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Abstract 

Dissociated Aplysia neurons will regenerate neurites and form functional connections in primary 
cell cultures. The specificity of intercellular connectivity in these cultures was investigated by co- 
culturing neurosecretory bag cells with neurons dissociated from the buccal ganglion. It was found 
that bag-bag and buccal-buccal electrotonic synapses form with high frequency, consistent with 
previous findings in pure bag and buccal cultures. There is specificity in the formation of these 
connections, since no bag-buccal electrotonic synapses were observed. Chemical interactions, on 
the other hand, are present between bag and buccal neurons. In a buccal-bag pair, injection of 
sufficient depolarizing current into the buccal cell to elicit a train of action potentials leads to a 
slow hyperpolarizing response in the bag cell. The bag cell hyperpolarization is accompanied by an 
increase in the cell’s input conductance. This connection appears to be unidirectional, produces a 
voltage shift in the bag cell which is opposite in sign to that in the buccal cell, and is blocked by the 
removal of Ca2+ from the extracellular medium, indicating that it is mediated by a chemical 
neurotransmitter. The selective formation of electrotonic synapses in these mixed bag-buccal 
cultures, together with the presence of chemically mediated interactions, make this system partic- 
ularly useful for investigating the establishment of intercellular connectivity. 

The functioning of the nervous system is dependent 
on highly specific intercellular interactions. These inter- 
actions are in turn dependent on the formation of appro- 
priate synaptic connections during development. In ad- 
dition recovery of function after injury to the nervous 
system may depend on regeneration of neurites and 
reformation of appropriate synapses. To date relatively 
little is known about the cues neurons use to recognize 
appropriate partners and form specific synaptic connec- 
tions during development and regeneration. 

It is clear that many aspects of nervous system devel- 
opment can best be studied in whole animals. On the 
other hand synaptic specificity in vivo may depend at 
least in part on mechanical barriers which allow only 
appropriate cells access to one another; such constraints 
are largely absent in cell cultures, and thus questions 
relating to cellular specificity in synaptogenesis may be 
more readily attacked. These advantages have led to the 
widespread use of cultured nerve and muscle cells to 
study mechanisms and specificity of synaptogenesis (for 
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reviews see Nelson, 1975; Fischbach and Nelson, 1977). 
The recent development of techniques for the culturing 
of certain large invertebrate neurons (Kaczmarek et al., 
1979; Ready and Nicholls, 1979; Wong et al., 1981; Dagan 
and Levitan, 1981; Schacher et al., 1982) has opened up 
the possibility of investigating specificity of synapse for- 
mation between individual cells or groups of cells. It has 
been reported that Aplysia neurosecretory bag cells read- 
ily form electrotonic synapses with each other in culture 
(Kaczmarek et al., 1979). Cultured neurons from the 
Aplysia buccal ganglion also form electrotonic synapses 
with each other with high frequency (Dagan and Levitan, 
1981), far higher than has been reported in the intact 
ganglion (Gardner, 1971, 1977), suggesting that electro- 
tonic coupling in these cultures might be indiscriminate. 
In order to determine whether there is indeed cellular 
specificity in the formation of these synapses, we pre- 
pared mixed cultures containing both bag and buccal 
neurons. We report here that, although bag-bag and 
buccal-buccal electrotonic synapses form readily in such 
mixed cultures, no bag-buccal electrotonic connections 
were found. On the other hand we often observed a novel 
buccal-to-bag cell inhibitory chemical interaction, even 
though bag and buccal cells have not been reported to 
make functional contacts in situ. 
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Materials and Methods 
Cell culture. Adult Aplysia californica weighing 100 to 

250 gm were obtained from Marine Specimens Unlim- 
ited, Pacific Palisades, CA, and were maintained in ar- 
tificial sea water (Instant Ocean). Cell culturing was 
carried out as described by Dagan and Levitan (1981). 
Buccal and abdominal ganglia were incubated overnight 
in artificial sea water containing neutral protease (Ka- 
czmarek et al., 1979; Dagan and Levitan, 1981). The bag 
cell clusters were dissected away from the abdominal 
ganglia, and the softened connective tissue sheath was 
removed from the buccal ganglia and bag cell clusters. 
The neurons were mechanically dissociated on glass 
coverslips in salt-supplemented L-15 (Gibco) tissue cul- 
ture medium containing 4% fetal calf serum and 1% 
methyl cellulose, and the cultures were incubated at room 
temperature as described previously (Dagan and Levitan, 
1981). 

Intracellular recording. Electrophysiological experi- 
ments were performed, using conventional techniques, 
on the stage of a Zeiss IM35 inverted microscope 
equipped with phase contrast optics. Prior to recording, 
the culture dishes were perfused with artificial sea water 
to remove the methyl cellulose. Individual neurons were 
impaled with microelectrodes containing 3 M KCl. The 
electrode resistances were 10 to 20 megohms. Cellular 
input conductances were determined by injecting pulses 
of inward (hyperpolarizing) current through the record- 
ing electrode. The voltage drop across the electrode was 
circumvented by means of a chopped current injection 
device designed and built by W. B. Adams (unpublished 
procedure). The cells had resting potentials between -20 
and -40 mV, and some were hyperpolarized to between 
-40 and -50 mV to prevent endogenous firing. For 
measurements of electrotonic coupling between pairs of 
cells, positive and negative current pulses were delivered 
first to one and then to the other cell of the pair, and the 
membrane potential changes in both cells were measured. 
Injections into only one cell per pair are shown, but the 
electrotonic spread was qualitatively the same in both 
directions. No appreciable rectification was observed 
that could not be accounted for by the rectifying mem- 
brane properties of the cells themselves. There was no 
coupling between the electrodes after their withdrawal 
from the cells. 

Results 

Electrotonic synapses. When neurons from bag cell 
clusters and buccal ganglia are mechanically dissociated 
in the same culture dish, they regenerate an elaborate 
network of interconnected neurites within several days 
(Fig. la). The bag cells are white and can be distinguished 
readily from the orange- or brown-pigmented buccal 
neurons under the microscope. In addition, bag cell ac- 
tion potentials tend to be smaller than 80 mV in ampli- 
tude, and the cells cannot easily be fired at high fre- 
quency (>lO Hz) by a depolarizing current pulse (L. 
Kaczmarek, personal communication; confirmed by us). 
Using these criteria it is possible to unequivocally iden- 
tify a given cell as either bag or buccal (Fig. lb) and to 
impale either bag-bag, buccal-buccal, or bag-buccal cell 

pairs to test for functional connectivity. The experiment 
described in Figure 2 was performed with the two bag 
and two buccal neurons illustrated and labeled in Figure 
1, a and b. As shown in Figure 2a, hyperpolarizing current 
injected into bag cell BGl produces voltage changes in 
both BGl and BG2, indicating that these two bag cells 
are electrotonically connected (coupling coefficient = 
0.1). A similar result was obtained when current was 
injected into BG2 and when depolarizing current pulses 
were used (not shown). Similarly, there is an electrotonic 
synapse between the two buccal neurons BCl and BC2 
(Fig. 2b; coupling coefficient = 0.1). These results are 
consistent with previous findings in pure bag (Kaczma- 
rek et al., 1979) and buccal (Dagan and Levitan, 1981) 
cultures. 

In contrast there is no detectable voltage change in 
BCl when either depolarizing or hyperpolarizing current 
is injected into BGl (Fig. 2c; coupling coefficient < 0.02, 
the minimum reliably detectable), indicating that a bag- 
buccal electrotonic synapse is not present. Similarly, 
there is no transfer of current from BG2 to BC2 (not 
shown). It is possible that the bag-buccal pairs are in 
fact coupled but that the current transferred between 
them decreases to below detectable levels by the time it 
reaches the recording electrode in the postsynaptic cell, 
but this seems unlikely since the coupling between BCl 
and BC2 can be observed easily (Fig. 2b), even though 
these cells are 300 to 400 hrn apart (Fig. 1). 

Chemical interactions. When the buccal cell BCl is 
taken as the presynaptic cell of the BCl-BGl pair, injec- 
tion of hyperpolarizing current does not elicit any voltage 
change in BGl (not shown), confirming the absence of a 
bag-buccal electrotonic synapse. However, when the buc- 
cal cell BCl is injected with sufficient depolarizing cur- 
rent to elicit a train of action potentials, a hyperpolar- 
izing response is evoked in the bag cell BGl (Fig. 2d). 
Although in this particular cell pair a relatively high 
frequency of buccal cell action potentials was required to 
elicit a response, a bag cell hyperpolarization could often 
be evoked by much slower buccal cell firing (Fig. 3). In 
this latter example the action potential frequency in the 
buccal cell was 6 Hz during the first second of depolari- 
zation (Fig. 3). Bag cell firing at up to 10 Hz (it was 
difficult to fire bag cells at higher frequencies) never 
elicited a response in an associated buccal cell (see, for 
example, Fig. 2c, 7 Hz), suggesting that the functional 
connection is unidirectional. The bag cell hyperpolari- 
zation is slow in onset and long outlasts the depolariza- 
tion in the buccal cell (Figs. 2d, and 3 to 5); taken 
together with the facts that the response appears to be 
unidirectional and that buccal cell depolarization leads 
to bag cell hyperpolarization, this kinetics suggests that 
the buccal-to-bag interaction is chemically mediated. 
This suggestion was further tested by removing Ca2+ 
from the extracellular saline to inhibit the release of 
chemical neurotransmitters. As shown in Figure 4, re- 
moval of Ca2+ reversibly inhibits the buccal-to-bag cell 
hyperpolarizing response, confirming that it is chemi- 
cally mediated. 

Similar patterns of connectivity were observed with a 
large number of cell pairs in different culture dishes 
(Table I): bag-bag and buccal-buccal electrotonic syn- 
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Figure 1. Morphology of mixed cultures of bag (BG) and buccal (BC) neurons. Cultures were 
prepared and maintained as described under “Materials and Methods” and were photographed using 
phase contrast optics. a, phase contrast micrograph of a typical mixed bag-buccal cell culture after 10 
days in culture. An elaborate network of regenerated neurites connects the neurons. The buccal neurons 
are heavily pigmented, whereas the bag cells are white or only lightly pigmented. b, schematic 
representation of the microscope field in a. BGl, BG2 and BCI, BC2 are the bag and buccal neurons, 
respectively, from which the recordings in Fig. 2 were made. Bar, 80 pm. 

apses were observed routinely; no bag-buccal electrotonic 
synapses were found; and the buccal-to-bag cell chemical 
connection was detectable between about 60% of the cell 
pairs tested. The coupling coefficients measured for the 
coupled pairs ranged from 0.02 to 0.80 (90% between 
0.05 and 0.50), and the bag cell hyperpolarizations ranged 
from 1 to 30 mV in amplitude. These patterns established 
themselves after less than 4 days in culture and persisted 
unchanged for at least 8 weeks. 

The four cells described in Figures 1 and 2 are part of 
a larger network containing many interconnected cells. 
However, it was also possible to observe the buccal-to- 
bag chemical connection in isolated cell pairs (see, for 
example, Fig. 4); the frequency of occurrence and prop- 
erties of the functional connections between isolated cell 
pairs were indistinguishable from those connections be- 

tween cells in a multicellular network. This indicates 
that a bag cell response can be elicited by the firing of a 
single buccal neuron and does not require the release of 
transmitter from other coupled cells in a network. 

To determine whether bag cell input conductance 
changes during the buccal cell evoked hyperpolarization, 
hyperpolarizing current pulses were injected through the 
bag cell recording electrode. It was found that the voltage 
deflection in response to these current pulses decreases 
during the hyperpolarization, indicative of an increase in 
input conductance (Fig. 5). A preliminary investigation 
of the ionic basis of the response, involving voltage clamp 
analysis together with changes in the ionic composition 
of the extracellular medium, suggests that a large part of 
this increase in input conductance reflects an increase in 
conductance to K+ ions. 
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Figure 2. Electrotonic and chemical interactions in mixed cultures of bag and buccal neurons. Recordings from the cells 
illustrated in Fig. 1 using standard techniques as described under “Materials and Methods.” a, coupling between BGl and BG2 
seen by injection of -1 nA into BGl; b, coupling between BCl and BC2 seen by injection of -2 nA into BC2; c, no coupling 
between BGl and BCl (or between BG2 and BC2, not shown) was detectable when depolarizing or hyperpolarizing current was 
injected into BGl (or BG2); d, depolarizing current (+0.7 nA, then +1.4 nA) injected into BCl gave rise to high frequency firing 
which elicited a slow hyperpolarizing response (4 mV) in BGl. In some cell pairs the bag cell hyperpolarized by as much as 30 
mV, even when the cell bodies were several hundred pm apart. Similar results were obtained with the BC2-BG2 cell pair. 
Calibration: top traces, 100 mV; bottom traces, 10 mV (except b, top trace, 40 mV); 1 set (except d, 4 set). 

BC -----eJ 

BG 

- 
Figure 3. Hyperpolarizing bag cell response evoked by low 

frequency firing of a buccal neuron. Depolarizing current (+0.5 
nA) injected into a buccal cell (BC) resulted in low-frequency 
firing (6 Hz during the first second and lower frequency there- 
after), which evoked a 3-mV hyperpolarizing response in the 
bag cell (BG). With the exception of several cell pairs of the 43 
functionally connected pairs described in Table I, low-fre- 
quency (< 10 Hz) buccal firing was sufficient to evoke a 
hyperpolarizing bag cell response. Calibration: top trace, 40 mV; 
bottom truce, 2 mV; 1.5 sec. The buccal cell action potentials 
were 100 mV in amplitude; their tops are truncated by the chart 
recorder. 

Discussion 

The wide variety of cell types which have been found 
to exhibit electrotonic coupling (Bennett and Gooden- 
ough, 1978; Lowenstein, 1981) has led to the generaliza- 
tion that a communication-competent cell will couple 
with any other communication-competent cell regardless 
of its tissue or (within certain limits) its species of origin 
(Epstein and Gilula, 1977). The situation may, however, 
be different in the nervous system, the function of which 
is dependent on a highly specific pattern of intercellular 
connections. Cultured leech neurons exhibit selectivity 
in electrotonic synapse formation (Ready and Nicholls, 
1979; Fuchs et al., 1981), and neurons in organ-cultured 
Helisoma ganglia form novel but still selective electro- 
tonic synapses when neurite regeneration is evoked by 
axotomy (Bulloch and Kater, 1982). The present results 
support the idea that there is selectivity in the formation 
of electrotonic connections between nerve cells. In ad- 
dition they demonstrate at the level of an individual cell 
that such selectivity is not necessarily due to a lack of 
communication competence, since a single bag or buccal 
neuron, which is entirely competent to couple with an 
adjacent cell of the same type, chooses not to couple with 
an equally competent neighboring cell of the other type. 
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TABLE I 
Electrotonic and chemical connections in mixed bag-buccal (BC) cell 

cultures 

Data were taken from a large number of experiments similar to that 

BC 
in Figure 2. The number of separate culture dishes used is shown in 
parentheses. A coupling coefficient (AVpost/AVpre) > 0.02 was taken 

as evidence for an electrotonic synapse. An inhibitory postsynaptic 

BG potential (IPSP) > 1 mV was taken as evidence for a chemical inter- 
action. These were the minimum values which we could detect reliably. 

-l 

C 

BC 

BG 

BC 

BG 

Figure 4. Calcium dependence of the buccal-to-bag cell con- 
nection. This experiment was done with a pair of cells not 
connected to any others in the culture dish. a, control. The 
culture dish was perfused with normal Aplysia saline containing 
11 mM Ca*+. Every minute a 2-set train of approximately 18 
action potentials was evoked in the buccal cell (top trace), 
resulting in a -1’7 f  1 mV (SD) hyperpolarizing response in 
the bag cell (bottom trace). b Zero Ca2+. After 12 min of 
perfusion with Ca*+-free saline, connectivity is abolished. A 3- 
set volley of approximately 28 action potentials in the buccal 
cell elicits no change in the membrane potential of the bag cell. 
c, recovery. After 6 min of washing with normal saline, the 

No. of Pairs Coupled/ 
Total Pairs Tested 

No. of Pairs with IPSP/ 
Total Pairs Tested 

BC-BC Baa-baa Baa-BC (BC-bag) 

37/41 (18) 14/15 (7) O/79 (25) 43/71 (21) 

r J 
-- BC 

Figure 5. Increase in membrane conductance during the bag 
cell (BG) response. The bag cell (bottom trace) was injected 
with hyperpolarizing current pulses (-0.2 nA for 0.3 set at 1 
Hz), which produced voltage deflections of -10 mV. A train of 
action potentials in the buccal cell (BC) (top trace) elicited a 
typical hyperpolarizing response in the bag cell (-13 mV in 
this example) and caused an approximately 50% decrease in 
the amplitude of the voltage deflections, indicative of an ap- 
proximately 2-fold increase in the membrane input conduct- 
ance. Calibration: top trace, 100 mV; bottom trace, 20 mV; 4 sec. 
This is representative of three separate experiments. 

It is important to note that buccal neurons in situ are 
not a homogeneous population (Gardner, 1971, 1977). 
However, they do behave homogeneously with respect to 
electrotonic synaptogenesis in our culture system, in that 
buccal neurons can form electrotonic synapses with other 
buccal neurons with high frequency, but none will couple 
with bag cells. In this respect they resemble the bag cells, 
which are thought to be homogeneous. Higgins and Bur- 
ton (1982) have also reported extensive electrotonic cou- 
pling among cultured sympathetic neurons grown in a 
defined medium. We do not understand this phenome- 
non, although it seems possible that only a selected 
homogeneous population of buccal neurons will survive 
under our culture conditions. Alternatively, the neurons 

response has returned to near its original amplitude. A volley 
of 21 action potentials elicits a -15 mV response. Calibration: 
top traces, 100 mV; bottom traces, 10 mV; 4 sec. This result is 
representative of four separate experiments. 
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may dedifferentiate in culture in such a way that the 
rules governing the formation of connections between 
cells are different from those in situ. Such an explanation 
might account for the extensive electrotonic coupling in 
pure buccal cultures, since coupling in situ has been 
reported to be stronger in younger animals (Gardner, 
1977). In any event, whatever the explanation is for this 
homogeneity, its occurrence provides an opportunity to 
study some aspects of specificity of synapse formation. 

This study also raises a number of questions about the 
formation of chemical connections in these cultures. It 
is surprising that no buccal-buccal chemical interactions 
are found, since they do occur in situ (Gardner, 1971, 
1977). Again this might be explained by dedifferentia- 
tion, or by the selective survival of a non-interacting 
population of neurons. In addition it is not known 
whether the buccal-bag connection is indeed a true syn- 
apse with morphological specializations. The latency and 
slow kinetics of the response are also consistent with a 
neurohormone diffusing across some distance to activate 
non-synaptic receptors on the target cell (Jan and Jan, 
1982). A definitive answer to this question will have to 
await a detailed ultrastructural characterization of the 
contacts between bag and buccal neurons. 

Finally, in view of the relatively few chemical inter- 
actions which we have seen in Aplysia neuronal cultures 
(in a recent abstract Schacher et al. (1982) describe 
appropriate chemical connections between cultured ab- 
dominal ganglion neurons), the existence of a novel 
buccal-to-bag cell connection which has not been re- 
ported in situ is particularly intriguing. It is important 
to note that neither the reverse (bag-to-buccal) connec- 
tion nor bag-bag or buccal-buccal chemical interactions 
have been found in these cultures. We cannot rule out 
the possibility that there is some small amplitude and 
short-lived bag-bag or buccal-buccal chemical interaction 
which is not detectable because of the high degree of 
electrotonic coupling, but a long-lasting response similar 
to the buccal-to-bag interaction would have been readily 
apparent. One possible explanation for the apparent 
unidirectionality of this connection is that buccal neu- 
rons or other bag cells do not contain receptors to the 
transmitter(s) released by bag cells, since transmitter- 
receptor matching is clearly necessary for functional 
connectivity. Whether such matching is sufficient or 
whether other factors also contribute to the specificity 
of connectivity in this system remains to be determined. 
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