, the two types of synaptic transmission appear to
be inversely related; i.e., gap junctional coupling is sustained
when cholinergic neurotransmission is blocked with tubo-
curare and chemical synaptic transmission is increased
when electrical coupling is reduced (Szabo et al., 2004).
While many examples of the temporal progression from
electrical to chemical neurotransmission have been reported
(Kandler and Katz, 1998; Szabo et al., 2004; Arumugam et al.,
2005; Dupont et al., 2006) and underlying mechanisms have
been proposed (Arumugam et al., 2005; Neunuebel and
Zoran, 2005), much is still unknown about the influence of
these interactions on the formation of neuronal networks.
To directly address this question, we have used the defined
synapses formed between identified Helisoma neurons in
vitro to determine if the process of transient electrical
coupling affects subsequent synapse formation in three-cell
neuronal networks.

Transient electrical synaptic connections develop between
Helisoma motoneurons 110 and 19, forming and then disap-
pearing over a 48- to 72-h period (Szabo et al., 2004; Neunuebel
and Zoran, 2005). The decline in electrical coupling is
coincident with the emergence of unidirectional cholinergic
synaptic transmission between presynaptic neuron 110 and
postsynaptic neuron 19. In the current study, we have
generated two- and three-cell neuronal networks to deter-
mine (1) whether new synaptic contacts impact extant
network connectivity, and (2) whether the formation of new
connections is affected by a neuron's prior synaptic connec-
tivity. Our results demonstrate that electrical and chemical
synapses form in three-cell networks in a manner not
predicted from two-cell networks, suggesting that gap junc-
tional coupling and uncoupling plays an important role in
regulating neuronal network formation in a cell-specific
manner.
determined as the ratio of postsynaptic to presynaptic
voltage changes. ECC values (normalized mean±SEM) for
19–19, 110–110, and 19–110 pairs, with 5-day ECC values
normalized to 1-day values (19–19: 1-day ECC=0.32±0.06,
n=29 vs. 5-day ECC=0.32±0.07, n=28; NSD (no significant
difference). 110–110: 1-day ECC=0.11±0.05, n=6 vs. 5-day
ECC=0.15±0.05, n=6; NSD. 19–110: 1-day ECC=0.33±0.06,
n=32 vs. 5-day ECC=0.20±0.05, n=19; *, p<0.05, Student's
t-test).
2. Results

Buccal neurons 19 and 110 were cultured in conditions
permitting neurite outgrowth, which assured contact among
neurons of two- and three-cell networks. We first determined
whether the sequence of synaptogenic events previously
observed in these neurons lacking neurites (Szabo et al.,
2004) also occurred in neurite-bearing networks. Cells were
plated in each possible two-cell configuration, as 19–19, 19–110
and 110–110 partners, and were then incubated for 1 or 5 days
of contact. Neurite extension in these cultures was elaborate
and although all somata were initially plated in contact, in
some cases neuritic fascicles formed between somata sepa-
rated during process outgrowth (Figs. 1A and B).

2.1. Electrical and chemical neurotransmission in two-cell
neuronal networks

Electrical connections formed in amanner similar to that seen
previously in vivo (Szabo et al., 2004). After 24 h of cell–cell
contact, 19–19 and 19–110 pairs possessed coupling coeffi-
cients (ECCs) of 0.32±0.06 (n=29) and 0.33±0.06 (n=32), res-
pectively. Two-cell 110–110 networks had an ECC of 0.11±0.05
(n=6). Following 5 days of contact, 19–19 and 110–110 pairs
had strong electrical connections (Fig. 1C) while 19–110 pairs
exhibited a reduction in coupling over this same period. Thus,
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electrical connections were maintained or strengthened at
homotypic contacts, while heterotypic connections exhibited
significant uncoupling. In addition, by day 5 of contact, an
increasing percentage of 110–19 pairs possessed chemical
connectivity and PSPs of greater amplitude (Fig. 2A). Choli-
nergic synaptic transmission between presynaptic 110 and
postsynaptic 19 was present in 50% of cell pairs at day 2 (n=8)
and 86% of pairs at day 4 (n=7). Chemical neurotransmission
was not detected in 19–19 (day 2, n=17; day 5, n=28) or 110–
110 pairs (day 3, n=6; day 7, n=6) where electrical coupling
remains strong for at least 7 days in vitro. Therefore,
synaptogenesis at neurite-bearing contacts was as previously
described in soma–soma cultures.

When strong electrical connections form between neurons,
chemical synaptic transmission can become masked by
junctional current flow (Liu and Nicholls, 1989; Bem et al.,
2002). We therefore quantified chemical connectivity by
measuring the amplitude of the postsynaptic potential at
95 ms after the peak of the presynaptic spike (Szabo et al.,
2004). Although this approach underestimated chemical PSP
amplitudes, it was necessary to faithfully distinguish chemi-
cal from electrical contributions at mixed synapses. As
described above, electrical coupling at 19–110 pairs decreased
over 5 days in culture, while PSP amplitudes increased
Fig. 2 – Temporal expression of chemical and electrical
synaptic connections. (A) Histogram illustrating electrical
coupling coefficients (ECC) and PSP amplitude measured at
95 ms after the peak of the presynaptic action potential on
day 1 (n=32) and day 5 (n=19) in culture. Both the reduction
in ECC values and increase in PSP amplitudes were
significant (ECC: p<0.005; PSP: p<0.05; one-tailed Student's
t-tests). (B) Scatterplot of 19–110 pairs from (A) and a linear fit
of the relationship between ECC and PSP amplitude (n=51).
significantly in strength (Fig. 2A). A negative correlation
between these two modes of synaptic communication was
observed for these 110–19 synapses (Fig. 2B).

2.2. Formation of three-cell networks

Having described the temporal sequence of synapse forma-
tion in two-cell configurations, we tested whether the
generation of a three-cell network altered predicted synapto-
genic outcomes. First, a pair of neurons was plated and
allowed to extend processes. On day 4, a third neuron was
plated contacting one of the original cells, and this three-cell
network was then cultured for an additional day (Figs. 3A–C).
The final network configuration used for electrophysiological
analysis consisted of a central 5-day-old neuron possessing a
1-day connection on one side, and a 5-day connection on the
other (Fig. 3D). In this manner, eight three-cell networks were
formed. Within these networks, four synaptic contacts were
heterotypic 19–110, four were homotypic 110–110, and four
were homotypic 19–19 (Figs. 4A and D; Table 1). Because of
the temporal plating sequence employed, half of these
contacts were established over 5 days and half over only
1 day.

2.3. Electrical connectivity in three-cell networks

The presence of electrical and chemical synaptic commu-
nication was assessed in neuronal networks using simulta-
neous electrophysiological recordings from three neurons
while injecting one with current (Fig. 3D). We first deter-
mined whether electrical coupling was maintained or
eliminated at the 5-day synaptic connections. Coupling
between homotypic neurons was relatively strong, with
ECC values between 0.17± 0.04 and 0.50±0.12 (Figs. 4A and
D), where 110–110 synapses were significantly stronger than
other homotypic connections after 5 days (ANOVA, p<0.5).
In contrast, coupling at all four heterotypic 5-day contacts
was weak, with no significant differences between groups
(ANOVA, p=0.48). As predicted from two-cell studies, homo-
typic electrical connections were maintained, but coupling at
heterotypic contacts was diminished.

Since two Helisoma motoneurons contacting for 24 h
possessed strong electrical coupling regardless of identity,
we predicted that similar contacts in three-cell networks
would possess equally strong coupling. Instead, 6 of 8 1-day
contacts possessed weak coupling with ECC values less than
0.1. A comparison of all 8 groups indicated that coupling at the
two other 1-day contacts was significantly stronger (Figs. 4A
and D; ANOVA, p<0.0001). In both cases where coupling was
strong, the central neuron was a 19 that had been in contact
with a neuron 110 for 5 days (Fig. 4D). On the other hand, when
a central neuron 110 had contacted a 19 for 5 days, electrical
synapses formed with any new contact were weak (Fig. 4A).
Similarly, when a central 19 had contacted another 19 for
5 days, it did not form strong new connections. Thus, for
neuron 19, electrical synaptogenic capabilities were more
strongly affected by its existing network connectivity, rather
than the neuronal identity of a new synaptic partner (Figs. 4E
and F). For central neuron 110, although the identity of its
partner was again not critical, the timing of its synapse
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formation was a major factor determining its synaptogenic
outcomes and the existing connections did not alter new
synaptic outcomes (Figs. 4B and C).

2.4. Chemical connectivity within three-cell networks

Neuron 19 does not form chemical synapses with other buccal
neurons in culture (Haydon and Zoran, 1991; Zoran and Poyer,
1996) and did not form chemical synaptic connections with
neuron 110 in either two-cell or three-cell configurations.
Therefore, in this study, all chemical synaptic connectivity
refers to cholinergic neurotransmission of neuron 110. When
neuron 110 was plated into contact with a homotypic
neuronal pair, no chemical synapses were detected after
24 h, even though electrical coupling was weak at these new
contacts (Table 1). For example, chemical neurotransmission
was not present at contacts formed by a new neuron 110 with
the central 19 of a homotypic pair (0 of 14 preparations;
Fig. 5A). In contrast, heterotypic pairs possessed weak
electrical coupling. When a new 110 was added to form a
three-cell network, strong chemical synapses formed with the
central 19 (10 of 14 preparations; Fig. 5B; Table 1). Thus,
electrical connectivity in a neural circuit affected subsequent
chemical synaptogenesis within that network.
2.5. Developmental window for transient electrical
synapse formation

The differences in synaptogenic outcomes between two-cell
and three-cell networks might have been caused by factors
related to “age” in culture. Cells that had been plated into
culture for 5 days were “older” than cells newly plated and
might therefore have altered synaptogenic capabilities. We
therefore conducted experiments examining the impact of
age. Neurons were isolated for 4 days, one into adhesive
culture conditions permitting neurite outgrowth and the other
into non-adhesive conditions limiting outgrowth (Fig. 6A). On
day 4, the latter was paired with the former for 24 h and their
connectivity was examined. Only weak electrical synaptic
connections formed between these 5-day-old neurons with 1-
day contacts. No significant differences in coupling were
observed across groups (ANOVA, p=0.8; n=28; Fig. 6B). In
addition, chemical synaptic transmissionwas detected in only
3.6% of these preparations (data not shown).

The effects of “differently aged” partners on synaptic
formation were also examined by plating a “younger” (0 day)
neuron with an older (4 days) neuron for 24 h. In particular,
when a 0-day 110 was pairedwith a 4-day 19, connections 24 h
later possessed stronger electrical coupling than that of any
other pair configuration (ANOVA, p<0.002; Fig. 6B). As in
three-cell networks, 5-day 19s formed stronger electrical
connections. These younger 110 neurons did not form
chemical connections at homotypic contacts (0 of 8 pairs),
Fig. 3 – Experimental paradigm for investigating three-cell
networks in culture. (A) Cells were plated into adhesive cell
culture dishes in pairs (grey spheres). Following 4 days of
contact and neurite outgrowth a third, younger cell (white
sphere) was plated into contact with one cell of the pair for an
additional day. (B) Phase-contrast micrograph showing
neuronal somata plated in a row,with one central cell (arrow)
paired to an older cell on one side, and a younger cell on the
other. (C) Fluorescent dye-fill of the three-cell network in
panel A. The central neuron 19 has been injected with Texas
Red and the left neuron 110 with Lucifer yellow. Scale bar
equals 30 μm. (D) Schematic of the recording configuration
(top) illustrates that current was injected in one neuron of a
network while simultaneous recordings from the other two
cells were used to assess network connectivity.
Hyperpolarizing (lower left traces) and depolarizing (lower
right traces) current injections into one neuron (top traces)
permitted assessment of connectivity with its 1- and 5-day
neighbors. In this case, hyperpolarizing current injected into
a central 5-day 110 elicited a hyperpolarization in a 5-day 110
neighbor, but only weak electrical coupling was detected in
the 1-day 19 partner. Depolarizing current injection
demonstrated weak chemical connectivity between the
5-day 110 and the 1-day 19. Note that the events recorded in
the 5-day 110 (middle trace, right panel) represent electrically
mediated synaptic potentials. Chemically mediated
synapses are actually inhibitory, but appear as depolarizing
potentials due to the use of KCl electrodes that alter the
chemical driving forces underlying these acetylcholine-gated
channels (see Szabo et al., 2004). Vertical bar equals 40 mV
(left traces), 20 mV (right traces). Horizontal bar equals 1 s.



Fig. 4 – Electrical coupling between neurons in three-cell
networks. (A) Histogram of ECC values for 5-day (solid bars)
and 1-day connections (open bars) for three-cell networks
with 110 as the central neuron (from left to right,
110–110–110, n=6; 110–110–19, n=9; 19–110–110, n=7;
19–110–110, n=17). (B and E) When electrical coupling was
strong (solid line) at homotypic 5-day contacts, newly formed
1-day connections with a neuron 110 were weak (dashed
line). Grey rectangle indicates 5-day neuronal contacts. (C)
When neuron 110 was the central cell of a heterotypic pair, it
exhibitedweak coupling at both its 5-day and 1-day contacts.
(D) Histogram of ECC values for 5-day and 1-day connections
with 19 as the central neuron (19–19–19, n=5; 19–19–110,
n=8; 110–19–5d19, n=8; 110–19–110, n=14). An analysis
across all 5-day homotypic contacts yielded no significant
differences, except at 110–110 connections (ANOVA,
*p<0.05). An analysis across all 5-day heterotypic groups
yielded no significant differences (ANOVA, p=0.48). An
analysis across all 1-day contact groups indicated a
significant difference (ANOVA, p<0.0001) at 5d19–1d19 (post
hoc LSD, *p<0.05) and 5d19–1d110 (post hoc LSD, †, p<0.05).
(F) Heterotypic 5-day contacts, where neuron 19 was the
central cell, exhibited weak coupling and formed strong
electrical connections at new 110 contacts. Overall, the
presence of strong electrical coupling (e.g., B and E) appears
to limit formation of new electrical synapses, while the
presence of weak coupling (e.g., C and F) affected subsequent
electrical synaptogenesis in a cell-specific manner.
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but exhibited strong synaptic transmission at heterotypic
contacts (8 of 10 pairs). These experiments indicate that
synaptogenesis between Helisoma neurons is constrained to a
specific developmental period and that synaptogenic capabil-
ities are limited in a cell-specific fashion.

Finally, we examined the prevalence of chemical synapto-
genesis in each of 16 possible configurations of three-cell
networks (Table 1). The actual incidence of contacts with
chemical neurotransmission was compared statistically to
predicted values from appropriate two-cell experiments.
Although some synaptogenic outcomes could be explained
by differences in cell age, seven connections in the three-cell
networks were significantly different than their counterparts
in two-cell networks. Thus, the effects of extant network
connectivity on subsequent chemical synaptogenesis were
not adequately explained by differences in cell age or duration
of contact, but instead indicate that previous synaptic history
influences future neural network formation.
3. Discussion

The predominant form of new synaptic connectivity among
specific networks of Helisomamotoneurons following injury is
transient electrical coupling (Bulloch et al., 1984; Haydon et al.,
1987; Haydon and Kater, 1988). Among the motoneurons
studied here, the strength of electrical coupling was inversely
related to that of chemical synaptic transmission, such that
over 4- to 5-day electrical coupling coefficients declined as
chemical synapses emerged. The time course of this develop-
mental sequence was similar to that seen during nerve
regeneration in vivo (Szabo et al., 2004). We therefore
hypothesized that synaptogenic shifts and transitions in
neuronal communication could influence the outcomes of
neuronal network formation and, to investigate this idea, we
examined synapse formation in three-cell neuronal networks
formed in cell culture.

Chemical synaptogenesis was absent at connections
newly formed within strongly coupled neuronal networks.
However, in networks where electrical synapses were tran-
sient and gap junctional uncoupling had occurred, new
chemical synaptogenesis was pervasive. For example, a
neuron 110 making initial contact with a neuron 19 did not
form cholinergic synapses with this acetylcholine-sensitive
target if that 19 was strongly coupled to another neuron
(Fig. 7). Yet, if the 19 had progressed through transient
electrical coupling with a neuron 110, chemical synaptogen-
esis at new contacts was not only possible, but was prevalent
(Table 1, Fig. 7). Thus, gap junctional coupling, at least in
simple networks of Helisoma motoneurons, directly or indir-
ectly, shapes ongoing synaptogenesis at newly established
cell–cell contacts.

A rapid developmental switch from gap junction-mediated
signaling to NMDA-dependent communication exists during
the construction of cortical columnar networks (Dupont et al.,
2006). Similar to synaptogenesis during the development of
many nervous systems (Warner et al., 1984; Peinado et al.,
1993a; Chang and Balice-Gordon, 2000), regenerating neural
networks often exhibit a progression from transient electrical
to chemical communication (Hadley et al., 1985; Allen and



Table 1 – Presence of chemical synaptic transmission from neuron 110 at specific cell–cell contacts of three-cell neuronal
networks

Presynaptic Postsynaptic Third cell Actual a Predictedb χ2

5d 110c 5d 110 1d 110 0.25 (n=8) 0.17 (n=6) 0.273
5d 110c⁎ 5d 19 1d 110 0.20 (n=10) 0.95 (n=21) <0.001
5d 110c 5d 110 1d 19 0.33 (n=6) 0.17 (n=6) 0.273
5d 110c⁎ 5d 19 1d 19 0.13 (n=16) 0.95 (n=21) <0.001
5d 110c 1d 110 5d 110 0.50 (n=6) 0.50 (n=8) 0.480
5d 110c 1d 19 5d 110 0.50 (n=6) 0.25 (n=10) 0.057
5d 110c⁎ 1d 110 5d 19 0.10 (n=10) 0.50 (n=8) <0.004
5d 110c⁎ 1d 19 5d 19 0.06 (n=16) 0.25 (n=10) <0.02
5d 110 5d 110c 1d 110 0.18 (n=6) 0.18 (n=6) 1.00
5d 110⁎ 5d 19c 1d 110 0.50 (n=14) 0.95 (n=21) <0.004
5d 110 5d 110c 1d 19 0.10 (n=10) 0.17 (n=6) 0.074
5d 110⁎ 5d 19c 1d 19 0.25 (n=8) 0.95 (n=21) <0.004
1d 110 5d 110c 5d 110 0.17 (n=6) 0.11 (n=9) 0.289
1d 110 5d 19c 5d 110 0.71 (n=14) 0.80 (n=10) 0.114
1d 110 5d 110c 5d 19 0.10 (n=10) 0.11 (n=9) 0.724
1d 110⁎ 5d 19c 5d 19 0.00 (n=14) 0.80 (n=10) <0.004

‘c’ Indicates the central neuron of a three-cell network.
a Actual values equal the fraction of contacts in three-cell networks with cholinergic transmission detected.
b Predict values equal the fraction of contacts among appropriately matched two-cell networks with cholinergic transmission detected.
⁎ Indicates a value significantly different from predicted two-cell networks.

Fig. 5 – Chemical synapse formation between specific
neurons is network dependent. (A) Schematic and sample
traces illustrating one example of synaptogenesis in a 3-cell
network: a 5-day 19–19 contact possessed strong electrical
coupling (solid line in schematic) and no chemical synaptic
transmission, while only weak electrical coupling (dashed
line) and no chemical synaptic transmission was recorded at
the 1-day contact of the central 19 and 110 (record traces).
Scale bars equal 20 mV and 1 s. (B) By 5 days in culture, the
strength of electrical connections between central neuron 19
and neuron 110 had diminished and strong chemical
synaptic transmission was present (solid circle head). Strong
chemical connections were also formed at the 1-day contact
between neurons 19 and 110 in this three-cell configuration
(record traces). Scale bars equal 20 mV and 1 s.
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Warner, 1991; Chang et al., 2000; Personius et al., 2001; Curtin
et al., 2002). The regulatory mechanisms that underlie
synaptogenic progressions from electrical to chemical neuro-
transmission are not well understood. Among mouse
hypothalamic neurons, NMDA receptor activation mediates
gap junctional uncoupling via a calcium-cAMP response
element binding protein (CREB)-dependent downregulation
of Cx36 gene expression (Arumugam et al., 2005). Also, agrin,
a protein known for its ability to cluster acetylcholine
receptors at vertebrate neuromuscular junctions, mediates
the dual modulation of electrical and chemical intercellular
communication during the critical period at developing
splanchnic nerve cholinergic synapses (Martin et al., 2005).

Synchronized activities between postnatal mammalian
neurons prior to and during the onset of chemical synaptic
connectivity have been suggested to contribute to the
formation of cortical network domains (Peinado et al., 1993a,
b; Kandler and Katz, 1995). Gap junctions are thought to
mediate this synchronized activity, via either electrical or
biochemical signaling (Kandler and Katz, 1998). Although
central pattern generator inputs are not present in vitro, some
endogenous spiking activity exists in these motoneuronal
networks. Thus, cell–cell signaling mediated by synchronized
activities where gap junctional conduits are strong may
constitute the molecular mechanism by which existing net-
work connections influence synapse formation. Regardless of
the mechanism involved, it seems clear that gap junctional
coupling of Helisoma networks, or a cellular process associated
with it, are involved in regulating ongoing chemical
synaptogenesis.

The transient electrical synapses formed between Heli-
soma motoneurons 19 and 110 are replaced by inhibitory
chemical synapses (Szabo et al., 2004). This rapid develop-
mental switch from gap junctional coupling to inhibitory
neurotransmission represents a fundamental shift in net-
work communication: neurons can fire in synchrony at one
developmental time-point and inhibit each other at the
next. It is becoming clear that interplay between electrical
and chemical modes of neural communication have impor-
tant impacts on neural network formation. The formation



Fig. 6 – Effects of cell age on electrical synapse formation. (A)
Schematic of the experimental paradigm. Cells were plated
onto PLL-coated dishes and allowed to extend processes
(dark spheres). On day 4, cells were contacted by new somata
(white sphere) that had been cultured in separate
non-adhesive conditions for either 0 or 4 days. After 24 h of
contact, synaptic connectivity was assessed. (B) Histogram
illustrating ECC values for “equally aged” contacts (5d, solid
bars) and “differently aged” contacts (1 d, open bars). 5-day
pairs were not significantly different (ANOVA, p=0.8; from
left to right, 110–110, n=7; 19–19, n=6; 110–19, n=9; 19–110,
n=8.) The 1-day contact between a 5-day 19 and a 1-day 110
was significantly different from all other groups (ANOVA
(post hoc LSD), *, p<0.002; 110–110, n=8; 19–19, n=8; 110–19,
n=10; 19–110, n=10).

Fig. 7 – Summary of key observations of chemical synapse
formation in three-cell networks. (A) Electrical coupling was
strong (solid line) at homotypic 19–19 contacts following 24 h
of contact (top diagram). At day 4 (middle diagram), strong
electrical coupling was maintained. At newly formed 1-day
connections with a neuron 110 (bottom diagram), only weak
electrical coupling (dashed line) was observed between
neurons 19 and 110. (B) Heterotypic 1-day contacts possessed
strong electrical coupling (top diagram). However, by day 4
uncoupling had occurred and strong chemical connections
were present (middle diagram). At newly formed 1-day
connections on day 5 (bottom diagram), neuron 110 formed
strong chemical connections with central neuron 19. Note
that the new neuron 110 is forming very different kinds of
synaptic connections, strong chemical in panel B and weak
electrical in panel A, with the same postsynaptic neuron 19.
The only difference in the postsynaptic neuron is its other
existing network connectivity.
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of specific neural circuits in leech embryos involves the
development of inhibitory, GABAergic connections that
shape pre-existing electrical synaptic connections (Marin-
Burgin et al., 2005, 2006). Interestingly, most electrical
synapses in the juvenile neocortex on mammals couple
inhibitory networks of GABA-ergic interneurons (Galarreta
and Hestrin, 1999; Gibson et al., 1999; Hestrin and Galarreta,
2005). Among astrocytes, there also exists an inverse
relationship between gap junctional coupling and chemical
signaling such that purinergic signaling mechanisms
mediated by ATP release are enhanced among astrocytes
cultured from Cx43 knockout mice (Suadicani et al., 2003).
When gap junctional coupling among cultured chick dience-
phalic astrocytes is reduced by the neurohormone melatonin,
the spread of calciumwaves are enhanced (Peters et al., 2005).
Thus, the interplay between gap junctional and paracrine
signaling modes may be a pervasive phenomenon.

The formation of electrical coupling between Helisoma
neurons is thought to require mutual neurite elongation
(Hadley and Kater, 1983; Hadley et al., 1983, 1985). Since Heli-
somaneurons start slowing their process outgrowth by day 4 or
day 5 in culture, a time similar to that of electrical uncoupling,
the process of electrical synapse formation may not only be
age-dependent, but also growth-dependent. Here we observed
that age- and growth-dependent effects on synapse formation
were ameliorated in a cell-specific manner. For example, an
older neuron 110 rarely formed a strong electrical connection
with a younger neuronal partner. Neuron 19, on the other
hand, was capable of overcoming age-dependent restrictions
on electrical synapse formation, but not when strongly
coupled to other network partners. Thus, the potential for
new synapse formation among Helisoma neurons depends on
both the identity of the neurons involved, as well as the extent
of their electrical connectivity. In developing leech embryos,
intrinsic abilities to extend axons that project bilaterally are
inhibited in an age-dependent fashion that is likely mediated
by gap junctional communication (Wolszon et al., 1995). Still,
anesthetic treatment that blocks synaptogenesis among
cultured Lymnaea neurons had no effect on neurite extension,
indicating that synapse formation and neuritic outgrowth can
be dissociated (Woodall et al., 2003).

In summary, Helisoma motoneurons possess the ability to
form and maintain strong electrical synaptic connections at
homotypic contacts, while at heterotypic contacts electrical
coupling initially forms, and is then eliminated after several
days. Electrical connectivity in three-cell neuronal networks
affects subsequent chemical synaptogenesis and is different
from that formed between two neurons of similar age and
identity. Thus, several general principles for simple neuronal
network formation in vitro emerged from these studies. (1)
Actively growing neurons forming initial contacts are rela-
tively unconstrained in the formation of electrical synaptic
connections. (2) New connections formed with established
networks have little impact on existing electrical connections.
(3) Some aspects of synaptogenic potential are restricted to
discrete developmental windows. (4) Synaptogenic outcomes
are dependent on existing network connectivity. Thus, net-
work-dependent regulatory mechanisms, as well as cell-
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intrinsic processes, mediate synapse formation within simple
neural networks.
4. Experimental procedure

Experiments were conducted on laboratory stocks of albino
(red) pond snails, Helisoma trivolvis, which were maintained in
20-gallon aquaria at 26 °C. Aquaria were kept on a controlled
photoperiod of 12-h light/12-h dark. Animals were fed lettuce
and trout chow daily.

4.1. Cell culture preparations

The removal of buccal neurons from the ganglia and their
preparation for use in cell culture has been described (Haydon,
1988; Haydon and Zoran, 1991). Cells were initially transferred
into non-adhesive, 35 mm culture dishes (No. 1008 Falcon)
containing 2 ml of conditioned medium (CM). CM was bulk-
cultured in silicone-treated (Sigmacote) glass petri dishes,
before being transferred to culture dishes that had been made
non-adhesive by pretreatment with a 0.5% solution of bovine
serum albumin (BSA). Neurons weremaintained in these non-
adhesive culture conditions as single, spherical cells for 3 days
before being transferred into fresh BSA- or poly-L-lysine (PLL)-
coated dishes (35mm, No. 3001 Falcon), also containing 2ml of
CM. PLL-coated dishes caused neurons to adhere to the dish
surface, which permitted neurite extension and specific
identification of each cell at a later time-point based on its
location in the dish. Neuronswere plated either in isolation, or
in contact with an appropriate partner(s) depending on the
study. Neurons were maintained in these culture conditions
for 1–5 days while extending processes and forming inter-
cellular contacts. In some studies, neurons were cultured as
pairs of neuronal somata, where neurite extension was
suppressed (Haydon, 1988).

4.2. General electrophysiology

Electrophysiological properties of neurons were examined
using intracellular recording techniques. All recordings were
made from neurons plated into culture. Briefly, glass micro-
electrodes (borosilicate; FHC) were filled with 1.5 M KCl and
possessed tip resistances ranging from 10–20 MΩ. Current-
clamp recordings of neuronal membrane potentials were
amplified using a bridge-balanced electrometer (Getting Instru-
ments Inc.) and records were viewed on a storage oscilloscope
(Tektronix). Neuronal membrane potential was maintained
with base current injection (BCI) at approximately −70 mV.

Electrical coupling was measured by injecting constant
amplitude, hyperpolarizing current pulses (3 s in duration) into
one neuron and simultaneously recording membrane voltage
changes in both the presynaptic (injected) neuron and the
postsynaptic, electrically coupled, partner(s). Coupling coeffi-
cients were determined as the ratio of postsynaptic to
presynaptic voltage changes (Bennett, 1977). Data analyses for
coupling ratios and input resistancemeasurementswere taken
at the point ofmaximalmembranehyperpolarization. Analysis
of unidirectional coupling data determined that electrical
connections formed between all neuronal pairs were non-
rectifying. Thus, all analyses presented were averages of bi-
directional data and a single mean coupling coefficient was
calculated for each pair. In some cases, day 5 data were
normalized to levels present in the same networks on day 1.

An analysis of chemical connections from neuron 110 onto
neuron 19 was conducted by injection of suprathreshold
depolarizing current into presynaptic neurons. Four to five
trains of 10 action potentials (APs, 1 per second) were evoked
presynaptically in neuron 110, while the corresponding
postsynaptic potentials (PSPs) in neuron 19 were recorded
simultaneously. Criteria were developed to distinguish
between electrical and chemical contributions (see Szabo et
al., 2004). An analysis of 110–19 preparations possessing
exclusively chemical connectivity indicated that the average
latency from AP peak to PSP peak was 95 ms. Stimulation of
neuron 19, in contrast to presynaptic 110, never evoked
chemical PSPs in co-cultured neurons. For three-cell experi-
ments, simultaneous recordings were performed from all
three cells and connectivity of the central cell with each of the
other two was assessed. Data analyses for coupling ratios and
input resistance measurements were taken at the peak
membrane potential changes associated with hyperpolarizing
current injections. Electrophysiological recordings were digi-
tized by a MacLab A/D data acquisition system linked to a
Macintosh computer using Chart software. Records were
archived onto a magneto-optical disk for later analysis and
printing.

4.3. Data analysis

Comparisons of electrical coupling were analyzed using either
Student's t-tests (Microsoft Excel) or ANOVA, Fisher's Least
Significant Difference (LSD) (Statistica). Data are presented as
mean plus or minus standard error of the mean (SEM) unless
otherwise indicated.
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