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Selective Formation and Modulation of Electrical Synapses Between

Cultured Aplysia Neurons

Grant M. Carrow and Irwin B. Levitan

Graduate Department of Biochemistry, Brandeis University, Waltham, Massachusetts 02254

When dissociated neurons from the mollusc, Aplysia cali-
fornica, are placed in primary cell culture, they form electrical
synapses in a specific, yet alterable, manner. Pairs of neu-
rons from the same ganglion (‘‘homoganglionic” pairs) form
electrical synapses with high coupling coefficients. This is
due to relatively high macroscopic junctional conductance
as determined directly by voltage clamping both neurons of
each pair. By contrast, synapses between pairs of neurons
from different ganglia (‘“heteroganglionic’ pairs) exhibit low-
er coupling coefficients as a result of lower macroscopic
junctional conductance. Both types of junction are nonrec-
tifying, not gated by voltage, and resistant to uncoupling by
octanol and heptanol.

This dichotomy of synaptic efficacy is altered upon ex-
posure of the neurons to the lectin, conacanavalin A (Con
A). Acute treatment of heteroganglionic cell pairs with Con
A increases their junctional conductance to the higher level
characteristic of homoganglionic pairs within several hours.
However, the higher junctional conductance of homogan-
glionic pairs is not modulated by Con A. The results pre-
sented here suggest that synaptic specificity among these
regenerating neurons may be mediated at least in part by
ganglion-specific cell-recognition molecules. Furthermore,
these molecules may be, or may be linked to, lectin receptors
that regulate gap junction channels.

The pattern of connections between cells of the nervous system
is the end product of a series of developmental processes be-
ginning with axon outgrowth and guidance toward a target and
proceeding through the formation of specific synapses. Once
established this circuitry is not static, however, since connec-
tions may be altered, added, or abolished with time. In all stages
of neural circuit assembly and fine tuning, from process out-
growth through synapse modification, cell surface molecules
appear to be involved in mediating cellular interactions. Thus,
neurite outgrowth (usually assayed in vitro) is promoted by sev-
eral classes of proteins, including endogenous neurotrophic fac-
tors, growth-promoting molecules, and extracellular matrix pro-
teins (Thoenen and Edgar, 1985; Jessell, 1988), as well as
exogenous lectins (DeGeorge et al., 1985; Chiquet and Acklin,
1986; Lin and Levitan, 1987), presumably all acting via specific
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receptors. Pathfinding by growth cones and axon fasciculation
depend upon axonal pathways with differentially expressed cell
surface proteins (Goodman et al., 1982; McKay et al., 1983;
Jessell, 1988), as well as neural cell-adhesion molecules (Edel-
man, 1986; Jessell, 1988; Rutishauser et al., 1988). Finally,
voltage-sensitive and chemosensitive membrane ion channels
are modulated by a broad spectrum of factors to bring about
changes in synaptic connectivity (Kandel and Schwartz, 1982;
Cotman and Monaghan, 1988; Levitan, 1988; Nicoll et al., 1988).

While a number of cell surface molecules appear to be in-
volved in the cell—cell recognition required for axon pathfinding
and fasciculation, it is not clear that the same molecules mediate
the recognition required for the formation of specific synapses.
In many cases, sets of similar neurons that synapse on the same
target cell still demonstrate specific differences in the type or
strength of synapses formed (Scott and Mendell, 1976; Nja and
Purves, 1977; Fuchs et al., 1981; Bodmer et al., 1984; Lichtman
and Frank, 1984; Arechiga et al., 1986). This specificity of cel-
lular interaction during synaptogenesis may be mediated by
mechanisms distinct from those used at other stages of nervous
system assembly.

Because the sites of synaptic connections often are not readily
accessible to experimental manipulation in neural tissue, cell
culture provides a more tractable means of investigating the
processes involved in synaptogenesis. Neurons grown in pri-
mary culture after dissociation often exhibit selectivity in the
formation of both chemical and electrical synapses (Fuchs et
al,, 1981; Camardo et al., 1983; Bodmer et al., 1984; Arechiga
et al., 1986; Rayport and Schacher, 1986; Haydon, 1988). In
particular, cultured neurons from the CNS of the marine mol-
lusc, Aplysia californica, provide a promising model for the
study of synaptic specificity and plasticity. For example, neurons
from the bag cell clusters of the abdominal ganglion readily form
electrical synapses with each other in vitro (Kaczmarek et al.,
1979), as do neurons from the buccal ganglion (Dagan and Lev-
itan, 1981). However, despite the competence of each of these
cell types to form strong electrical connections, no coupling was
detected between bag cells and buccal cells in mixed culture
(Bodmer et al., 1984; Lin and Levitan, 1987). By contrast, when
these cells were grown in the continued presence of the lectin
concanavalin A (Con A), buccal-bag electrical synapses were
observed (Lin and Levitan, 1987). These findings suggest that
Aplysia electrical synapses in vitro are specific and plastic. The
combination of predictable patterns of connectivity, a ligand
that alters connectivity, and accessibility of the neurons to bio-
chemical and physiological analysis suggests that this simple
system may provide an opportunity to gain insights into the
mechanisms involved in cell—cell recognition, synaptogenesis,
and synaptic regulation.
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In the present work, we investigated the extent and mecha-
nism of synaptic specificity among cultured neurons from the
CNS of Aplysia, as well as the mode of action of Con A in
altering connectivity. We have found that pairs of neurons from
the several ganglia, grown in a completely defined medium with-
out Con A, readily form electrical synapses in all combinations
tested. Nevertheless, there does exist synaptic specificity in vitro
that is detectable as a difference in efficacy of the electrical
synapses formed. This difference depends on the ganglionic or-
igin of the neurons and is quantifiable by measurement of the
macroscopic junctional conductance between neurons. More-
over, we have found that Con A alters connectivity by modu-
lating the junctional conductance of previously established syn-
apses. A preliminary report of these findings has appeared
(Carrow and Levitan, 1987).

Materials and Methods

Juvenile Aplysia weighing 3-8 gm were obtained from the Aplysia Re-
source Facility of the Howard Hughes Medical Institute (Woods Hole,
MA) and maintained in artificial seawater at 16°C. Primary culture of
neurons was achieved by modification of established procedures (Dagan
and Levitan, 1981; Schacher and Proshansky, 1983). The nervous sys-
tem sheath was enzymatically digested by incubating ganglia in medium
with neutral protease (1.0-1.5%; Boehringer Mannheim), pH 7.4 at 34°C
for 3—4 hr, The incubation medium consisted of L-15 medium (KC
Biological or Flow Laboratories) buffered to pH 7.7 with 10 mm HEPES
and to which was added 320.4 mm NaCl, 4.6 mMm KCl, 9.7 mm CaCl,,
53.2 mm MgCl,, 56 mm glucose, 100 units/ml penicillin, 100 ug/ml
streptomycin, and 250 ng/ml amphotericin B. Ganglia were washed in
fresh incubation medium, desheathed, and the neurons were dissociated
free of the ganglia with fire-polished glass needles. Cells were then trans-
ferred by pipette onto an uncoated, glass coverslip in culture medium
consisting of the incubation medium with added methylcellulose (1%,
Sigma) and, in some cases, 25% Aplysia hemolymph. The coupling
between cells grown in the presence of hemolymph was not detectably
different than that between cells grown in a completely defined medium
s0 that the data are pooled here. Plated neurons were maintained at 19
or 22°C, and half the medium was replaced with fresh medium every
3—4 d. Neurons were used for experiments between 3 and 10 d after
plating.

For electrophysiological recording, coverslips with adhering cells were
placed in a chamber perfused (0.5-1.0 ml/min) with saline: 460 mm
Na(Cl, 10 mm KCl, 11 mmM CaCl,, 55 mm MgCl,, 10 um MnCl,, 56 mm
glucose, 20 units/ml penicillin, 20 pg/ml streptomycin, 50 ng/ml am-
photericin B, and 10 mm HEPES, pH 7.7. Each neuron was penetrated
with a single microelectrode filled with 0.5 m K,SO, and 0.15 M KCl,
5-10 MQ. Current clamping or voltage clamping was accomplished by
rapidly switching (1-2 kHz) between current injection and voltage mon-
itoring. Any neuron pairs in which each cell could not be simultaneously
and independently voltage-clamped were not considered further. Con
A (Sigma, type V) and L-glutamate were dissolved in saline. Octanol
and heptanol were dissolved in dimethyl sulfoxide (DMSQO, final con-
centration <0.1%) prior to addition to saline. The L-glutamate was
applied by pressure ejection through a glass pipette with an orifice less
than 5 um and placed within 30 um of the cell surface. The results
reported are based on at least 4 replicates for each experiment.

Results

Selective formation of electrical synapses

In order to investigate specificity in the formation of electrical
synapses among Aplysia neurons, we placed various combina-
tions of cells in primary culture. Neurons from the abdominal,
buccal, cerebral, pedal, and pleural ganglia as well as the bag
cell clusters were paired with others from the same ganglion or
cluster (“homoganglionic” pairs), or neurons from different gan-
glia were paired in mixed cultures (“heteroganglionic” pairs).
The neurons were plated with their somata either directly ap-
posed or separated by 50-300 um. After allowing the cells to

regenerate neurites, the coupling coefficient between cells of a
pair was determined by current-clamping the cells, and the junc-
tional conductance was calculated indirectly from current-clamp
records as well as measured directly by simultaneously voltage
clamping both cells of the pair (Bennett, 1966; Bodmer et al.,
1988). In either case, both cells were clamped at the same po-
tential, and current or voltage steps or ramps were applied to
one member of the pair. Figure 1 and Table 1 show that among
the pairs of cells that are electrically coupled, the magnitude of
coupling differs between homoganglionic and heteroganglionic
pairs. Thus, homoganglionic pairs are coupled with high cou-
pling coefficients (ranging up to 0.95), reflecting junctional con-
ductances (G)) usually in the range of 10-25 nS, and occasionally
higher; often, an action potential generated in the presynaptic
(current injected) cell evokes an action potential in the post-
synaptic (follower) cell (Fig. 14). By contrast, heteroganglionic
pairs are coupled with lower coupling coefficients (0.25 or less),
due to G, less than 5 nS; presynaptic action potentials often
evoke postsynaptic electrotonic potentials, but they are of in-
sufficient magnitude to evoke action potentials in the postsyn-
aptic cell (Fig. 1B).

This dichotomy of synaptic strength between homoganglionic
and heteroganglionic-cell pairs was observed for different com-
binations of cells from the various ganglia; while not all possibie
heteroganglionic combinations of cells were tested, the results
were consistent for those combinations that were examined.
Synapses between pairs of buccal neurons and bag cells, as shown
in Fig. 1C, are characteristic of those of other heteroganglionic
pairs. Previously, buccal-bag electrical synapses had not been
detected in vitro when the cells were grown in a standard culture
medium containing fetal calf serum (Bodmer et al., 1984; Lin
and Levitan, 1987). However, we have now found that culturing
of these neurons in serum-free medium, with or without he-
molymph, reveals a relatively low (heteroganglionic) level of
buccal-bag coupling. It has been observed that serum is capable
of inhibiting electrical coupling between cultured sympathetic
neurons (Higgins and Burton, 1982; Kessler et al., 1984), and
this may be the case for Aplysia neurons as well. Indeed, buccal-
bag coupling was previously seen when the neurons were grown
in the presence of Con A (Lin and Levitan, 1987), possibly
because the lectin overcomes the inhibitory action of serum.
The level of junctional conductance between coupled pairs of
cells is independent of the configuration in which the cells are
plated; that is, a given combination of cells, whether separated
by 50-300 um or with cell somata apposed, shows the level of
junctional conductance characteristic of that combination (see
Fig. 1).

Properties of homoganglionic and heteroganglionic synapses

Most nonembryonic electrical synapses do not exhibit voltage
gating or rectification. Similarly, electrical synapses between cul-
tured buccal neurons from Aplysia have been shown to be volt-
age independent and nonrectifying (Bodmer et al., 1988). As
indicated in Figure 2B, the junctions between other homogan-
glionic pairs also show no voltage gating since the I-V curves
are linear. Nor are these junctions rectifying since G, is constant,
regardless of the member of a pair used for current injection or
the sign of the current injected, as illustrated in Figure 2, 4, B.
Moreover, as shown in Figure 2C, heteroganglionic junctions
are similarly voltage insensitive and nonrectifying. These data
confirm the results of Bodmer et al. (1988) for buccal-buccal
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Figure 1.

Comparison of electrical coupling at homo- and heteroganglionic synapses. The cells were current-clamped and one cell of a pair (V;

presynaptic cell) was injected with current (I,) while the change in membrane potential of the other, postsynaptic, cell (V) was monitored. 4, Pair
of left upper quadrant neurons (LUQ; homoganglionic) from the abdominal ganglion separated by 100 um and clamped at —70 mV; the coupling
coefficient (k) was 0.75 and the junctional conductance (G) was 13 nS. Note that the electrotonic postsynaptic potentials (psps) elicited action
potentials in the postsynaptic cell. B, Buccal-pleural pair (heteroganglionic: apposed somata with overlapping neurites) clamped at —60 mV and
showing k = 0.25 and G, = 2 nS. Here, the psps (arrows) were not sufficient to evoke action potentials in the postsynaptic cell. C, Electrical coupling
between a buccal cell (V) and a bag cell (V,). The neurons, separated by 120 ym and grown with hemolymph and without fetal calf serum, were
current-clamped at —60 mV and the bag cell was injected with current. k = 0.14 and G, = 1.3 nS. In all cases, reversing the role of pre- and
postsynaptic cells gave the same result. Calibrations: 25 mV; 1 nA (4, B); 2 nA (C); 500 msec (4); 250 msec (B); 200 msec (C).

pairs and extend the findings to heteroganglionic as well as other
homoganglionic pairs.

Figure 2, B, D shows that homoganglionic and heterogan-
glionic junctions are not uncoupled by either 1 mm octanol or
heptanol, local anesthetics that uncouple cells of many other
types (Johnston et al., 1980). This is consistent with a previous
finding of resistance of buccal-buccal electrical synapses to these
anesthetics (Bodmer et al., 1988). Thus, homoganglionic and
heteroganglionic electrical synapses cannot be distinguished by
any of the criteria we tested other than magnitude of junctional
conductance.

Modulation of heteroganglionic synapses by Con A

Although buccal cells and bag cells are not detectably coupled
to one another when grown in the presence of serum, they are
detectably coupled if cultured in the continual presence of serum
and Con A (Lin and Levitan, 1987). This finding suggested that
Con A is capable of changing the synaptic connectivity among
these neurons, either by promoting the establishment of new
connections during synaptogenesis or by modulating the degree
of coupling once electrical synapses are established. Since we
found that buccal cells and bag cells can couple in culture when
grown in the absence of serum and Con A (Fig. 1), it appeared
that the observed effect of Con A reflects changes in the mag-
nitude of coupling rather than in the establishment of new con-
nections. In order to further distinguish between these 2 pos-
sibilities, we exposed pairs of coupled neurons, grown in the
absence of Con A, to the lectin by adding it to the culture
medium. Figure 3 shows that the junctional conductance of a
heteroganglionic pair increases an order of magnitude within 10
hr of application of 100 nm Con A, while nonjunctional mem-
brane currents are unaffected. The results of a series of similar
experiments are summarized in Table 1, which shows that the
junctional conductances of coupled heteroganglionic pairs treat-

ed with 100 nm Con A for 10-24 hr approach the level char-
acteristic of untreated homoganglionic pairs.

The observed lectin-induced increase in electrical coupling
was not due to inadequate space clamp or changes in voltage-
sensitive membrane currents since (1) G, was not changed by
blocking voltage-sensitive membrane currents with 10 mm TEA,
10 mm Ba?* substituted for Ca?*, 5 mMm Co**, and 105 M TTX;
(2) G; was the same whether determined directly under voltage
clamp or calculated from current-clamp records; (3) G; was the
same regardless of the member of the cell pair used for current
injection; and (4) G, was not dependent upon holding potential
or command potential.

Dynamics of modulation by Con A

As a first step in investigating the mechanism by which Con A
increases the electrical coupling of heteroganglionic pairs of neu-

Table 1. Synaptic specificity and modulation of junctional
conductance between cultured 4plysia neurons

G

Type of pair Treatment n (nlS)

Homoganglionic control 25 147 £33
Heteroganglionic control 26 33£08
Homoganglionic Con A 6 13.9 +23
Heteroganglionic Con A 11 146 + 4.2

Values are expressed as mean + SEM. Junctional conductance (G;) was measured
directly by voltage-clamping pairs of neurons that were either untreated (control)
or incubated with 10" m Con A for 10-24 hr. The different pairs of cells and
numbers of pairs tested in each group were: homoganglionic, control: abdominal,
2, bag cells, 6, buccal, 8, cerebral, 2, pedal, 2, pleural, 5; heteroganglionic, control;
bag-buccal, 6, bag-pleural, 3, buccal-pleural, 7, cerebral-pedal, 4, cerebral-pleural,
3, pedal-pleural, 3; homoganglionic, Con A: abdominal, 1, buccal, 4, pedal, I;
heteroganglionic, Con A: buccal-pleural, 3, cerebral-pleural, 8. Within each group,
all combinations gave the same result, and thus the data are pooled in the body
of the table.
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Figure 2. Properties of homo- and heteroganglionic synapses. I-V curves for pairs of neurons voltage clamped at —60 mV. A, Pair of apposed
buccal neurons (homoganglionic) in which transjunctional voltage steps were applied first to one cell (O) and then to the other (O). G, (slope) was
21 nS, was not voltage dependent, and the junctions were nonrectifying, B, Two apposed pleural neurons (homoganglionic) were perfused for 10
min with 1 mm octanol, washed, and then perfused with 1 mm heptanol. G, for the control was 43 nS. There was no uncoupling of the cells. C and
D, An apposed, cerebral-pleural pair (heteroganglionic) treated as in 4 and B showed similar results except that junctional conductance was only

5nS.

rons, we exposed pairs of cells to bath applied Con A while
chronically monitoring junctional conductance. Figure 4 illus-
trates the time course of an experiment with the cell pair of
Figure 3. The junctional conductance begins to increase about
2 hr after application of Con A and continues to increase for an
additional 8 hr even after removal of the Con A from the per-
fusion medium. Figure 5 shows that there is no detectable elon-
gation or retraction of neurites accompanying the change in G;
thus, there is not a requirement for neurite outgrowth to form
electrical synapses with high coupling coefficients, as appears to
be the case for Helisoma neurons (Hadley et al., 1983). More-
over, Con A does not induce neurite outgrowth from neurons
in established cultures, although it does in newly plated cells
(Lin and Levitan, 1987).

By contrast, homoganglionic pairs of neurons that already
have a relatively high junctional conductance do not show a
significant change in coupling when treated similarly with Con
A, as illustrated in Figure 6. In order to be certain that Con A
had gained access to the cells in these cases, we made use of the
observation by Kehoe (1978) that Con A rapidly induces a
depolarizing reponse to L-glutamate in Aplysia neurons. As ex-
pected, Figure 74 shows that there is no detectable response to
L-glutamate prior to treatment with Con A. However, as shown
in Figure 7B, within 0.5 hr after initiating bath application of

Con A an inward current is elicited in response to a puff of
L-glutamate, indicating that Con A does indeed have access to
these homoganglionic pairs.

Discussion

We have found that Aplysia neurons grown in primary culture
show specificity in the formation of electrical synapses that is
detectable as a difference in synaptic efficacy. Pairs of neurons
derived from the same ganglion, or homoganglionic pairs, form
electrical connections with high coupling coefficients in culture.
By contrast, pairs of neurons from different ganglia, or hetero-
ganglionic pairs, form electrical connections with lower coupling
coefficients. The different levels of coupling arise from differ-
ences in the magnitude of the macroscopic junctional conduc-
tance. Moreover, we have shown that synaptic efficacy can be
altered in established synapses by the lectin, Con A, since it
increases the macroscopic junctional conductance of heterogan-
glionic synapses to the level characteristic of homoganglionic
synapses. When heteroganglionic pairs of neurons are grown in
the absence of Con A and later exposed to nanomolar concen-
trations of Con A, the junctional conductance increases within
several hours after addition of the lectin. By contrast, the already
high junctional conductance of homoganglionic synapses is not
further increased by Con A. The long time course of the response
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Figure 3. Modulation of junctional
conductance by Con A. Voltage-clamp
records for a buccal-pleural pair (het-
eroganglionic) held at —70 mV. 4,
Voltage pulse applied to one cell (V)
activated nonjunctional membrane
currents in that cell (/,); there was no
change in holding potential of the post-
synaptic cell (V,), and the resulting
junctional current (/,) indicates a G, of
2 nS. B, After perfusion of the cells for
10.5 hr with 10-7 M Con A, the junc-

tional current (/,) had increased an or-
der of magnitude, reflecting a G, of 18
nS. The nonjunctional current (I,) was
essentially unchanged, indicating no
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to Con A suggests that protein synthesis might be involved, and
preliminary data indicate that the modulation of junctional con-
ductance by Con A is blocked by the protein synthesis inhibitor,
anisomycin (Carrow and Levitan, 1988). It remains to be de-
termined whether Con A regulates the number of active gap
junction channels, their unit conductance, or their open prob-
ability.

Previously, electrical coupling was not detected between buc-
cal and bag neurons (a heteroganglionic combination) unless the
cells were grown in the presence of Con A (Bodmer et al., 1984;
Lin and Levitan, 1987). The relatively low level of coupling
reported here for buccal-bag and other heteroganglionic pairs
may have been unmasked by altered culture conditions; that is,
in the present work, the neurons were cultured in the absence
of fetal calf serum, a known inhibitor of electrical coupling
between cultured sympathetic neurons (Higgins and Burton,
1982; Kessler et al., 1984). We have not investigated in detail
the effects of serum on coupling between cultured Aplysia neu-
rons.

Modulators that increase electrical or dye coupling in other
systems include hormones (Radu et al., 1982; Kessler et al.,
1984; Wolinsky et al., 1985), a catecholamine (Radu et al.,
1982), cAMP and cAMP-dependent protein kinase (Flagg-New-
ton et al., 1981; Wiener and Loewenstein, 1983; Kessler et al.,
1984; Saez et al., 1986), and glycoproteins and proteoglycans
(Bargiello et al., 1987; Spray et al., 1987). In some cases, protein
synthesis appears to be involved (Flagg-Newton et al., 1981;
Spray et al., 1987).

The synaptic specificity described here as being reflected by
synaptic efficacy is reminiscent of the specificity of electrical
coupling in other systems. Thus, rabbit lens epithelial cells are
electrically coupled to rat liver epithelia in vitro with lower
coupling coeflicients than the homotypic combinations (Michal-
ke and Loewenstein, 1971). Rods in the tiger salamander retina
are electrically coupled to neighboring cones less effectively than
to neighboring rods (Attwell and Wilson, 1980). There are also
cases in which electrical coupling is not detectable between het-
erotypic pairs of cells, even though the corresponding homotypic
pairs are detectably coupled under the same culture conditions

significant change in membrane input
impedence. The voltage clamps were
adjusted for stability at the expense of
high-frequency response, and thus the
voltage responses were relatively slow.

(Gilula et al., 1972; Fentiman et al., 1976; Pitts and Burk, 1976;
Bodmer et al., 1984; Lin and Levitan, 1987). Such specificity
of electrical connections is not always the case, however. For
example, rat ovarian granulosa cells show a high level of elec-
trical coupling to mouse myocardial cells in mixed culture (Law-
rence et al., 1978).

An analogous case of synaptic specificity among chemical
synapses is the monosynaptic stretch reflex circuit of vertebrates.
Stretch-sensitive sensory neurons make stronger synaptic con-
nections with related (homonymous) motoneurons than with
unrelated (heteronymous) motoneurons in the same region of
the spinal cord (Scott and Mendell, 1976; Lichtman and Frank,
1984). This synaptic specificity, as for Aplysia neurons, is likely
due to the specificity of cellular interactions during synaptogene-
sis (Nelson and Mendell, 1978; Lichtman et al., 1984).

25

CON A ]

JUNCTIONAL CONDUCTANCE (nS)

TIME (hr)

Figure 4. Time course of modulation of a heteroganglionic synapse
by Con A. Junctional conductance for the buccal-pleural pair in Figure
3 as a function of time after starting bath application of Con A (at ¢ =
0). The G, increased an order of magnitude after perfusion with 10" M
Con A for the time indicated by the horizontal bar. The effect was not
reversible with 4.5 hr wash. The /ine indicates a third-order polynomial
fitted to the data.
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Figure 5. Con A modulation of electrical synapses is not accompanied by changes in neurite morphology. Light micrographs of the buccal-pleural
pair from Figures 3 and 4. 4, Before treatment; B, 10.5 hr after starting perfusion of Con A, there was no apparent extension or retraction of
neurites. The slight distortion in one soma was likely due to the long-term electrode impalement. Scale bar, 50 um.
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Figure 6. Con A does not modulate homoganglionic synapses. Cells
were treated as described in Figure 5. Two apposed LUQ neurons showed
no significant change in G, after treatment with 10-7 M Con A. The
arrows below the abscissa refer to Figure 7.

Figure 7. Con A induces a glutamate current even in the absence of
synapse modulation. One of the LUQ neurons shown in Figure 6 was
exposed to pressure ejection of 10-' M L-glutamate for the time indicated
by the horizontal bars prior to (4) and 30 min after (B) bath application
of Con A (see arrows under abscissa in Fig. 6). No current was elicited
by L-glutamate before Con A treatment. However, after Con A treat-
ment, an inward current was elicited by an even briefer puff of L-glu-
tamate.
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Whether the dichotomy in synaptic efficacy observed in vitro
reflects the situation in vivo remains to be determined. The
observation of strong electrical coupling in vitro between neu-
rons with a common ganglionic origin is consistent with obser-
vations of intraganglionic electrical coupling (Gardner, 1971)
and gap junction plaques (Kaczmarek et al., 1979) in vivo. By
contrast, interganglionic electrical coupling has rarely been ob-
served in Aplysia (Rayport and Kandel, 1980), although this
might reflect the difficulty in detecting electrical coupling be-
tween cells separated by long connectives. Alternatively, the
widespread electrical coupling observed in vitro between neu-
rons from juveniles may be present in vivo only in juveniles;
for example, medial cells in the pleural ganglion are coupled in
vivo in juvenile Aplysia (unpublished observations), even though
they have not been reported to be coupled in adults. Another
possibility is that our observations in these regenerating neurons
in culture reflect processes active during even earlier stages of
development; for instance, differences in synaptic efficacy might
be important for gangliogenesis. It is of interest in this regard
that communication compartments of dye coupled cells corre-
late with developmental compartments in a number of systems
(Caveney, 1985).

Regardless of the situation in vivo, these neurons are capable
of distinguishing homoganglionic from heteroganglionic part-
ners in vitro. This cell-cell interaction is likely mediated by
ganglion-specific cell-recognition molecules. Furthermore, reg-
ulation of connectivity by Con A suggests that these cell-rec-
ognition molecules are, or are closely associated with, lectin
receptors. Other evidence that lectins and lectin receptors may
be involved in cell recognition in the nervous system comes
from the observation that monoclonal antibodies to lactose-
binding lectins label the same subsets of dorsal root ganglion
neurons that express their complementary oligosaccharide li-
gands (Regan et al., 1986). Determination of the mechanisms
by which the synapses described here are specified and modified
would provide insights into problems of cell-cell recognition
during synaptogenesis. The ability to quantify and modulate
electrical coupling in this system should facilitate study of this
and other problems of connectivity.
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