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Development/Plasticity/Repair

Transient Electrical Coupling Delays the Onset of Chemical
Neurotransmission at Developing Synapses

Theresa M. Szabo,! Donald S. Faber,! and Mark J. Zoran2
'Department of Neuroscience, Albert Einstein College of Medicine, Yeshiva University, Bronx, New York 10465, and 2Department of Biology, Texas A & M
University, College Station, Texas 77843

The formation and subsequent elimination of electrical coupling between neurons has been demonstrated in many developing vertebrate
and invertebrate nervous systems. The relationship between the disappearance of electrical synaptic connectivity and the appearance of
chemical neurotransmission is not well understood. We report here that identified motoneurons from the snail Helisoma formed tran-
sient electrical and chemical connections during regeneration both in vivo and in vitro. Electrical connections that formed in vivo were
strongest by day 2 and no longer detectable by day 7. During elimination of this electrical connection, an inhibitory chemical connection
from 110 onto 19 formed. This sequence of synaptic development was recapitulated in cell culture with a similar time course. The
relationship between the appearance of transient electrical coupling and its possible effects on the subsequent chemical synaptogenesis
were examined by reducing transient intercellular coupling. Trophic factor-deprived medium resulted in a 66% reduction in coupling
coefficient. In these conditions, the unidirectional chemical connection formed readily; in contrast, chemical synaptogenesis was delayed
in cell pairs exposed to trophic factors where transient electrical coupling was strong. Dye coupling and synaptic vesicle cycling studies
supported electrophysiological results. Exposure to cholinergic antagonists, curare and hexamethonium bromide, which block chemical
neurotransmission in these synapses, resulted in prolonged maintenance of the electrical connection. These studies demonstrated an
inverse relationship between chemical and electrical connectivity at early stages of synaptic development and suggest a dynamic inter-

action between these forms of neuronal communication as adult neural networks are constructed or regenerated.
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Introduction

Transient interneuronal communication forms during develop-
ment before the establishment of adult patterns of synaptic con-
nectivity in many animal systems. Short-lived electrical (and bio-
chemical) coupling is common during both neural development
and regeneration (Connors et al., 1983; Peinado et al., 1993a,b;
Chang et al., 1999), as is the expression of specific gap junction
proteins (connexins; Dermietzel et al., 1989; Guthrie and Gilula,
1989; Lo Turco and Kriegstein, 1991; Nadarajah et al., 1996; Bitt-
man et al., 1997; Owens and Kriegstein, 1998; Rozental et al.,
1998; Nadarajah and Parnavelas, 1999). This gap junctional con-
nectivity decreases at developmental times of increased neuronal
activity (Kandler and Katz, 1998) and, in some cases, is crucial for
chemical synaptogenesis; e.g., in Drosophila visual system (Curtin
et al., 2002) and mouse motor neurons (Personius et al., 2001;
Personius and Balice-Gordon, 2001). In addition, blockade of
chemical synaptogenesis increases both the incidence and dura-

Received Sept. 24, 2003; revised Nov. 2, 2003; accepted Nov. 5, 2003.

This work was supported by National Science Foundation Grant IBN 9421372 (M.J.Z.). We thank Alberto Pereda
for critical reading of this manuscript and helpful discussion and comments. Image analysis was conducted in the
Cellular Physiology and Molecular Imaging Laboratory at Texas A & M University, supported by National Institute of
Neurological Disorders and Stroke Grant POT NS-39546.

Correspondence should be addressed to Dr. Mark J. Zoran, Department of Biology, Texas A& M University, College
Station, TX 77843. E-mail: zoran@mail.bio.tamu.edu.

DOI:10.1523/JNEUR0SCI.4336-03.2004
Copyright © 2004 Society for Neuroscience  0270-6474/04/240112-09%15.00/0

tion of transient coupling during development (Mentis et al.,
2002; Pastor et al., 2003), indicating a mutual inhibitory action
between the two types of connections. Understanding the contri-
butions made by each type of communication, as well as why and
how nervous systems transition from one type to the other is
crucial to understanding the formation of neural networks.

Invertebrate systems have been valuable models for studying
mechanisms underlying synapse formation and function, be-
cause of the widespread occurrence of both chemical and electri-
cal synaptic connections, along with the fact that many of their
neurons are large, visually identifiable, and can be readily isolated
into cell culture. Neurons from Aplysia (Bodmer et al., 1988;
Carrow and Levitan, 1989), Lymnaea (Janse et al., 1986; Ha-
makawa et al., 1999a,b; Woodin et al., 1999), the leech (Ready
and Nicholls, 1979; Nicholls et al., 1990; Fernandez-de-Miguel
and Drapeau, 1995; De-Miguel, 2000; Kristan et al., 2001), and
our system, Helisoma trivolvis (Hadley et al., 1982, 1983, 1985;
Hadley and Kater, 1983; Kater, 1985; Zoran et al., 1996; Magoski
and Bulloch, 1998) have been used extensively for the study of
both electrical and chemical synapse formation between identi-
fied neurons in vivo and in cell culture.

To directly examine factors affecting the sequential expression
of electrical and chemical synapses during development, we used
regenerating motoneurons from the snail Helisorma. The capabil-
ity of these neurons to reproduce the developmental connectivity
seen in reduced ganglia preparations at a specific synapse in cell
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culture make them an especially useful model for examination of
potential contributing factors. In both regenerating ganglia and
cell culture we observed that electrical connections formed first
and were then eliminated just before the onset of unidirectional
chemical synaptogenesis. Using trophic factor deprivation and
antagonists of synaptic transmission, we tested the hypotheses (1)
that transient expression of electrical connectivity during early
stages of cell-cell contact affects subsequent chemical synapto-
genesis, and (2) that the suppression of chemical synaptogenesis
influences the formation of electrical coupling. We demonstrate
here that junctional coupling and chemical synaptogenesis neg-
atively interact, such that transient electrical synaptogenesis de-
lays the formation of chemical synapses between specific neurons
of Helisoma.

Materials and Methods

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

Adult buccal ganglia. Dissection methods have been described previ-
ously (Haydon and Zoran, 1991). Two buccal neurons, both of which
innervate radular tensor muscle groups (Kater, 1974; Zoran et al., 1989),
were used for these studies: neurons 19 and 110 (previously B19 and
VB10, respectively; see Murphy, 2001). They were identified based on
their size, position, and pigmentation. Experiments using isolated buccal
ganglia were performed in defined medium (DM) (Poyer and Zoran,
1996). Before electrophysiological recording or dye injection, prepara-
tions were pinned onto a Sylgard-coated glass Petri dish containing 2 ml
of saline with 10X normal calcium (in mMm: 40.0 NaCl, 1.7 KCI, 41.0
CaCl,, 1.5 MgCl,, and 10.0 HEPES, pH 7.5) to reduce motor activity.

Regenerating buccal ganglia. Intact Helisoma were placed in a saturated
menthol solution for 15-30 min. Suction was gently applied to the ven-
tral portion of the foot to extract the anterior region of the body from the
shell. A dorsal incision was made, the buccal commissure was crushed
with fine forceps, and the body wall was sutured. Up to 7 d were allowed
for recovery, after which ganglia were removed, and synaptic connectiv-
ity was assessed. Sham operations involving surgery preparations with-
out commissural crush demonstrated no transient connectivity between
buccal neurons (data not shown).

Cell culture. Identified buccal neurons were isolated into culture as
previously described (Haydon and Zoran, 1991; Poyer and Zoran, 1996).
Neurons were transferred to 35 mm culture dishes (No. 1008 Falcon)
made non-adhesive by pretreatment with a 0.5% solution of bovine se-
rum albumin (BSA) and containing 2 ml of conditioned medium (CM).
CM was generated by incubating two central ring ganglia per 1 ml of DM
in a glass culture dish (silicone-treated) for 3 d. Neurons were cultured
for 3 d in CM on a nonadhesive substrate to allow for retraction of
neuronal processes and the formation of spherical somata. They were
then transferred into experiment-specific culture conditions and manip-
ulated into cell-cell contact. After 05 d of contact, cell pairs were trans-
ferred to recording chambers [poly-L-lysine (PLL)-coated dishes con-
taining 2 ml of DM] for electrophysiological study. All cultures were
incubated at 25°C.

Electrophysiological techniques. Electrophysiological analyses were per-
formed using intracellular recording techniques. Glass microelectrodes
(borosilicate; FHC) were filled with 1.5 M KCl and possessed tip resis-
tances ranging from 10-20 M(). Current-clamp recordings of neuronal
membrane potentials were amplified using bridge-balanced electrome-
ters (Getting Instrumental Inc.). Simultaneous recordings were made
from 19-19,110-110, and 19-110 cell pairs. Typical resting potential for
these cells are —60 mV (110) and —70 mV (19). In instances in which
either cell was spontaneously active, its membrane potential was main-
tained subthreshold (near —70 mV) with base current injections. Elec-
trophysiological signals were digitized by a MacLab analog-to-digital
data acquisition system linked to a Macintosh computer using Chart
software.
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Figure 1.  Quantification and assessment of synaptic connectivity. Connectivity between

two neurons was determined by injecting current (/;) into the presynaptic cell, while recording
changes in the membrane potential of both that cell (Vpre ) and the postsynaptic (Vpost) one.4,
Hyperpolarizing current injection into one cell of an electrically coupled pair resulted in hyper-
polarizing presynaptic and postsynaptic voltage changes. Electrical coupling coefficients were
determined using voltages measured at points of peak membrane hyperpolarization (@, indi-
cated by arrow). B, C, Depolarizing current injection into a presynaptic neuron resulted in pre-
synaptic APs (bottom traces) and PSPs (middle traces). PSPs at these mixed synapses could
contain electrical and/or chemically based components. To distinguish these components, PSP
amplitude in the postsynaptic cell was assessed at 95 msec (*, scale bar) after the peak of the
presynaptic AP. Time points used for voltage measurement (@, indicated by arrows) identified
postsynaptic responses that range from mostly chemical ( B) to mostly electrical ( ().

Electrical coupling was measured by injection of constant amplitude,
hyperpolarizing current pulses (0.5-1 nA pulse for 3 sec) into one neuron
of a pair while recording membrane voltage changes in both the presyn-
aptic (injected) neuron and the postsynaptic (non-injected) partner (Fig.
1 A). The presynaptic signal was usually 3050 mV in amplitude. Electri-
cal coupling coefficients (ECCs) were determined as the ratio of postsyn-
aptic to presynaptic voltage changes: ECC = AV, /AV, (Bennett,
1977). Data analyses for coupling ratios and input resistance measure-
ments were taken at the point of maximal membrane hyperpolarization
(Fig. 1A, arrows). Analysis of unidirectional coupling data determined
that electrical connections formed between all neuronal pairs were non-
rectifying. Thus, all analyses presented were averages of bidirectional
data and a single mean coupling coefficient was calculated for each pair.

An analysis of chemical connections from neuron 110 onto neuron 19
was conducted by injection of suprathreshold depolarizing current into
presynaptic neurons. While simultaneously recording voltage changes in
presynaptic and postsynaptic neurons (Fig. 1 B,C), four to five trains of
10 action potentials (APs) (one per second) were evoked, and postsyn-
aptic potentials (PSPs) in neuron 19 were examined. Spontaneous syn-
aptic potentials (SSPs), most common in the first 12 hr in culture, were
monitored for 2 min. Their presence was not a predictor of evoked chem-
ical synaptic transmission. Because many soma—soma synapses possessed
both electrical and chemical components, criteria were developed to dis-
tinguish between electrical and chemical contributions. An analysis of
110-19 preparations possessing exclusively chemical connectivity (using
acetylcholine receptor antagonists and age-specific synapses; see Results)
indicated that the average latency from AP peak to PSP peak was 95 msec
(Fig. 1B). In preparations possessing exclusively electrical coupling,
postsynaptic membrane voltage returned to resting values by 95 msec
(Fig. 1C). In this analysis, even cell pairs possessing large ECC values
(0.4—-0.8) exhibited essentially no PSP at 95 msec (0.1 £ 0.1 mV; n = 8).
Therefore, a time point of 95 msec after the peak of the presynaptic action
potential was used in all chemical transmission analyses. Stimulation of
neuron 19, in contrast to presynaptic 110, never evoked chemical PSPs in
postsynaptic neurons, as determined by cholinergic blocker studies and
membrane potential manipulations.

To examine the possible impact of electrical coupling on postsynaptic
membrane potential at 95 msec, and therefore the degree to which these
connections could impact the assessment of chemical synaptic connec-
tivity (PSP amplitude) at this time, we estimated the peak coupling
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potential that the presynaptic spike, V, would produce in a postsynap-
tic cell as:

Vp*ECCgs(1 — ‘37“/7)»

where,

ECC, = electrical coupling coefficient at steady state, ¢, = duration of
the AP as determined by the AP half-width, and 7 = time constant of the
postsynaptic potential change in response to presynaptic current
injection.

Then, the predicted electrotonic coupling potential, or PSP, 95 msec
after the AP peak would be:

Vp = (Vap*ECCse)(1 — e ¥7)(e™).

Membrane voltage changes during hyperpolarizing current injection
were used to empirically determine 7 for postsynaptic neurons, and V,,
values were then compared to experimentally obtained PSPs (see
Results).

It was possible that chemical PSPs would not be detected because of a
low driving force; that is, a reversal potential close to resting potential. To
guard against this possibility, postsynaptic membrane potential was var-
ied, in both the hyperpolarizing and depolarizing directions, wherever
there was no obvious PSP.

Cellular imaging techniques. For fluorescent imaging studies, neurons
were isolated and paired as described for electrophysiological studies.
Cells were transferred to DM-containing adhesive (PLL-coated) glass-
bottomed dishes and visualized using phase-contrast and epifluores-
cence optics. Images were captured and analyzed using a Zeiss
(Oberkochen, Germany) Axioplan microscope, Hamamatsu (Bridge-
water, NJ) C5810 camera, and Adobe Photoshop software (Adobe Sys-
tems, San Jose, CA). A portion of the image devoid of cells, processes, or
debris was sampled for dark background (DB) subtraction.

The tracer Neurobiotin (NB) (Vector Laboratories, Burlingame, CA)
was used to assess dye coupling between neurons. NB was pressure-
injected into a neuron (10—15 msec pulses at 30 psi) and then allowed 1
hr to diffuse in coupled partners before being fixed for 5 min in 4%
paraformaldehyde in PBS. Mean fluorescence intensity values were ob-
tained from images, and dye coupling coefficients (DCCs) were deter-
mined as the ratio fluorescence intensity of the non-injected (postsynap-
tic) neuron to that of the injected (presynaptic) neuron.

The styryl dye FM1-43 (Molecular Probes, Eugene, OR) was used to
monitor synaptic vesicle recycling (Betz et al., 1992; Diefenbach et al.,
1999; Kay et al., 1999). During the “staining” portion of the protocol, 25
M FM1-43 in DM was bath-applied in high-K * saline (50 mm KCI) for
1 min. Excess dye was removed via flow-through exchange with a 20 ml
wash of zero Ca?* DM (4.1 mm Ca?* replaced by 10 mm Mg?*). During
the “destaining” portion of the protocol, high-K* saline without
FM1-43 was bath-applied. Bath application of high-K ™ saline would
presumably stimulate both neurons whether coupled or not, and in this
way control for differences in partner activity. Fluorescence intensities
were determined by measuring the brightness of the area encompassing
the entire cell pair.

Receptor antagonist studies. Neurons 19 and 110 are both motoneurons
with some common targets. Neuron 19, like many other Helisoma motor
neurons, is cholinergic at its neuromuscular synapse (Poyer and Zoran,
1996). To determine the nature of the chemical connection from neuron
110 onto neuron 19, studies were performed using the competitive cho-
linergic antagonists D-tubocurarine chloride (curare; p-TC) and hexa-
methonium bromide (Hex) in DM. Neurons 19 and 110 were cultured
for 24 hr in DM to enhance the presence of the chemical connection. A 10
M solution of p-TC and Hex were bath-applied to acutely block neuro-
transmission at these synapses. For chronic studies, cells were cultured
for 24 hr in 2 ml CM containing 10 um p-TC, 10 um Hex, or 10 um
vehicle.

Data analysis. Two-tailed Student’s t tests or ANOVA were used for
statistical analysis. Data are presented as mean plus or minus SEM, unless
otherwise indicated.
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Figure2.  Neurons 19 and 110 developed electrical and chemical connections in regenerat-
ing buccal ganglia in vivo. A, Diagrammatic buccal ganglia illustrating the site of commissural
crush (arrow) as well as the caudal 19 and the rostral 110. B, G, Temporal sequence of synapse
formation between neurons 110 and 19 during regeneration in vivo. Simultaneous electrophys-
iological recordings in neurons 19 and 110 were performed from 0 to 4 d of regeneration
(post-crush). B, These cells possessed no connectivity (electrical or chemical) in adult ganglia
before commissural crush (day 0). By day 2 of regeneration, 19 and 110 possessed peak electri-
cal coupling, which was significantly reduced by day 4 (ANOVA; p = 0.13; post hoc LSD; *p <
0.05). Data represent mean == SEM. Inset, Representative recording depicting electrical cou-
pling between neurons 110 (bottom trace) and 19 (top trace) on day 2. Horizontal bar equals 1
sec, vertical bar equals 20 mV for the presynaptic trace, 10 mV for the postsynaptic trace. ¢,
Chemical synaptic connectivity developed more slowly, with the greatest number of prepara-
tions demonstrating chemical connections on day 4. (For chemical and electrical analysis: d1,
n=17;d2,n = 6;d3,n = 5; d4, n = 6). Inset, Representative recording demonstrating a
chemical PSP in neuron 19 (top trace) in response to an evoked AP in neuron 110 (bottom trace).
Horizontal bar equals 1 sec, vertical bar equals 20 mV for the presynaptic trace (neuron 110), 10
mV for the postsynaptic trace (neuron 19).

Results

Helisoma buccal ganglia possess neurons that are visually identi-
fiable by their size, pigmentation, and position relative to other
neurons (Kater, 1974). Motor neurons in these ganglia control
movements of the feeding musculature and associated structures,
namely, the radula, odontophore, and corresponding tensor
muscles. Neuron 19, a hyperretractor motor neuron, and neuron
110, a retractor motor neuron (Murphy, 2001), are readily acces-
sible electrophysiologically with intracellular recording elec-
trodes through the ganglion sheath (Fig. 2A). Bilateral left and
right neurons 19 were electrically coupled in adult ganglia with an
average coupling coefficient of 0.22 = 0.02 (n = 12), a value
similar to that reported previously for these synapses (Goldberg
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and Kater, 1989). Neurons 19 and 110 did not possess electrical or
chemical synaptic connectivity with each other in adult ganglia,
as indicated by electrophysiology (Fig. 2 B,C, Day 0) (n = 6) and
neurobiotin dye-coupling experiments (data not shown).

Synaptic connections between 19 and 110 form

during regeneration

Previous studies in Helisoma demonstrated that commissural
crush (Fig. 2 A, arrow) can result in the formation of novel inter-
neuronal connections during regeneration (Hadley et al., 1982).
The commissure connecting the right and left buccal ganglia con-
tains the axonal processes of many neurons, including those of 19
and 110. Because neurons 19 and 110 are not synaptically con-
nected in adult Helisoma, their connectivity during regeneration
was examined to assess their ability to form novel connections.
Neuron 19 possesses a constrained capacity for chemical synapse
formation (Poyer and Zoran, 1996) but readily forms novel elec-
trical synapses during regeneration in vivo and in cell culture
(Hadley et al., 1983). Synapse formation by neuron 110 has not
been described.

After commissural crush, a bidirectional electrical connection
formed between neurons 19 and 110 in 100% of preparations by
day 2 of regeneration (ECC = 0.04 = 0.01; n = 6) (Fig. 2 B, inset),
and it was only weakly detectable by day 4 (n = 6). As electrical
coupling declined, a unidirectional chemical connection from
neuron 110 onto neuron 19 was detected in 16.7% of prepara-
tions on day 2 (n = 6) and 50% of preparations by day 4 (n = 6)
(Fig. 2C, inset). Chemical connectivity from 19 onto 110 was
never detected (n = 6; data not shown). Thus, within 4 d of
axonal injury, an electrical connection between neurons 110 and
19 formed and was then eliminated, while a chemical synapse
from 110 onto 19 gradually emerged that was detected in 66.7%
of preparations by day 7 (n = 6; data not shown). By 5 weeks,
there is evidence that these connections are lost (n = 2).

Transient 19-110 synaptic connectivity is formed in

cell culture

To determine whether these results could be recapitulated in cell
culture and therefore examined in a more controlled environ-
ment, neurons 19 and 110 were isolated, manipulated into con-
tact, and paired for an additional 1 or 5 d (Fig. 3A). The giant
somatic synapses formed in these experiments (Fig. 3B) were
advantageous because the geometry of the soma—soma prepara-
tion allowed for efficient detection of synaptic potentials with
recordings performed at sites immediately adjacent to synaptic
contacts. In addition, the onset and duration of cell-cell contact
could be strictly controlled at these somatic synapses. By day 5 in
culture, the process of somatic outgrowth in the absence of an
adhesive substrate generated a mass, or fascicle, between neurons
that forced the two cell bodies apart (Fig. 3B). Cells paired in DM,
media lacking trophic factors that promote outgrowth, did not
produce fascicular masses (data not shown).

Somatic 19-110 pairs formed electrical connections possess-
ingan average ECC that equaled 0.51 % 0.06 (n = 14) after 1 d of
contact and decreased significantly by day 5 to 0.15 * 0.02 (n =
18; p < 0.001). In contrast, 19—19 and 110-110 somatic pairs
formed electrical connections by day 1 that were maintained or
slightly strengthened over this 5 d period (Fig. 3C). Electrical
coupling was virtually identical across synaptic groups on day 1.
As is the case in adult ganglia, chemical connectivity was never
detected in 19-19 or 110-110 pairs in cell culture. However, a
unidirectional chemical connection from neuron 110 onto neu-
ron 19 was detected by day 5 of contact in 83% of preparations,
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Figure 3. Neurons 19 and 110 cultured as spherical somata in non-adhesive conditions
formed strong synaptic contacts and exhibited fascicular growth. A, All neurons were cultured
alone in CM for 3 d before experimental manipulation to allow for process retraction and the
formation of a uniform spherical morphology. Neurons 19 and 110 were then paired into con-
tact in fresh CM, in nonadhesive culture dishes, for 1 or 5 d. B, After 24 hr of contact (d1),
soma—soma pairs formed strong, adhesive connections that could not be disrupted without
cellular damage. By day 5 of contact (d5), neurons displayed growth of a fascicular mass be-
tween somatic partners. Scale bar, 10 m. G, Neurons 19 and 110 formed synaptic connections
in a partner-specific manner. After 1d paired in cell culture, 19-19 (n = 12), 110-110 (n =
11), and 19-110 (n = 14) all formed strong electrical connections. After 5 d paired in culture,
19-19(n = 13) and 110110 (n = 9) ECCvalues are not significantly different than on day 1.
In contrast, 5 d 19-110 ECC values were significantly lower than day 1 values (*n = 18; p <
0.0001).

but never from neuron 19 onto neuron 110 (n = 6). Electrophysi-
ologically, these chemical connections are virtually indistinguish-
able from those formed during regeneration in vivo (Fig. 2C).
These results demonstrated that neurons 19 and 110 formed,
maintained, and eliminated electrical and unidirectional synaptic
connections in cell culture over a time course similar to that
observed in ganglia regenerating in vivo.

Ganglia-derived trophic factors affect electrical

synapse formation

To further examine the relationship between transient electrical
and chemical synapse formation, we used established pharmaco-
logical blockers of electrical coupling. These included octanol,
which often resulted in loss of cell-cell adhesion in these prepa-
rations, snail hemolymph, and 18-a-glycyrrhetinic acid (AGA)
(Bennett, 1997). Although AGA did successfully reduce the
strength of electrical synapses between 19-19 and 19-110 neu-
ronal pairs, it also significantly reduced spontaneous release rates
in these neurons, and its actions were highly variable between
trials. In addition, control experiments using DMSO vehicle
alone (in which AGA was solubilized) resulted in significant re-
ductions in electrical coupling at these synapses. These agents
were therefore determined to be unsatisfactory tools in our cell
culture preparations.

Previous studies in Helisoma demonstrated that the formation
of electrical synapses is linked to the process of neurite extension
(Hadley and Kater, 1983; Hadley et al., 1985) and that, in the
absence of conditioning factors (i.e., in DM) cultured neurons
did not extend neurites. We therefore paired cells in DM to de-
termine whether deprivation of trophic factors would result in
reduced electrical coupling. To determine whether overall cellu-
lar physiology was altered under these conditions, spontaneous
synaptic potential (SSP) rates were examined as well as other
biophysical properties including membrane resistance, spike
height, and spike half-width. None of these characteristics dif-
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Figure 4.  Chemical and electrical synaptic connectivity at 19—110 neuronal contacts were

inversely correlated. A, Neurons 19 and 110 were paired for 24 hr in the presence (CM) or
absence (DM) of trophic factors. Neuronal pairs in (M (n = 38) possessed ECCs significantly
greater than those of cells paired in DM (n = 20; *p << 0.0001). Data represent average
bidirectional ECC values for each cell pair. Traces illustrate electrical coupling at representative
19-110 pairs where hyperpolarizing current was injected into neuron 110 (bottom trace).
Horizontal bar equals 1 sec, vertical bar equals 20 mV. B, Actual, PSP amplitudes at 95 msecin
neuron 19 in response to evoked APs in neuron 110 were significantly greater in DM (n = 20)
thanin CM (n = 38) after 24 hr of contact (*p << 0.005). In contrast, chemical synaptic connec-
tions from neuron 19 onto neuron 110 were virtually absent in these pairs. Labels (19 and 110)
refer to the postsynaptic cell. Predicted PSP amplitudes at 95 msec for postsynaptic neuron 19
and postsynaptic neuron 110 (V/,) were calculated using biophysical measurements (including
ECCand 7) taken in DM and CM (see Materials and Methods). V,, values for postsynaptic 110in
(Mand DM were not different from actual PSP values taken at 95 msec ( p > 0.05; CMand DM),
and was therefore representative of synapses with no chemical synaptic connections. V values
for postsynaptic 19in (M and DM were significantly different from actual PSP values taken at 95
msec ({7 p <<0.005; i p <<0.005), demonstrating that these voltage changes due to electrical
coupling alone did not account for voltage differences at 95 msec post AP. Inset, Traces show a
PSP in neuron 19in response to an evoked AP in neuron 110 in either DM or CM. Horizontal bar
equals 95 msec, vertical bar equals 20 mV for presynaptic (bottom) traces, 10 mV for postsyn-
aptic (top) traces.

fered significantly for neuron 19 or 110 when DM and CM cul-
ture groups were compared.

Electrical coupling between neurons 19 and 110 paired for 24
hr in DM possessed significantly lower ECC values than cells
paired in CM ( p < 0.001) (Fig. 4A). To determine whether this
threefold reduction in electrical coupling affected chemical syn-
aptogenesis, PSP amplitude was assessed after 1 d of contact in
CM and DM. The amplitude of AP-evoked PSPs was significantly
higher in CM ( p < 0.005) (Fig. 4B).

To determine whether electrical coupling might complicate
the assessment of PSP amplitude values at 95 msec, the contribu-
tion of an electrically based PSP to membrane depolarization at
95 msec was empirically determined (Vp; see Materials and Meth-
ods). V,, values (predicted PSP amplitudes) for postsynaptic 19
were significantly lower than actual PSPs recorded in postsynap-
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Figure 5.  Dye-coupling and vesicle cycling were altered after trophic factor deprivation.

19-110 pairs were cultured for 24 hr in DM or CM, as previously described. For all images,
neuron 19is on the left, and neuron 1101is on the right. A—C, Neurobiotin was pressure-injected
into neuron 19 and allowed 1 hr to diffuse across junctional contacts. After avidin immuno-
chemistry, fluorescent images were obtained, and DCCs were determined. DM cultured pairs
possessed significantly lower DCC values than CM pairs (C; n = 5 for DM; n = 10 for C(M; *p <
0.05). D-F, The styryl dye FM1-43 was bath-applied to cell cultures in the presence of high-K *
saline, and fluorescent images were obtained (DF; Stain, S). High-K ™ saline alone was again
bath-applied (Destain, D), and fluorescence intensity was assessed. DM pairs possessed signif-
icantly higher fluorescence intensities than CM pairs (F; n = 6 for DM; n = 9 for (M; *p <
0.005). Fluorescence staining distributed over the entire somatic surface of neuron 110 in (M
indicated that vesicle cycling was not specifically localized to sites of soma—soma contact (D).
Scale bars, 10 m.

tic 19 at 95 msec ( p < 0.005) (Fig. 4 B). Furthermore, PSP am-
plitudes in postsynaptic neuron 110, in which chemical synaptic
transmission from neuron 19 was never detected, were not sig-
nificantly different from predicted values (V,,) based on electrical
coupling alone ( p > 0.05) (Fig. 4 B). These results demonstrated
that postsynaptic voltage changes caused by electrical coupling
did not account for the differences in PSP amplitude in neuron 19
at 95 msec in DM versus CM, and that electrical coupling did not
compromise chemical synaptic PSP assessments at this time.

The inverse correlation between electrical and chemical syn-
aptogenesis in 19-110 somatic synapses was also detectable using
imaging techniques. Biochemical coupling was examined using
the tracer NB. NB coupling between 19-110 neurons after 24 hr
in culture demonstrated significantly lower DCC values in DM
than in CM ( p < 0.05) (Fig. 5A—C). This 40% reduction in dye-
coupling supported electrophysiological results, indicating re-
duced biochemical coupling in cell pairs deprived of condition-
ing factors.

Additionally, activity-dependent uptake of the dye FM1-43 at
somatic synapses, which is proportional to synaptic vesicle turn-
over, was greater in DM than CM. 19-110 pairs in DM displayed
average fluorescence intensities significantly larger than pairs in
CM (p <0.003) (Fig. 5D-F). Fluorescence intensity decreased in
both DM and CM pairs when exposed to destaining stimulation
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Figure 6.  Time course of electrical and chemical synaptogenesis in 19—110 soma—soma

pairs in culture. Both y-axis labels apply to all four graphs. Current was injected into either
presynaptic neuron 110 (left graphs) or presynaptic neuron 19 (right graphs) while membrane
potential was simultaneously recorded in both neurons. Left, top, Time course of synapse for-
mation in CM. At 12 and 24 hr, in the presence of strong, trophic factor-induced electrical
coupling, PSP amplitudes were at their lowest. By 120 hr, when ECC values were lower (*p <
0.0005), PSP amplitudes were significantly elevated above 24 hr levels (T p << 0.002). Left,
bottom, Time course of synapse formation in DM. In the absence of trophic factors, electrical
coupling never developed strongly, and ECC values were significantly lower than those in (M at
24 hr (*p < 0.0001). At this same time point, significantly higher PSP amplitudes were seen in
DM than in CM (i p << 0.05). By 48 hr of contact in DM, ECC values were still low, but PSP
amplitudes (8.7 == 1.3 mV) had increased to values similar to those seen after 5d of culture in
(M (CMat 120 hr: 9.0 == 1.5 mV). Right, top and bottom, Time course of electrical and chemical
synapse formation with current injection into neuron 19. ECCs were similar to 110 current
injections with strong transient coupling in CM, but not DM. Thus, electrical synaptic connec-
tions were non-rectifying in both DM and CM pairs (right vs left graphs of ECC values). PSPs in
neuron 110 at 95 msec from AP peak were virtually undetectable in response to stimulation of
neuron 19in both DM and CM. (n: DM, 0 hr = 16, 12 hr = 4,24 hr = 16,36 hr = 9,48 hr =
7;(M, 0 hr = 15,12 hr = 6,24 hr = 32,36 hr = 9,48 hr = 6, 120 hr = 19.)

in the absence of FM1-43 dye (Fig. 5F). Somatic synapses cul-
tured in DM incorporated approximately three times as much
dye as synapses in CM. This additional fluorescence was widely
accounted for by increased punctate staining in neuron 110 (Fig.
5D), supporting electrophysiological findings that DM pairs pos-
sess a greater capacity for chemical synaptic transmission than
CM pairs.

Electrical and chemical transmission are inversely related

To temporally examine the inverse relationship between electri-
cal and chemical synapse formation, 19-110 cell pairs were cul-
tured in DM or CM, and their synaptic connectivity was exam-
ined at 0, 12, 24, 36, and 48 hr after onset of contact. At 12 and 24
hr of contact in CM, 19-110 soma—soma pairs exhibited strong
electrical coupling, whereas chemical connectivity was weak (Fig.
6, top left). DM-cultured pairs at these same time points (12—24
hr) possessed lower ECCs and higher PSP amplitudes than CM-
cultured cell pairs (Fig. 6, bottom left). Ultimately, PSP ampli-
tudes reached equivalent levels in the two conditions (Fig. 6,48 hr
DM vs 120 hr CM). Thus, the presence of transient electrical
coupling was correlated with a 72 hr delay in the maturation of
chemical synaptic transmission. Figure 6 also confirms the bilat-
eral symmetry in ECC (top, left versus right) and the lack of
chemical connectivity from neuron 19 onto 110 at any time in cell
culture (right, top and bottom).
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Figure 7.  Blockade of cholinergic communication in 19—110 pairs resulted in enhanced
electrical synaptic communication. A, Neurotransmitter release from neuron 110 onto neuron
19 is cholinergic. For cell pairs possessing strictly chemical synaptic connections, PSPs that
occurred in neuron 19 in response to APs evoked in neuron 110 were eliminated during bath
application of 10 wum curare (p-TC). After curare wash, PSPs returned to their original levels [n =
8; traces represent pre, during (flat) and post application]. Vertical bar equals 10 mV, horizontal
bar equals 95 msec. B, Neurotransmitter release from neuron 110 onto neuron 19 results in an
inhibitory PSP. Electrodes filled with 1.5 m KAc were used to perform recordings from 19-110
pairs. Under these recording conditions, hyperpolarizing PSPs were detected in neuron 19 in
response to APs evoked in neuron 110. Vertical bar equals 5 mV, horizontal bar equals 95 msec.
(,19-110 pairs were paired into contact and cultured for 24 hrin CM containing 10 mo-TC, 10
um Hex, or 10 um vehicle (Co). A significant enhancement of electrical coupling was seen both
in the presence of curare (*p << 0.0005) and hexamethonium bromide (tp << 0.005) compared
with controls. (ECCs: Co = 0.30 = 0.06, n = 9;p-TC = 0.73 £ 0.06, n = 6; Hex = 0.59 =
0.05, n = 8). Histogram represents mean = SEM.

Chronic block of chemical transmission enhances

electrical communication

Based on these previous results, we hypothesized that if electrical
and chemical synaptic connections were mutually suppressive at
these synapses, the disruption of chemical transmission should
facilitate the formation of electrical coupling. To test this, we first
determined the nature of the chemical synapse from neuron 110
onto neuron 19. Bath application of the acetylcholine receptor
blockers curare (D-TC) and hexamethonium bromide (Hex)
eliminated PSPs in neuron 19 evoked by stimulation of presyn-
aptic neuron 110. After a 5 min wash with DM, the amplitude of
the PSP returned to pretreatment levels (Fig. 7A). Nearly identi-
cal results were achieved in Hex (data not shown), demonstrating
the cholinergic nature of this unidirectional chemical connec-
tion. Additionally, elimination of PSPs in DM pairs caused by
application of cholinergic antagonists confirmed the paucity of
electrical coupling at these synapses.

To further examine the nature of these cholinergic synapses,
the 1.5 M KCl solution in the recording pipette was replaced with
a 1.5 M KAc solution. Use of a relatively low-resistance KCI elec-
trode alters the electrical driving force on chloride-based inhibi-
tory currents, thus reversing the polarity of these potentials. PSPs
recorded using KAc-filled electrodes after stimulation of neuron
110 were hyperpolarizing or inhibitory (Fig. 7B). Similar inhibi-
tory cholinergic synapses formed by other Helisoma neurons
have been reported previously (Haydon, 1988).

Having determined that chemical synapses at 19-110 cell
pairs were cholinergic and inhibitory, the effect of chronically
blocking nicotinic receptors could be examined. Cells were cul-
tured for 1 or 5 d in control, curare, or hexamethonium bromide,
and ECCs were assessed (Fig. 7C). Compared with control ECC
values, a significant enhancement of electrical coupling was seen
in cell pairs cultured in the presence of both curare ( p < 0.0005)
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and hexamethonium bromide ( p < 0.005). No significant alter-
ation in electrical coupling was detected in 19-19 pairs treated
with these cholinergic antagonists ( p > 0.05; data not shown).
Thus, in the absence of chemical synaptic communication in 1 d
heterotypic cell pairs, electrical synaptogenesis was potentiated.

Discussion

A developmental progression of synaptic connectivity from pri-
marily electrical to predominantly chemical communication was
demonstrated at identified synapses formed after axotomy in vivo
and isolation into cell culture. The strength of electrical synaptic
connectivity was inversely related to that of chemical synaptic
connections. Over a 5 d period, homotypic Helisoma 19-19 and
110-110 neuronal pairs maintained or strengthened their junc-
tional connectivity during the same time that coupling between
heterotypic 19-110 pairs decreased. As this electrical coupling
waned, an inhibitory chemical synapse emerged. The time course
of this developmental sequence was similar during regeneration
in ganglia and in cell culture. It would be interesting to determine
whether this sequence of synaptogenesis occurs during normal
snail development; however, similar progressions have been
demonstrated in other models (Personius et al., 2001; Curtin et
al., 2002).

When strong electrical connections form between neurons in
culture, chemical connectivity can become masked by junctional
current flow and be difficult to quantify (Liu and Nicholls, 1989;
Bem et al., 2002). We therefore examined PSP amplitudes at 95
msec after the peak of presynaptic action potentials. Although
this approach likely underestimated peak amplitudes of chemical
PSPs, it faithfully distinguished chemical from electrical contri-
butions where connections were mixed. In addition, ECC-based
predictions (V) match actual values recorded from neuronal
pairs at synapses where chemical synaptic connectivity was never
detected, demonstrating that 95 msec is a time point at which
accurate discrimination of electrical and chemical contributions
to synaptic communication can be made.

When the formation of electrical synaptic connectivity was
suppressed by the deprivation of ganglia-derived trophic factors,
the rate of chemical synapse formation was markedly enhanced.
Fluorescent imaging of dye-coupling and vesicle cycling sup-
ported electrophysiological data and indicated an inverse corre-
lation between electrical and chemical synaptogenic events. This
inverse relationship suggests a mechanism whereby transient in-
tracellular coupling delays the onset of chemical communication
at mixed synapses. Many theories have been advanced as to the
exact nature of the relationship between electrical and chemical
synapse formation early in development. Fischbach (1972) hy-
pothesized the existence of a causal relationship because electrical
synapses often form before chemical connections during devel-
opment. However, in some invertebrates, like the crayfish, a
“chemical-like” synapse has been shown to precede and give way
to formation of an electrical synapse (Leitch et al., 1989). In ver-
tebrates, expression of specific connexins decreases early in
development (Rorig and Sutor, 1996; Chang et al., 1999, 2000;
Nadarajah and Parnavelas, 1999) at the onset of chemical synap-
togenesis (Kandler and Katz, 1998). In many cases, the formation
of the two types of synaptic connectivity is precisely timed, and
they do not appear to coexist for long (for review, see Leitch,
1992). Recently, it has been hypothesized that the formation of
junctionally coupled “neuronal domains” might help guide the
formation, structure, and function of emerging chemically trans-
mitting neural circuits (Yuste et al., 1992).

Haydon and Kater (1988) demonstrated that early junctional
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connectivity was not required for the formation of chemical syn-
aptic connectivity between specific Helisoma neurons. Indeed,
using the highly controlled approach of somatic synapses, the
chemical connections studied here formed earlier and more
strongly in the absence of electrical coupling. Therefore, one of
the implications of transient electrical coupling during develop-
ment is that specific chemical synapses, perhaps at discrete loca-
tions, might be delayed in their formation. At contact sites free of
the exclusionary influences of gap junctional coupling, chemical
synaptic transmission could develop unfettered.

The question of what happens ultrastructurally to chemical
synapses in the presence of junctional coupling remains unclear.
Nevertheless, we hypothesize three possible synaptogenic mech-
anisms to explain the inhibition of chemical synaptic connectiv-
ity. First, based on a physical exclusion hypothesis, junctional
machinery present in the synaptic membrane could interfere
with the incorporation of presynaptic secretory machinery into
this same area. That is, the spatial requirements of gap junctional
plaques might exclude the placement of chemical synaptic ma-
chinery and thus directly hinder the formation of the chemical
connections.

A second mechanism might be explained by a functional ex-
clusion hypothesis. Here, molecules necessary for functional syn-
aptic transmission would be depleted because of the presence of
electrical coupling. Action potential-evoked increases in intercel-
lular calcium, for example, might be diminished if sufficient lev-
els of presynaptic calcium are lost through gap junctions into the
postsynaptic cytoplasm. Such a molecular sink would decrease
local concentrations and reduce the probability of action
potential-evoked neurotransmitter release. Indeed, morphologi-
cally mixed synapses and sites of colocalized chemical and elec-
trical synaptic machinery, are not necessarily indicative of dual
transmission (Leitch, 1992; Lin and Faber, 1988).

A third mechanism explaining inhibition of synaptogenesis
might involve the exclusion of secretion machinery through the
transient disruption of crucial developmental events. In this hy-
pothesis, signaling pathways directly conducted through gap
junctions could inhibit the maintenance of the chemical synaptic
machinery. Alternatively, intrinsic developmental programs or-
chestrating the formation of electrical and chemical synapses
might involve mutually exclusive molecular cascades. Here, tran-
scriptional or posttranscriptional regulatory pathways might se-
lect for the production of one type of synaptic machinery over the
other.

These hypotheses are supported, and at the same time com-
plicated, by the finding that pharmacological blockade of acetyl-
choline receptors results in stronger, longer-lasting electrical
connectivity. This indicates a developmental linkage between
these two types of synapses that, in some cases such as this, are in
direct competition. This competition might be either for space or
a functional resource, resulting in the maximization of one type
of communication in a manner that is mutually exclusive of max-
imizing the other. However, the developmental consequences of
delaying one form of communication in preference for another
remain to be elucidated.

Neurotrophic effects on synaptic development

The effects of nerve growth and nerve growth-promoting factors
on the formation of electrical coupling have been extensively
examined. In vertebrates, growth factors have been shown to
selectively diminish (Maldonado et al., 1988; Madhukar et al.,
1989; Lau et al., 1992) or enhance (Pepper et al., 1989; Nadarajah
et al., 1998; Reuss et al., 1998; Aberg et al., 2000) coupling and
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connexin expression. In Helisoma, it is believed that trophic fac-
tors are among the substances released from isolated ring ganglia
when conditioning defined medium (Wong et al., 1981, 1983,
1984; Barker et al., 1982). In the current studies, a comparison of
the developmental sequences in CM versus DM provides the ba-
sis for conclusions concerning the role of trophic factors. The
formation of electrical coupling at somatic synapses was corre-
lated with the presence of these trophic factors, because neurons
paired in DM are coupled more weakly than those in CM. Syn-
apses in DM possessed enhanced maturation of chemical synap-
tic transmission, and these observations target the developmental
mechanism whereby the transient expression of a specific neuro-
trophin promotes electrical coupling and concomitantly delays
chemical synaptogenesis at sites of mixed transmission within the
emerging neural network. This developmental mechanism, in the
specific case of 19-110 connections, would serve as a functional
switch from synchronous to asynchronous activity once electrical
coupling is diminished.

Does the presence of trophic factors directly alter chemical
communication? Upon initial 19-110 soma—soma contact, when
electrical coupling has not yet developed, evoked release from
neuron 110 occurs in the continuing presence of trophic factors.
Thus, it is not likely that trophic factors alone are the direct cause
of the later decrease in chemical synaptic transmission in CM-
cultured cell pairs. In addition, spontaneous synaptic transmis-
sion was not significantly different between CM- and DM-
cultured somatic synapses. We therefore conclude that delays in
chemical synaptic communication are not directly linked to tro-
phic factor influences but are likely mechanistically linked to the
emergence of intracellular electrical or metabolic coupling.

Many questions remain concerning the role of transient junc-
tional communication in early synaptic development. For exam-
ple, what developmental events initiate the formation and elim-
ination of transient intercellular coupling events? What
mechanisms underlie the inverse relationship between modes of
synaptic transmission? Are these mechanisms cell-intrinsic, or
are they products of more complex intercellular signal transduc-
tion cascades? Goodman and Spitzer (1979) have questioned
whether the function of electrical connectivity can be found,
most importantly, in its presence or in its absence. The course of
synaptic development presented here adds to their query regard-
ing the role of electrical communication: its transience.
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