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Neuronal Somata and Extrasomal Compartments Play Distinct
Roles during Synapse Formation between Lymnaea Neurons
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Proper synapse formation is pivotal for all nervous system functions. However, the precise mechanisms remain elusive. Moreover,
compared with the neuromuscular junction, steps regulating the synaptogenic program at central cholinergic synapses remain poorly
defined. In this study, we identified different roles of neuronal compartments (somal vs extrasomal) in chemical and electrical synapto-
genesis. Specifically, the electrically synapsed Lymnaea pedal dorsal A cluster neurons were used to study electrical synapses, whereas
chemical synaptic partners, visceral dorsal 4 (presynaptic, cholinergic), and left pedal dorsal 1 (LPeD1; postsynaptic) were explored for
chemical synapse formation. Neurons were cultured in a soma–soma or soma–axon configuration and synapses explored electrophysi-
ologically. We provide the first direct evidence that electrical synapses develop in a soma–soma, but not soma–axon (removal of soma)
configuration, indicating the requirement of gene transcription regulation in the somata of both synaptic partners. In addition, the
soma–soma electrical coupling was contingent upon trophic factors present in Lymnaea brain-conditioned medium. Further, we demonstrate
that chemical (cholinergic) synapses between soma–soma and soma–axon pairs were indistinguishable, with both exhibiting a high degree of
contact site and target cell type specificity. We also provide direct evidence that presynaptic cell contact-mediated, clustering of postsynaptic
cholinergic receptors at the synaptic site requires transmitter–receptor interaction, receptor internalization, and a protein kinase C-dependent
lateral migration toward the contact site. This study provides novel insights into synaptogenesis between central neurons revealing both distinct
and synergistic roles of cell– cell signaling and extrinsic trophic factors in executing the synaptogenic program.
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Introduction
Neuronal communications rely upon chemical or electrical syn-
apses formed between cells. At a chemical synapse, distinct pre-
synaptic and postsynaptic specializations are in opposition across
a synaptic cleft, whereas an electrical synapse lacks such morpho-
logical characteristics. Instead, communications are achieved via
fused membranes involving specific gap junction-forming pro-
teins (e.g., the connexins, innexins, or pannexins) (Veenstra et
al., 1995; Bennett and Zukin, 2004). Electrical synapses play im-
portant roles in mediating fast reflexes in invertebrates (Furshpan
and Potter, 1959; Hagiwara and Morita, 1962) and perhaps a
more prominent, albeit transient, developmental role in synchro-
nizing activity among groups of vertebrate neurons, such as Pur-
kinje fibers, inhibitory interneurons (Weidmann, 1952; Gibson
et al., 1999). A number of studies have also demonstrated that

electrical coupling precedes chemical synapse formation during
development (Curtin et al., 2002; Szabo et al., 2004; Todd et al.,
2010) and vice versa (Leitch et al., 1989; Nicholls et al., 1990),
suggesting an interdependence of these two modes of communi-
cation in defining the final pattern of neuronal connectivity in the
brain. However, the mechanisms underlying the development of
electrical synapses are not well understood.

Significant progress has thus been made toward understanding
and identifying key steps (axon path finding, cell–cell signaling) and
molecules (axon guidance, cell recognition, cell adhesion molecules)
involved in chemical synaptogenesis (Horch and Katz, 2002; Dalva
et al., 2007; Shen and Cowan, 2010). Moreover, both intrinsic cellu-
lar signaling (genetic information) and extrinsic factors (e.g., trophic
factors, morphogens) are considered important for chemical syn-
apse formation (Sotelo and Dusart, 2009; Terauchi and Umemori,
2012). Despite these advances, many key questions regarding the
development of both chemical and electrical synapses remain unan-
swered. For instance, the precise contributions and innate pro-
pensity of various neuronal compartments (somata, dendrite,
and axon) to form electrical or chemical synapses remain to be
well characterized. Likewise, the interplay between cell– cell sig-
naling and extrinsic factors in defining the temporal/spatial pat-
terns of synapse formation in the somal or extrasomal
compartments has yet to be fully defined.

Neurons isolated from invertebrate species, such as Aplysia
(Bodmer et al., 1988; Carrow and Levitan, 1989), Lymnaea (Syed
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et al., 1990; Feng et al., 1997), Hirudo medicinalis (Nicholls et al.,
1990; Todd et al., 2010), and Helisoma (Barker et al., 1982; Hadley
et al., 1985; Neunuebel and Zoran, 2005), have proven valuable in
identifying steps underlying synapse formation. Previous studies
using invertebrate neurons have demonstrated that axons sev-
ered from their cell bodies after forming chemical synapses are
capable of maintaining synaptic function in culture for several
days, in the absence of either or both somata of partner cells
(Schacher and Wu, 2002; Meems et al., 2003). In Lymnaea, we
have previously demonstrated that the formation of new syn-
apses between axons requires the presynaptic but not the post-
synaptic somata (Meems et al., 2003). However, neither the
specificity of synaptogenesis nor the underlying mechanisms
were identified. In this study, we studied the contribution of
somal versus extrasomal compartments and the role of trophic
factors in chemical and electrical synaptogenesis using the Lym-
naea soma–soma and soma–axon model.

Materials and Methods
Animals and cell culture. Fresh pond snails, Lymnaea stagnalis (hermaph-
roditic), were maintained at room temperature in a well-aerated aquar-
ium containing filtered pond water at the University of Calgary’s animal
care facility. For experiments involving cell culture, snails �1–2 months
old (shell length of 18 –20 mm) were used, whereas Lymnaea brain-
conditioned medium (CM, containing trophic factors) was prepared
from 2- to 3-month-old animals (shell length of 20 –30 mm).

Neurons were isolated from the central ring ganglia and maintained in
cell culture as described previously (Syed et al., 1990; Ridgway et al.,
1991). Briefly, snails were deshelled and anesthetized for 10 min with
Listerine solution (ethanol, 21.9%; and methanol, 0.042%) diluted to
10% in normal saline (in mM as follows: NaCl 51.3, KCl 1.7, CaCl2 4.0,
MgCl2 1.5, HEPES 10) adjusted to pH 7.9. The central ring ganglia were
then treated with trypsin (2 mg/ml), a proteolytic enzyme, dissolved in
defined medium (DM; L-15; Invitrogen; special order) containing the
following (in mM) as follows: NaCl 40, KCl 1.7, CaCl2 4.1, MgCl2 1.5,
HEPES 10.0 for 21 min. Subsequently, the central ring ganglia were
placed in a DM solution containing trypsin inhibitor (2 mg/ml) for 15
min. The central ring ganglia were then pinned on a dissection dish
containing high osmolarity DM (D-glucose, 20 mM), and brains were
visualized using a dissection microscope (Stemi 2000, Zeiss). Fine forceps
were used to remove the thin inner layer of sheath surrounding the
ganglia. Individual cells were then removed via gentle suction applied
through a Sigmacote-treated, fire polished pipette attached to a microsy-
ringe filled with high osmolarity DM. Upon extraction, specific cells were
juxtaposed either in a soma–soma or soma–axon configuration (see Figs.
1 and 3) on poly-L-lysine-coated culture dishes containing culture me-
dium. Isolated axon preparations were made according to previously
established protocols (Meems et al., 2003). In brief, after the initial iso-
lation of neuronal soma and axon in culture, a conventional intracellular
electrode attached to a micromanipulator was used to manually sever the
axon from its soma at an area adjacent to the axonal hillock. The isolated
axon was subsequently paired via juxtaposition with the soma or axon of
its partner cell. To study electrical coupling, pedal dorsal A (PeA) cells
were isolated and paired in a soma–soma, soma–axon, or axon–axon
configuration (see Fig. 1). PeA cluster cells in vivo are homogenous clus-
ters of electrically coupled neurons (�30 neurons/ ganglia) located in the
pedal ganglia. These neurons are electrically coupled to both ipsilateral
and contralateral counterparts, exhibit serotonergic phenotype and in-
nervate the pedal locomotor cilia in Lymnaea (Kyriakides et al., 1989;
Syed and Winlow, 1989). To study chemical synapses, the presynaptic
neuron, visceral dorsal 4 (VD4, cholinergic), and its postsynaptic part-
ner, left pedal dorsal 1 (LPeD1) were cultured as shown in Figure 3. VD4
and LPeD1 neurons in vivo form excitatory chemical synapses and are
involved in the control of cardiorespiratory behavior in Lymnaea (Buck-
ett et al., 1990; Syed and Winlow, 1991). To elucidate the roles of trophic
factors in electrical and chemical synapse formation, we cultured neu-
rons in the presence of Lymnaea CM. Despite the fact that specific neu-

rotrophic molecules in Lymnaea CM are yet to be fully identified and
characterized, previous studies from our laboratory have demonstrated
that CM-induced effects on neurite outgrowth and/or synapse formation
are mimicked by a variety of vertebrate growth factors, such as NGF
(Ridgway et al., 1991), CNTF (Syed et al., 1996), and EGF (Hamakawa et
al., 1999; Munno et al., 2000; van Kesteren et al., 2008) and that these
molecules and their functions are conserved across the species. Lymnaea-
derived trophic factors, such as Lymnaea EGF, when used individually,
however, only partially mimic CM-induced synapse formation in vitro
(Hamakawa et al., 1999; van Kesteren et al., 2008). In this study, we thus
opted to use CM, which contains the full complement of physiologically
relevant and naturally occurring trophic molecules.

CM was prepared by isolating the central ring ganglia, which were
subsequently washed 6 – 8 times in normal saline solution containing 50
�g/ml of gentamycin. Twelve central ring ganglia were then incubated in
6.5 ml of DM for varying periods of time in Sigmacote-treated glass Petri
dishes. In brief, ganglia were removed and CM was collected following a
3 d incubation period in a humidified chamber at room temperature
(22°C-23°C). Ganglia were then washed in saline containing gentamycin
and placed in fresh DM for two subsequent incubations of 4 and 6 d,
respectively.

Electrophysiology. Intracellular recording techniques were used to in-
vestigate synaptic physiology between the paired cells. Recordings were
made from both presynaptic and postsynaptic partners using sharp elec-
trodes. Glass microelectrodes (1.5 mm internal diameter; World Preci-
sion Instruments) were pulled using a vertical pipette puller (Model
700C, David Kopf Instruments) and were backfilled with a saturated
solution of K2SO4 to obtain a tip resistance in the range of 20 – 40 M�.
Paired neurons were visualized using an inverted microscope (Axiovert
200, Zeiss) and impaled with Narishige micromanipulators (MM-202
and MM-204). Electrical signals were amplified with a Neuro Data am-
plifier (Neuron Data Instrument) and recorded with Axoscope (Molec-
ular Devices). MiniAnalysis software was used to extract membrane
potential data, which, in turn was exported to Microsoft Excel and Origin
Pro 8 for analysis.

Electrical coupling was measured according to the protocol described
by Szabo et al. (2004). Specifically, square pulses of hyperpolarizing cur-
rents ranging from 0.1 to 0.3 nA were injected into one of the PeA cells
(PeA-1) for 2 to 3 s, whereas the changes in membrane potentials of both
the injected cell 1 (PeA-1) and the noninjected cell 2 (PeA-2) were mon-
itored by intracellular recording. The electrical coupling coefficient was
determined as the ratio of voltage change in PeA-2 over PeA-1 (�PeA-2/
�PeA-1) (Szabo et al., 2004). Chemical synapses were measured by in-
tracellular recordings of both presynaptic and postsynaptic cells.
Specifically, depolarizing currents (50 –150 pA for 0.5–1 s) were injected
into VD4 soma to trigger single or bursts of action potentials and the
elicited single or compound EPSPs were recorded. Percentage of synapse
formation was determined as the number of pairs that exhibited quanti-
fiable transmission of stimuli between cells, out of the total number of
pairs examined. The synaptic strength was determined by measuring the
mean amplitude of five successive EPSPs in response to presynaptic sin-
gle action potentials. The post-tetanic potentiation, a well-characterized
short-term plasticity in Lymnaea (Luk et al., 2011), was determined by
measuring the values of EPSP amplitude post-tetanus (pEPSP) over the
EPSP amplitude before the tetanic stimulation (pEPSP/EPSP). The in-
crease in the pEPSP/EPSP ratio is defined as post-tetanic potentiation (as
shown in Fig. 3B). The tetanic stimulation was induced by current injec-
tion of �2 s in duration.

To test the responsiveness of postsynaptic nicotinic acetylcholine
receptors (nAChRs), exogenous acetylcholine (ACh; 1 �M) was pres-
sure applied (10 psi, 0.2 s duration) directly to the somata or axonal
compartments through a glass pipette (2– 4 �m tip in diameter) con-
nected to a PV800 pneumatic picopump (World Precision Instruments).

Chemicals. ACh, hexamethonium chloride, Dynasore, chelerythrine
chloride, phorbol-12-myristate-13-acetate (PMA), and all other chemicals
were obtained from Sigma-Aldrich.

Data analysis. The values are presented as the mean � SEM. Signifi-
cance for the percentage of cells that exhibited electrical or chemical
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synapse formation was determined using Pearson’s � 2 test with SPSS
Statistics 21 for Windows. The overall significance of the percentage
of cells exhibiting synapse formation among multiple groups were
first determined by an omnibus Pearson’s � 2 test. The significance
between each pair of treatments was then determined using individ-

ual Pearson’s � 2 tests. The differences in the mean values of the
electrical coupling coefficient, synaptic strength, and short-term po-
tentiation between two groups were analyzed using an unpaired Stu-
dent’s t test. Values were considered statistically significant at the level
of p � 0.05.

Figure 1. The development of electrical coupling between Lymnaea neurons requires the presence of both somata. A, Schematic diagrams depicting the ganglionic location and synaptic
connections between identified Lymnaea neurons used in this study. Specifically, the PeA cluster cells in vivo form electrical synapses with both ipsilateral and contralateral counterparts. The VD4
(presynaptic) and the LPeD1 (postsynaptic) cells in vivo form chemical synapses. To study electrically synapses, PeA neurons were isolated and cultured in Lymnaea brain CM in a soma–soma (B),
soma–axon (C), and axon–axon (D) configuration for 20 –24 h. Scale bar, 50 �m. Sharp electrode recordings were conducted to verify the development of electrical synapses, and representative
traces of different culturing configurations are shown in Bi–ii (soma–soma), Ci–ii (soma–axon), and Di–ii (axon–axon). To test for electrical coupling, square pulses of hyperpolarizing or
depolarizing currents (amplitude of 0.1– 0.3 nA, duration of 2–3 s) were injected in one cell, and the induced changes in membrane potentials of both the injected and the noninjected cells were
monitored (action potentials truncated). Current injection (I-inj) in PeA-1-induced synchronous voltage change in both PeA-1 itself and the noninjected PeA-2 (Bi). Similarly, I-inj in PeA-2 induced
voltage change of PeA-1, indicating the presence of bidirectional coupling between PeA somata. However, there was no electrical coupling observed in either the soma–axon (Ci–ii) or axon–axon
(Di–ii) pairs, where I-inj in either cells failed to trigger changes in membrane potential of the noninjected cells. Dotted lines indicate the baseline membrane potentials. *Concurrent changes in
membrane potentials.
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Results
Electrical synapse formation requires intact presynaptic and
postsynaptic somata and is contingent upon extrinsic trophic
factors
Both presynaptic and postsynaptic chemical synaptic partners
possess preassembled synaptic machinery before contact (Chow
and Poo, 1982, 1985; Shapira et al., 2003; Gerrow et al., 2006). As
such, synaptic pairs can initiate synaptogenesis immediately after
contact (Munno and Syed, 2003). Similar evidence for electrical
synapses, however, is lacking. Specifically, the innate propensity
of the extrasomal compartment to initiate and form electrical
synapses, independent of the cell body, is lacking. In this study,
we first sought to determine whether electrical coupling could
develop at extrasomal sites when the nuclear transcription factors
in either one or both somata was absent. Specifically, Lymnaea
PeA cells were isolated, which form electrical synapses in vivo
(Kyriakides et al., 1989), and juxtaposed in Lymnaea CM (con-
tains trophic factors) in a soma–soma, soma–axon (removal of
one soma), and axon–axon (removal of both somata) configura-
tion as shown in Figure 1. We have previously demonstrated that
proper excitatory, chemical synapses reestablish in both soma–
soma and soma–axon (removal of one soma) configurations
when neurons are paired in CM (Meems et al., 2003). Here, we
postulated that cells that were normally electrically coupled in
vivo would re-form their electrical synapses in vitro in both soma–
soma and soma–axon configurations.

To test the above prediction, intracellular recordings from the
two PeA cells were made after 20 –24 h in culture, and evidence
for electrical coupling was determined via intracellular record-
ings. We found that, when PeA cells were cultured in a soma–
soma configuration, injection of hyperpolarizing currents into
the PeA-1 cell (Fig. 1Bi, bottom trace) caused a corresponding
hyperpolarization in the noninjected PeA-2 cell (Fig. 1Bi, top,
indicated by asterisks); the baseline membrane potentials are in-
dicated by a dotted line. In addition, depolarizing current pulses
triggered action potentials in PeA-1, which generated synchro-
nous membrane depolarization and firing of action potentials in
PeA-2. Likewise, injection of hyperpolarizing or depolarizing
currents in PeA-2 cells induced concurrent potential changes in
PeA-1 cells (Fig. 1Bii), indicating the presence of bidirectional
electrical coupling between PeA somata. Bidirectional electrical
synapses were observed in 89% of soma–soma pairs (n � 9)

examined in CM. Interestingly, contrary to our prediction, the
percentage of electrical coupling in soma–axon pairs was signifi-
cantly reduced to 14% (� 2 (1) � 8.905, p � 0.003). Injection of
current into either the soma (Fig. 1Ci) or axon (Fig. 1Cii) did not
elicit any corresponding changes in membrane potential of the
noninjected partner, although very weak coupling was detected
in one of the pairs. Consistent with our earlier predictions, elec-
trical coupling was absent when both somata were removed in all
the axon–axon cultures (Fig. 1Di,Dii, n � 6). Together, these data
suggest that the development of electrical coupling requires gene
transcription regulation in both somata and that one intact soma
is insufficient to enable formation of electrical synapses between
the cell body and an isolated axon.

We next asked whether the formation of electrical synapses
required extrinsic trophic factors. Specifically, we wanted to de-
termine whether isolated somata alone were sufficient to induce
electrical coupling between pairs of PeA cells. To address this,
PeA neurons were cultured in a soma–soma configuration in the
presence of CM (contains trophic factors) or DM (does not con-
tain trophic factors) for 24 h and synapses were verified with
intracellular recordings. Our results demonstrate that, when cul-
tured in CM, strong electrical coupling develops in 89% of soma–
soma pairs (n � 9), whereas only 33% of pairs (n � 9) exhibited
electrical coupling when cultured in DM (Fig. 2, left). The inci-
dence of electrical coupling in DM was significantly reduced
compared with CM (� 2 (1) � 5.844, p � 0.016). To determine
whether the strength of electrical coupling exhibited by the
cells paired in DM was comparable with that in CM, an elec-
trical coupling coefficient was measured according to the pro-
tocol established by Szabo et al. (2004). Specifically, the ratio
of membrane potential change (measured at the peak mem-
brane hyperpolarization) in noncurrent injected cells to that
in current-injected cells was calculated, and a single mean
coupling coefficient was determined by averaging bidirec-
tional data from each pair. An unpaired Student’s t test re-
vealed that the mean coefficient of soma–soma coupling in
CM (0.29 � 0.06; n � 8) was significantly reduced to 0.06 �
0.02 in DM (n � 3; p � 0.011) in neurons that still formed
electrical coupling (Fig. 2, right). These data indicate that
trophic factors indeed play essential roles in the incidence and
strength of electrical coupling.

Figure 2. The formation of electrical coupling is contingent upon extrinsic trophic factors in CM. PeA neurons were juxtaposed in a soma–soma configuration and cultured in CM (contains trophic
factors) and defined medium (DM, does not contain trophic factors) for �24 h. The incidence of electrical synapse formation (left) and the coupling coefficient (right) were determined with
intracellular recordings. The coupling coefficient was determined by the ratio of voltage change (� mV) in the noninjected cell over the voltage change in the injected cell, and a mean coupling
coefficient of bidirectional data was acquired from each pair. It showed that the incidence of electrical coupling and the coupling strength were both significantly enhanced by CM (n � 8 of 9)
compared with DM (n � 3 of 9). Data are mean � SEM. *p � 0.05.
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Excitatory chemical synapses formed
between soma–soma and soma–axon
cell pairs exhibit similar efficacy of
synaptic transmission, synaptic
plasticity, and temporal patterns of
connectivity
Previous studies have shown that, for ex-
citatory chemical synapse to form, the
presynaptic but not the postsynaptic cell
body is required between soma–axon
pairs (Meems et al., 2003). However, a
precise quantitative measurement com-
paring the efficacy of synaptic strength
and plasticity has not been conducted. To
determine the capacity for an isolated
axon to support synaptic transmission
and short-term plasticity, we compared
synaptic parameters, including the inci-
dence of synapse formation, efficacy of
synaptic transmission, and synaptic plas-
ticity between the soma–soma and soma–
axon pairs. To do this, the presynaptic
VD4 soma was juxtaposed either with
postsynaptic LPeD1 soma or the isolated
axon severed from its cell body (Fig. 3A)
and cultured overnight (16 –18 h) in CM.
Intracellular recordings from both pre-
synaptic and postsynaptic cells were con-
ducted the next day. A representative trace
of a VD4 soma and isolated LPeD1 axon
recording is shown in Figure 3B. All so-
ma–soma pairs (100%; n � 13) re-formed
their proper connections, whereas 86% of
soma–axon pairs (n � 14) established ex-
citatory synapses in CM. Statistical analy-
sis revealed no significant difference in the
incidence of synapse formation (� 2 (1) �
2.006, p � 0.157). An unpaired Student’s t
test also revealed no significant difference
(p � 0.849) in the mean amplitude of
EPSPs recorded from the soma–soma
(10.75 � 1.59 mV; n � 13) and soma–
axon (10.21 � 2.28 mV; n � 12) pairs
(Fig. 3C). Next, as shown in Figure 3B, the
single action potential fired after the teta-
nus (pEPSP) in VD4 was potentiated compared with the EPSP
measured before tetanic stimulation (indicated by a dotted line).
These data show that the well-characterized short-term synaptic
plasticity (termed post-tetanic potentiation) seen in soma–soma
pairs (Luk et al., 2011) was also preserved in the soma–axon
configuration. The ratio of pEPSP/EPSP was used to quantify
post-tetanic potentiation. Statistical analysis showed no sig-
nificant difference (p � 0.6972) in the ratio of pEPSP/EPSP
between soma–soma (2.37 � 0.23, n � 13) and soma–axon
(2.75 � 0.68, n � 12) pairs (Fig. 3D). In summary, synapses
formed between soma–soma and soma–axon pairs were similar
in terms of their synaptic efficacy and short-term plasticity.

To further investigate the temporal pattern of synapse forma-
tion, neurons were cultured in soma–soma and soma–axon con-
figurations and the synaptic strength was monitored using
intracellular recordings at specific time periods (4, 6, 8, 12, 16 h)
after culture (Fig. 3E,F). Our data revealed the precise temporal
patterns of connectivity between cells paired in soma–soma and

soma–axon configurations. Specifically, within 4 h of culturing,
there were no detectable synapses in either soma–soma (n � 4) or
soma–axon (n � 4) configurations. After 6 h in culture, the mean
amplitude of EPSPs measured in soma–soma pairs was 0.91 �
0.34 mV (n � 5) and 2.16 � 0.57 mV in soma–axon pairs (n � 6).
However, after 8 h in culture, the mean EPSP amplitude appeared
to reach a plateau, indicating that the synapses had fully matured
in both configurations. Specifically, the EPSP amplitude of so-
ma–soma synapses at 8 h was 12.04 � 1.14 mV (n � 6) and
11.7 � 0.8 mV (n � 4) in the soma–axon pairs. The newly estab-
lished synapses were then maintained for 12 h (8.75 � 0.34 mV,
n � 3, soma–soma; 9.88 � 0.23, n � 4, soma–axon) and 16 h
(8.52 � 1.82 mV, n � 6, soma–soma; 11.81 � 1.59 mV, n � 6,
soma–axon) under both culture conditions (Fig. 3E,F). Statisti-
cal analysis revealed no significant difference between soma–
soma and soma–axon groups at each time point. Together, these
data demonstrate that the isolated LPeD1 axon is capable of sup-
porting synapse formation, synaptic transmission, and short-

Figure 3. Chemical synapses formed in CM between soma–soma and soma–axon pairs exhibited the same synaptic efficacy,
short-term plasticity, and temporal pattern of development. The presynaptic cell, VD4 (cholinergic), and its postsynaptic partner,
LPeD1, were juxtaposed in a soma–soma (A, left) and soma–axon (A, right) configuration and cultured in CM for �16 –18 h. Scale
bar, 50 �m. B, A representative trace of intracellular recordings from a soma–axon pair. Current injection-induced action poten-
tials in the presynaptic VD4 triggered 1:1 EPSPs in LPeD1. The potentiation of the pEPSP, compared with that before the tetanic
stimulation (termed post-tetanic potentiation), was also preserved in soma–axon pairs (indicated by the dotted line). The synaptic
strength (C, indicated by the mean amplitude of EPSPs) and the post-tetanic potentiation (D, indicated by the ratio of pEPSP/EPSP)
showed no significant difference between soma–soma and soma–axon pairs ( p � 0.05). Next, to test the temporal pattern of
synapse formation in soma–soma and soma–axon cultures, cells were paired in CM and, after specific time points (4, 8, 12, and
16 h), were recorded intracellularly. The trend of synapse formation over a 16 h timeline was similar between the different culture
configurations (E, soma–soma; F, soma–axon).
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term plasticity at a time course that is analogous to that of the
intact LPeD1 soma.

Trophic factors are required for excitatory cholinergic
synapse formation between soma–soma and soma-isolated
axon pairs
The above data clearly demonstrate that, in the presence of CM,
the incidence and efficacy of excitatory, chemical synapses were
maintained under soma–soma and soma–axon culture condi-
tions. Next, to determine whether the soma-isolated axon pairs
require trophic factors, they were cultured either in the presence
or absence of CM. It is important to note that, in the absence of
CM (and other trophic factors), the soma–soma paired VD4-
LPeD1 develop an inappropriate inhibitory, cholinergic synapse
(does not exist in vivo or between neurite-neurite synapses),
termed the “default” inhibitory synapse (Munno et al., 2000). An
example of such an “inappropriate” inhibitory, default synapse in
DM is depicted in Figure 4Ci (inset), whereas proper excitatory
chemical synapses form in CM (Fig. 4Bi, inset). To test whether
VD4-LPeD1 synapses paired in a soma–axon configuration ex-
hibited a similar trophic factor dependence, VD4 soma and
LPeD1- isolated axon were cultured either in the absence or pres-
ence of CM. We found that 100% of soma–soma (Fig. 4Bi, inset,
n � 16) and 90% of soma–axon (Fig. 4Bii, inset, n � 32) pairs

developed excitatory synapses in CM. As expected, when soma–
soma synapses were cultured in DM, action potentials triggered
an IPSP in LPeD1 soma, indicating an inhibitory synapse be-
tween the two cells (Fig. 4Ci, inset, n � 9). However, when soma–
axon pairs were cultured in DM, neither excitatory nor
inappropriate inhibitory synapses developed in 88% of pairs (n �
25); a train of action potentials in VD4 failed to trigger any response
in LPeD1 axons (Fig. 4Cii, inset), with the remaining 12% pairs (n �
25) forming weak excitatory synapses. The percentage of soma–axon
pairs that formed excitatory synapses in DM was significantly re-
duced compared with that in CM (�2 (1) � 35.037, p � 0.001).
Similar results were seen in a previous study conducted, showing the
importance of trophic factors in the formation of excitatory synapses
in soma–axon pairs (Meems et al., 2003).

To test whether this lack of synaptic response in DM-cultured
soma–axon pairs was due to the absence of either excitatory or
inhibitory nAChRs, we performed intracellular recordings on the
isolated axons while pressure applying ACh (1 �M). We found
that all isolated axons cultured in CM (Fig. 4Bii; n � 21), regard-
less of their pairing conditions (single or paired), exhibited an excit-
atory response in a manner analogous to that of its somata (Fig. 4Bi;
n�14). However, ACh elicited different responses in LPeD1 somata
and the isolated axons when cultured in DM (Fig. 4Ci,Cii). Specifi-
cally, in DM, ACh elicited inhibitory responses in the somata of all
neurons (n � 8; Fig. 4Ci). Interestingly, axons from the same neu-
rons exhibited excitatory responses (n � 8; Fig. 4Cii) as the applied
ACh triggered action potentials in DM, indicating the presence of
excitatory nAChRs. These data, on the one hand, demonstrate that,
although the LPeD1 cell body expresses both inhibitory and excit-
atory receptors, the former are confined exclusively to the somata
and were not functionally targeted to the extrasomal compartments.
On the other hand, our data show that in the absence of trophic
factors, postsynaptic cell contact-based signaling is insufficient for
targeting excitatory nAChR to the soma–axon contact sites to allow
for the assembly of functional synapses.

A limited pool of nAChRs is present throughout the
postsynaptic axon and target-cell contact redirects receptors
to the specific synaptic site in the presence of trophic factors
Our data demonstrate that both target cell contact and extrinsic
trophic factors are required for excitatory synapse formation be-
tween VD4 somata and the isolated axon from LPeD1. We have
also shown that isolated LPeD1 axons express excitatory nAChRs,
even in the absence of trophic support (DM; Fig. 4Cii). Based on
these observations, we hypothesized that a pool of nAChRs is distrib-
uted throughout the entire length of LPeD1 axon and that trophic
factors may enable target-cell contact signaling to invoke their redis-
tribution from extrasynaptic to synaptic sites. To test this hypothesis,
we severed a single LPeD1 axon into two halves and then evaluated
the responsiveness of each segment to exogenous ACh after over-
night CM incubation. On the second day, exogenous ACh was pres-
sure applied on each of the two segments. Both segments exhibited
similar responses to the exogenous application of ACh (n � 6) (Fig.
5A,B), suggesting an even distribution of AChR pool in each axonal
segment. We next tested whether each severed half of LPeD1 seg-
ment was capable of forming an excitatory synapse with its respec-
tively paired VD4 cell. Each severed half was paired with its
corresponding VD4 neuron and cultured overnight to allow for syn-
apse formation. Interestingly, we found that, in 53% of pairs (n �
15), neither compartment could form an electrophysiologically de-
tectable synapse (Fig. 5C). In 15% of pairs (n � 15), only one axon
formed a synapse. We did, however, find that, in 33% of pairs (n �
15), both compartments formed synapses, although the synaptic

Figure 4. Trophic factors were required for excitatory synaptogenesis between soma–axon
pairs. To determine whether soma–axon synaptogenesis requires trophic factors, VD4 and
LPeD1 were cultured either in CM or DM in soma–soma and soma–axon configuration. Intra-
cellular recordings revealed that proper excitatory synapses were established in both soma–
soma (Bi, inset) and soma–axon (Bii, inset) in CM (horizontal bar represents 0.5 s, vertical bar
represents 7.5 mV for the top trace and 15 mV for the bottom trace). In DM, the “default” (not
seen in vivo) inhibitory synapse was developed between soma–soma pairs (Ci, inset; horizontal
bar represents 0.5 s, vertical bar represents 7 mV), whereas neither inhibitory nor excitatory
synapses were detected in soma–axon pairs (Cii, inset; horizontal bar represents 0.5 s, vertical
bar represents 5 mV for the top trace and 20 mV for the bottom trace). To test whether the
failure of synapse formation between soma–axon pairs in DM resulted from the lack of func-
tional nAChRs in the axon, intact LPeD1 neurons were cultured either in CM or DM, and the effect
of exogenously applied ACh (1 �M) at the soma and at the axon was tested. Scale bar: A, 50 �m.
The results showed that LPeD1 axons responded to exogenous ACh by exhibiting an excitatory
response regardless of being cultured in CM (Bii) or DM (Cii), whereas the LPeD1 cell body
exhibited excitatory (Bi) in CM and inhibitory responses in DM (Ci). These data indicate that
nAChRs are expressed in LPeD1 axon in DM, and their redistribution and aggregation at the
contact site for the development of a functional synapse depend on the presence of CM.
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strength of each was reduced compared with the full axon (Fig. 5C).
Thus, a single axon severed in two “halves” permits innervation by
two VD4s, but with reduced consistency of synapse formation and
synaptic efficacy, indicating that there likely exists a finite number of
nAChRs in the receptor pool of each segment in the absence of the
cell body.

Next, we examined whether receptors across the entire length
of the isolated LPeD1 axon could form multiple synapses with
supernumerary target cells. A single isolated LPeD1 axon was
simultaneously paired with two VD4s (Fig. 5D) and cultured in
CM overnight. Intracellular recordings were made from both
VD4s and the axon the next day. We found that, in all instances
(n � 6), LPeD1 axons only supported synapse formation with
one VD4, whereby induced action potentials in one VD4 elicited
1:1 EPSPs (Fig. 5E), whereas triggered activity in the second VD4
failed to generate any detectable response in the LPeD1 axon
despite physical contact (Fig. 5F; n � 6). These results suggest
that even a full-length axon expresses a limited number of recep-
tors and, as such, could afford innervation with only one presyn-
aptic target cell for formation of an effective synapse.

Transmitter–receptor interactions between VD4 somata and
LPeD1 axons are required for a functional lateral migration of
nAChR from extrasynaptic to the synaptic/contact site
Despite limited numbers, receptors located on the isolated axons
selectively aggregate to one contact site to form a solitary effective
synapse. However, the precise signaling pathway(s) involved in
invoking receptor clustering to the contact site remain elusive.

Previous studies have demonstrated that, in the course of synapse
formation, target-cell contact induces transmitter release (Xie
and Poo, 1986; Zhang and Poo, 2002) and causes redistribution
of receptors from the extrasynaptic to synaptic site (Meems et al.,
2003). However, it remains unclear whether the released trans-
mitter from the target cell is indeed responsible for clustering
postsynaptic receptors required for effective synapse formation.
To this end, we first sought to test whether a presynaptic nontar-
get cell (lacking release of ACh) could similarly induce receptor
clustering in the isolated LPeD1 axons in the presence of trophic
factors. We paired isolated LPeD1 axons with a nontarget cell,
visceral F (VF). VF expresses the neurotransmitter peptide FM-
RFamide (Bright et al., 1993) and is located in the vicinity of VD4
with overlapping neuritic arbors but does not form a synapse
with LPeD1 in vivo. We found that, in all instances (n � 6), VF did
not form a synapse with isolated LPeD1 axons (Fig. 6A, inset).
Specifically, induced action potentials in VF did not trigger post-
synaptic responses in LPeD1 axons (Fig. 6A, inset). When ACh
was applied locally to the axon, we found that there was a stronger
response in the “extrasynaptic” regions (Fig. 6B) versus the VF
contact site (Fig. 6A). These results suggest that nonsynaptic part-
ners do not induce the redistribution of nAChRs to the contact
site.

The above finding suggested that membrane contact or other
second messenger signaling cascades evoked in the postsynap-
tic neuron are not sufficient to induce nAChR clustering. We
next sought to determine whether ACh release from VD4 is
directly responsible for receptor clustering at the contact site by

Figure 5. Target cell contact directs limited nAChR to the contact site, but only one presynaptic VD4 cell can develop effective synaptic transmission. We first tested whether cholinergic receptors were
expressed throughout the LPeD1 axon. To test this, the LPeD1 axon was transected in the middle and cultured in CM overnight. We determined whether LPeD1-axons severed in two halves still responded to ACh
through local application of 1�M ACh to each half. We found that ACh was able to evoke excitatory responses in both halves, resulting in action potentials (A, B). Furthermore, the excitatory responses from both
segments appeared similar, suggesting an even distribution of AChRs throughout the LPeD1-axon. We next tested whether both severed segments would form synapses with two VD4s. C, Data showed that 8
of 15 soma/axon-segment pairs did not develop synapses. In 5 of 15 preparations, weak excitatory synapses were formed between both soma/axon-segment pairs, and in 2 of 15 preparations one soma/axon-
segment developed a synapse, whereas the other soma/axon-segment did not. These data suggest that the two halves of the severed axons could develop synapses with VD4 paired in each segment. However,
the incidence of synapse formation and synaptic strength was greatly reduced, indicating that the finite pool of receptors in each of the severed segment of the axon may have been insufficient for synapse
formation. To test whether a full-length of LPeD1 axons could form synapses with 2 VD4s, (D) single LPeD1-axons were cultured in CM and paired with a VD4 at either end of the axon. After 18 –24 h, intracellular
recordings demonstrated that, if the axon had developed a synapse with one VD4 (E), synapses failed to develop between the axon and the second VD4 (F ). These data further indicated that a limited number
of receptors are likely present in the axon and are not sufficient to support effective synaptic transmission with multiple targets.
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blocking transmitter–receptor interactions between soma–axon
pairs. To this end, soma–axon pairs were cultured in CM either in
the presence or the absence of the nAChR antagonist, hexame-
thonium chloride (100 �M). After 18 –24 h of culture, the me-
dium containing the antagonist was substituted with fresh CM
solution and synapses were tested. All pairs maintained in CM
developed normal synapses as described above (n � 10, 100%),
whereas only 27% of the pairs cultured in CM-containing hexa-
methonium chloride developed excitatory synapses (Fig. 6C; n �
11), which was significantly reduced (� 2 (1) � 11.748, p �
0.001). To rule out the possibility that the absence of excitatory
synaptic transmission was due to irreversible antagonism of cho-
linergic receptors by the antagonists, ACh was exogenously ap-
plied to the axons and its response tested. Pressure application of
ACh (1 �M) directly to the axons induced an appropriate excit-
atory response in all axons tested (n � 7) (Fig. 6D), ruling out the
possibility that the lack of ACh responsiveness was due to changes
in axonal responsiveness resulting from chronic antagonist pres-
ence. These data thus suggest that, when transmitter–receptor
interactions are perturbed with a reversible antagonist, receptors
fail to functionally migrate to the synaptic site.

nAChR internalization and protein kinase C (PKC) activity
are important for target cell contact-induced receptor
redistribution and excitatory synapse formation between
VD4 soma and isolated LPeD1 axons
We have shown above that nAChR activation by ACh release
from VD4 is important for their localization from the noncontact
to contact site and that blocking transmitter–receptor interac-
tions prevents this redistribution. Considering the fact that there
exists a limited pool of receptors across the length of the axon and
nAChRs are specifically targeted to one developing synaptic site
when challenged with supernumerary targets (Fig. 5), we postu-
lated that the receptor redistribution from the noncontact to con-
tact sites most likely involves receptor internalization and the
lateral migration of receptors across the entire length of the axon.
Consistent with this postulate are other findings reported in lit-
erature (Broadie and Bate, 1993; Berry et al., 1996; Bhattacharyya

et al., 2002; Fan et al., 2004; Rasse et al.,
2005). Based on the observation that syn-
apse formation between VD4 and LPeD1
axons depends on receptors already pres-
ent on the surface of severed axonal seg-
ments, we hypothesized that the process
of receptor internalization (through en-
docytosis) and lateral migration to the
contact site may be involved in trophic
factor-mediated synapse formation. To
test this hypothesis, we cultured VD4
soma and isolated LPeD1 axon pairs over-
night in CM alone (as a control) or CM
containing Dynasore, a selective inhibitor
of dynamin GTPase activity required for
clathrin-dependent endocytosis. The inci-
dence of synapse formation and the post-
synaptic response to exogenous ACh were
tested the next day after the removal of the
drug. Our data showed that 20 �M Dyna-
sore prevented synapse formation in all
VD4 and LPeD1 axon pairs (n � 6). As
shown in Figure 7, all control pairs (Fig.
7A, inset; n � 6) exhibited robust excit-
atory synapses where action potentials

triggered 1:1 EPSPs in LPeD1 axons. However, when synaptic
pairs were cultured in Dynasore, action potentials failed to gen-
erate postsynaptic responses (Fig. 7B, inset; n � 7). In addition,
local application of ACh revealed a stronger response at the ex-
trasynaptic site than at the synaptic sites in 71% of LPeD1 axons
(Fig. 7B). In 29% of trials, equal but weak responses were detected
in both the synaptic and extrasynaptic sites, whereas all LPeD1
axons exhibited a stronger response at the synaptic sites than at
the extrasynaptic sites when cultured in CM alone (Fig. 7A; n �
6). These results clearly demonstrate that receptor internalization
and redistribution to the contact site are a crucial step involved in
postsynaptic development during trophic factor-dependent ex-
citatory synapse formation.

In many reported cases, receptor internalization, trafficking,
and aggregation to the synaptic sites depend on a protein phos-
phorylation process specifically mediated by the activity of PKC
(Bhattacharyya et al., 2002; Mundell et al., 2002; Chou et al.,
2010). To determine the role of PKC in cholinergic synapse for-
mation between the soma–axon pairs, VD4/LPeD1 soma–axon
pairs were cultured in CM either in the absence (control) or the
presence of chelerythrine chloride, an inhibitor of PKC plasma
membrane translocation and activation. Intracellular recordings
revealed that 78.1% of control soma–axon pairs formed excit-
atory synapse (n � 32; Fig. 7E), whereas no excitatory synapses
were observed in all pairs cultured in the presence of 0.5 �M of
chelerythrine (� 2 (1) � 10.227, p � 0.001, n � 4; Fig. 7C,E),
indicating that PKC activation is essential for synapse formation
between soma–axon pairs. Exogenous application of ACh on
LPeD1 axons cultured in chelerythrine still elicited a strong re-
sponse, which was unchanged from control axons, indicating
that receptors were still functional at the axonal surface (data not
shown). Thus, a perturbation of PKC activity by chelerythrine
may have prevented the localization of AChRs to synaptic sites. It
did not, however, affect their functional response to ACh.

Next, to determine whether PKC activation in the absence of
trophic factors was sufficient to induce excitatory synapse forma-
tion between VD4 and LPeD1 axons, they were cultured in CM
alone, and DM containing PMA, an activator of PKC. Intracellu-

Figure 6. The target cell but not nontarget cell induced redistribution of receptors to contact sites and blocking transmitter–
receptor interactions prevented excitatory synapse formation between soma–axon pairs. Pairing LPeD1 axon with a nontarget
cell, the VF soma, in CM did not result in excitatory synapse formation (A, inset; horizontal bar represents 1 s, vertical bar represents
10 mV for LPeD1 axon and 20 mV for VF). Specifically, a burst of action potentials in VF failed to produce an excitatory response in
LPeD1 axon. Under these experimental conditions, (A) ACh application at the contact site produced small depolarizing responses,
(B) whereas ACh generated action potentials at the extrasynaptic site (n � 6). To test the importance of AChR activation in
excitatory synapse formation, soma–axon pairs were cultured in the presence of the AChR antagonist hexamethonium chloride
(HMC, 100 �M). C, Intracellular recordings showed that excitatory synapses failed to develop in the presence of hexmethonium,
whereas (D) the LPeD1-axon still responded with an excitatory response to exogenously applied ACh (1 �M).
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lar recordings the next day revealed a sig-
nificant difference in the incidence of
synapse formation under the above cul-
ture conditions (� 2 (2) � 16.537, p �
0.001). Specifically, 87% of soma–axon
pairs cultured in DM containing PMA (10
�m) did not form proper excitatory syn-
apses (Fig. 7D; n � 7). The incidence of
synapse formation in DM containing
PMA was significantly different from that
in CM (� 2 (1) � 10.533, p � 0.001), but
not significantly different from that in
CM-containing chelerythrine (� 2 (1) �
0.629, p � 0.428) (Fig. 7E). These data
clearly demonstrated that PKC activation
is required for soma–axon synapse forma-
tion, but activation of PKC alone in the
absence of trophic factors is not sufficient
for synapse formation between VD4 and
LPeD1 axons, suggesting that additional
trophic factor-dependent signaling path-
ways or molecules are necessary for
postsynaptic development at chemical
synapses.

Discussion
Chemical and electrical synapses are the
two main modes of synaptic transmission
required for most neuronal communica-
tion. Electrical synapses have been shown
to exist in many brain regions of most or-
ganisms and are also considered a prereq-
uisite for chemical synapse formation
(Curtin et al., 2002; Todd et al., 2010;
Pereda, 2014). However, neither the pre-
cise timing of electrical synapse formation
(compared with chemical synapse which
can begin immediately upon contact) nor
the precise contribution of axonal versus
somal signaling has been determined. In
the present study, we provide the first di-
rect evidence that the development of
electrical synapses between Lymnaea
neurons requires the somata of both
neurons and that the formation of elec-
trical synapses is contingent upon ex-
trinsic trophic factors. Previous studies
from our laboratory have demonstrated
that both electrical and chemical synapses
exhibit identical time course of synapto-
genesis, and both rely upon de novo pro-
tein synthesis (Feng et al., 1997). A
significant body of literature now sup-
ports the notion that axons alone are
capable of de novo protein synthesis (Giu-
ditta et al., 1991; Piper and Holt, 2004;
Jung et al., 2012). However, our data dem-
onstrate that only soma–soma and axon–
axon pairs with somata attached (latter
data not shown) were capable of develop-
ing electrical coupling, whereas no cou-
pling was observed when even one cell
body was missing. These findings demon-

Figure 7. Blocking receptor internalization and the PKC activity inhibited synaptogenesis between soma–axon pairs. To
test whether receptor internalization was involved in redistributions of nAChRs to contact sites during soma–axon synapse
formation, VD4 soma and LPeD1 axon were cultured overnight in CM alone (A) or CM containing Dynasore (B), a selective
inhibitor of dynamin GTPase activity that is involved in clathrin-dependent endocytosis. The incidence of synapse forma-
tion and the postsynaptic response to exogenous ACh were tested the next day, following removal of the drug. In contrast
to cells cultured in CM alone (A, inset), pairs cultured in 20 �M Dynasore completely abolished synapse formation (B, inset),
and application of ACh elicited a stronger response at the extrasynaptic site than at the contact site (B). These data indicate
that the internalization of preexisting receptors is a necessary step in this redistribution to the contact site for synapse
formation. To test the involvement of PKC activity in synapse formation, soma–axon pairs were cultured in CM alone, CM
containing a PKC antagonist chelerythrine chloride (0.5 �M), or DM containing a PKC activator PMA (10 �M). Cells cultured
in the presence of either chelerythrine (C) or PMA (D) did not exhibit any synapse formation where action potentials in VD4
failed to elicit any responses in LPeD1 axons, whereas control cells exhibited strong synapses as shown in A (inset). E,
Incidence of synapse formation in the presence of chelerythrine and PMA was significantly lower compared in CM alone.
**p � 0.01.
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strate, for the first time, that gap junction protein synthesis or
their insertion/assembly requires the somata (i.e., gene transcrip-
tion regulation) of both juxtaposed cells. It is interesting to note
that when axons of PeA cluster cells are juxtaposed with their
attached somata, the cells developed robust coupling, demon-
strating that when somata are attached, the newly synthesized
gap-junctional protein are indeed transported to extrasomal
compartments and appropriately inserted in the plasma mem-
brane. These data also suggest that perhaps both somata need to
synthesize and contribute their respective complements of gap-
junction proteins for proper electrical synapse development.
However, further identification and characterization of Lymnaea
gap junction genes and/or proteins is required to fully support
this postulate.

Trophic factors are known for their role in promoting and/or
controlling proliferation, differentiation, migration, survival,
and outgrowth of neurons (Weisenhorn et al., 1999, Stewart et
al., 2008). With recent studies, they are now well recognized as
essential contributors to synapse formation and synaptic plastic-
ity in both vertebrate and invertebrate CNSs (Park and Poo,
2013). Our data, together with other studies (Szabo et al., 2004),
demonstrate that not only the formation of the excitatory chem-
ical synapse, but also electrical coupling relies upon the presence
of trophic factors. These actions of neurotrophins on growth and
synaptic plasticity range from short-term modulation of ion
channel activity and synaptic transmission (Rose et al., 2004;
Blum and Konnerth, 2005), to long-term effects on receptor ex-
pression and synaptic plasticity that require gene transcription
and de novo protein synthesis (Ying et al., 2002; Leal et al., 2014).
Interestingly, here we demonstrated that an isolated axon devoid
of its transcription machinery (somata) still required trophic fac-
tors to mobilize preexisting receptors from extrasynaptic to syn-
aptic sites. Our studies thus reveal a novel role for trophic factors,
which is independent of de novo protein synthesis. In the absence
of the nucleus, the axon only sustained a limited number of re-
ceptors, which curbed its ability to support multiple innerva-
tions. In addition, the presynaptic target but not nontarget cell
contact generated an inductive signal (likely through the release
of neurotransmitter), which triggered receptor redistribution

from extrasynaptic to synaptic sites in a
manner analogous to that of the neuro-
muscular junction (Anderson and Cohen,
1977). Although peripheral neuromuscu-
lar synapses still formed when presynaptic
neurotransmitter secretion was perturbed
(Heeroma et al., 2003), similar evidence
for central cholinergic synapses was lack-
ing. Here we showed that blocking trans-
mitter–receptor interactions between
soma–axon pairs prevented nAChR redis-
tribution in the absence of new receptor
synthesis. It would have been ideal for us
to label nAChRs to demonstrate their lo-
calization and redistribution patterns;
however, like most central nAChRs in ver-
tebrates, their labeling in Lymnaea has
proven to be challenging (Hurst et al.,
2013). Interestingly, our finding is consis-
tent with a previous study demonstrating
that chronic treatment of cultured rat spi-
nal neurons with glycine receptor antago-
nist inhibited the accumulation of glycine
receptors at postsynaptic sites (Kirsch and

Betz, 1998). Our data thus demonstrate that, in the absence of
soma-based signaling, the extrasomal compartments exhibit an
innate instructive capacity to target transmitter receptors to spe-
cific contact sites. These results thus underscore the capacity of
extrasomal regions to intrinsically manage receptor localization
to specific synaptic sites, independent of instructive signaling
from their respective somata.

It is interesting to note that target-cell contact alone was not
sufficient to relocate preexisting receptors to the contact site (DM
experiment, Fig. 4Bi, inset), which relied critically upon trophic
factors. It can thus be argued that perhaps VD4 somata failed to
release its transmitter in DM and as such synaptogenesis failed.
However, this postulate cannot be supported because VD4 could
still establish its inhibitory cholinergic synapses with the right
pedal dorsal one (Feng et al., 1997) and a default inhibitory syn-
apse with LPeD1. Alternatively, CM could facilitate synapse for-
mation by increasing transmitter release from VD4. Consistent
with this notion, previous studies have demonstrated that BDNF
increases quantal neurotransmitter release at synaptic sites medi-
ated by presynaptic mechanisms (Tyler and Pozzo-Miller, 2001;
Zhang and Poo, 2002; Zhou et al., 2004). Similarly, mice lacking
presynaptic tyrosine kinase B in the CA3 hippocampal neurons
exhibit structural and electrophysiological deficits involving pre-
synaptic neurons (Luikart et al., 2005). However, 12% (3 of 25 pairs)
of LPeD1 axons and VD4-soma pairs in DM formed excitatory syn-
apses, demonstrating that the presynaptic secretory machinery may
not be the only factor affected by CM. Treatment of central neurons
with BDNF has been shown to promote the clustering of both
NMDA and GABA receptors at postsynaptic terminals (Elmariah et
al., 2004). In studies that demonstrated the impact of trophic factors
on transmitters and their receptors, the precise sites (e.g., somal vs
extrasomal) of growth factor actions have not been determined.
Here, we demonstrate that growth factors could equally affect both
the somata and distantly located extrasomal domains as inductive
signals in promoting synapse formation between the pairs.

A novel synergistic role of trophic factor invoking transmit-
ter–receptor interaction and subsequent receptor redistribution
from extrasynaptic to synaptic sites via the activity of PKC was
revealed in this study (Fig. 8). Specifically, receptors have been

Figure 8. A schematic diagram depicting the steps involved in trophic factor-mediated chemical synapse formation between
intact VD4 and the isolated LPeD1 axon. Trophic factors (red dots), acting via their respective receptors (green pentagons) located
on both presynaptic and/or postsynaptic membranes, induced transmitter–receptor (T–R) interaction and the resulting activation
of PKC. PKC in turn causes the internalization/redistribution of nAChRs (orange ovals) from extrasynaptic to the synaptic site.
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shown previously to recycle back to the cell surface after their
internalization (von Zastrow and Kobilka, 1992; Naik et al., 1997;
Tarasova et al., 1997; Bhattacharyya et al., 2002). At the Drosoph-
ila neuromuscular junction, extrasynaptic glutamate receptors
were recruited to the newly formed synapses from a pool that was
widely dispersed over the whole postsynaptic muscle cell; this
involved their activation by presynaptic glutamate release (Rasse
et al., 2005). Our data show a similar redistribution of existing
receptors from extrasynaptic to synaptic sites at the central syn-
apses and suggest that the receptors are not only internalized but
also redistributed to select synaptic sites. In the case of Lymnaea,
the receptor redistribution did not involve soma-based signaling.
Receptor internalization is mainly mediated by clathrin-
dependent endocytosis (Tehrani et al., 1997; Traub and Bonifa-
cino, 2013), and PKC activity has been shown to be important for
internalization and/or migration of a variety of receptors to the
contact sites (Lan et al., 2001; Mundell et al., 2002; Lin et al.,
2006). In addition, BDNF is able to regulate the clathrin-
dependent endocytosis by modifying the dynamin GTPase activ-
ity (Smillie et al., 2013). BDNF also exerts actions on the protein
trafficking process through direct receptor tyrosine kinase activ-
ity and/or indirect coupling to other protein kinases, such as PKC
(Vaz et al., 2011). Our studies indeed support the involvement of
receptor internalization and PKC activity in CM-induced redis-
tribution of nAChRs at the postsynaptic LPeD1 axon (Fig. 8).
Activation of PKC alone, however, was not sufficient to induce
axonal synapse formation. We speculate that trophic factors must
act to affect parallel pathways that act synergistically with PKC to
trigger receptor clustering and the full complement of molecular
mechanisms required for postsynaptic consolidation. These may
involve trophic factor-induced activity-dependent intracellular
calcium oscillations (Xu et al., 2009). Future experiments are,
however, required to test the involvement of trophic factor-
mediated pathway of calcium-PKC in redistribution and cluster-
ing of nAChRs to the contact site in axons.
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