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Abstract 

Identified neurons from the abdominal ganglion of the marine mollusc Aplysiu californica make 
specific transmitter-mediated synapses in dissociated cell culture. The cholinergic interneuron LlO 
makes synapses in vitro with one group of its follower cells, the left upper quadrant cells, and these 
connections exhibit the features of these synapses in uivo when the postsynaptic cells are plated 
with their initial axon segments. Furthermore, LlO will avoid making synapses with right upper 
quadrant cells, which contain cholinergic receptors but do not synapse with LlO in Go. 

This in vitro system can therefore be used as a model in which to study the development of 
specific neuronal connections. 

Two of the fundamental features of nervous system 
function are the establishment of precise connections 
between neurons (Sperry, 1963; Jacobson, 1978) and the 
capacity for the strength of these connections to be 
modified (Tsukahara, 1981; Kandel and Schwartz, 1982). 
In many invertebrate species, the ability to map out the 
connections of single identified cells has contributed 
greatly to our understanding of synaptic physiology 
(Kandel, 1976; Hoyle, 1977; Krasne, 1978). Invertebrates 
have also been used to study neuronal development 
(Goodman and Pearson, 1982). In some species, the 
ability to identify and follow neurons through embryonic 
life has been an important tool in the exploration of cell 
lineage and growth (Sulston and Horvitz, 1977; Weisblat 
et al., 1978; Goodman and Spitzer, 1979). However, the 
development of synaptic specificity and plasticity has 
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not been directly examined in these preparations. In 
other species, such as molluscs, in which intracellular 
recording is easily done in the adult, it is difficult to 
perform experiments on identified cells until rather late 
in development, long after specific connections have been 
established. 

Recently, however, several investigators have reported 
that identified neurons of some invertebrate species, 
including Aplysia, Helisoma, and leech, can be main- 
tained in culture, and that under these conditions neu- 
rons can re-establish functional electrical or chemical 
connections (Kaczmarek et al., 1979; Ready and Nicholls, 
1979; Dagan and Levitan, 1981; Fuchs et al., 1981,1982; 
Wong et al., 1981; Schacher et al., 1982). Cell culture has 
been extremely useful in the study of synapse develop- 
ment in vertebrate preparations, such as the neuromus- 
cular junction and sympathetic ganglia (Furshpan et al., 
1976; Fischbach and Nelson, 1977; Patterson, 1978). 
Synapse formation in culture between identified neurons 
of invertebrates would permit the study of specific cen- 
tral connections as they are being made. 

We report here that, in cell culture, neuron LlO of 
Aplysia will make specific synapses with appropriate 
target neurons and will not make synapses with inappro- 
priate neurons, even though the non-target neurons con- 
tain receptors to the neurotransmitter released by the 
presynaptic cell. LlO is a cholinergic, multiaction inter- 
neuron which exerts a dual inhibitory effect on cells L2 
through L6 (left upper quadrant cells, LUQ cells): a fast 
IPSP, mediated by an increase in conductance to chlo- 
ride, and a slow IPSP, elicited by repetitive stimulation, 
which is thought to result from either an increase in 
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conductance to K+ or a decrease in conductance to Na+ 
(Kunze and Brown, 1971; Kandel and Gardner, 1972; 
Kehoe, 1972; Wilson and Wachtel, 1979). In culture, LlO 
will make this dual inhibitory-inhibitory connection onto 
LUQ cells dissociated with an initial segment of axon. It 
elicits only the slow component of the postsynaptic po- 
tential (PSP) onto LUQ cells cultured as isolated somata. 

Materials and Methods 

Tissue culture procedures. The methods used for plat- 
ing the cells have been described (Schacher and Pro- 
shansky, 1983). Abdominal ganglia from juvenile Aplysia 
(1 to 3 gm) raised from fertilization at the Marine Bio- 
logical laboratory at Woods Hole, MA (Kriegstein et al., 
1974; Kriegstein, 1977) were bathed for 2 hr at 34°C in 
1% protease (Sigma type IX) in L15 medium (Flow 
Laboratories, McLean, VA) plus appropriate salts. Fol- 
lowing removal of the sheath, the cells were isolated from 
the ganglia with glass microelectrodes in one of two ways: 
either the cell body alone was isolated, or the cell was 
removed with an initial segment of axon (Schacher and 
Proshansky, 1983). LlO, left upper quadrant cells L2 to 
L6 (LUQ cells), and right upper quadrant cells R3 to 
R13 (RUQ cells) were identified on the basis of size, 
position, and pigmentation (Koester and Kandel, 1977). 
Each LUQ and RUQ cell was treated as a member of a 
homogeneous population, since LlO in viva connects with 
all cells in the LUQ cluster (dual component IPSP) and 
does not connect with any RUQ cell (Kandel et al., 1967; 
Koester and Kandel, 1977). Cells were transferred indi- 
vidually into poly-L-lysine-coated culture dishes contain- 
ing 50% L15 plus salts and 50% sterile-filtered Aplysia 
hemolymph (Schacher and Proshansky, 1983). The cul- 
ture dishes contained one of three different groups of 
cells; (a) one LlO and two to three LUQ cells; (b) one 
LlO and two to three RUQ cells; or (c) one LlO, two 
LUQ, and two RUQ cells. To ensure that cells remained 
close to each other and could be identified for subsequent 
electrophysiological examination, the culture dishes were 
allowed to remain on the dissecting microscope platform 
for 24 hr. The cultures were then transferred to a 20°C 
incubator. The medium was changed every 2 days with 
the same original stock used at initial plating. 

Electrophysiology and iontophoresis. All intracellular 
recording was done with a single-barrelled electrode of 5 
to 15 megohms filled with 2 M potassium citrate or 2 M 

KCl. Acetylcholine (ACh) was applied either by ionto- 
phoresis from a 50-megohm electrode filled with 1 M 

ACh, or from a microelectrode broken to 500 kilohms, 
filled with 50 PM ACh, which was brought up to the cell 
body or processes to elicit a response by diffusion from 
the pipette tip. 

Results 

LlO forms two types of chemical connections with LUQ 
cells. By 48 hr in culture, the cells regenerate an overlap- 
ping network of neurite processes (Fig. 1). Chemical 
synapses between LlO and LUQ cells are re-established 
in about 80% of the cultures after 3 to 5 days (Table I). 
In all cases the connection is inhibitory: action potentials 
in LlO hyperpolarize the LUQ cells. There are, however, 
differences in the electrophysiological properties of the 

connection that depend on the manner in which the LUQ 
cells are initially plated, 

LlO forms the dual inhibitory-inhibitory connection 
characteristic of this synapse in uiuo onto LUQ cells 
plated with their initial axons (Fig. 2, A to D). The fast 
component of the PSP begins 20 msec after the upstroke 
of the action potential in LlO and lasts 800 msec, and 
the reversal potential is 77 + 2 mV (n = 4). The slow 
component is elicited after several spikes have fired and 
lasts for several seconds after the stimulus. The slow 
potential is nulled but not reversed by hyperpolarization. 
In addition, the reversal potential of the fast component 
is shifted in the depolarizing direction by intracellular 
injection of chloride ions (n = 4). The reversal potential 
of the slow IPSP is not affected by increasing the intra- 
cellular chloride concentration (Fig. 20). 

When LUQ cells are plated without axons, LlO forms 
a connection which lacks the fast component (Fig. 2E). 
A single spike in LlO elicits no response in the LUQ cell, 
but repetitive firing elicits a slow, long-lasting hyperpo- 
larization. The IPSP is nulled but not reversed with 
hyperpolarization. This distinctive characteristic of the 
slow component was found in seven of eight cultures in 
which the LUQ cells had no axonal segments (see Table 
I). In one culture, a nonreversible slow IPSP was evoked 
by a single spike. 

LUQ cells have acetylcholine receptors. The LlO-LUQ 
synapse in uiuo is cholinergic (Giller and Schwartz, 1971; 
Eisenstadt et al., 1973), and the formation of an LlO- 

TABLE I 

Specific synapse formation between LlO and LUQ cells 
Summary of cultures examined electrophysiologically 3 to 5 days 

after plating for the presence of chemical synapses between the presyn- 

aptic neuron LlO and LUQ cells (target) or RUQ cells (non-target). In 
all cases LlO was presented with two to three LUQ or RUQ cells. Group 
I consists of cultures containing LlO with LUQ cells. The LUQ cells 
were plated either as isolated cell bodies or with axons. The reversible 

fast component that is normally seen at this connection in uiuo is 
elicited when LUQ cells are plated with axons (see Fig. 2). Group II 
consists of cultures containing LlO with RUQ cells or LlO with both 
LUQ and RUQ cells plated either with or without axons. No significant 

LlO-evoked response is detectable in the RUQ cells in either type of 
cultures (see the text and Figs. 3 and 4). Each culture dish is counted 
as having a synapse if at least one connection is present. The total 

number of synapses is counted separately since, in some cultures, LlO 
made synapses with more than one LUQ cell. 

Group I 

LlO-LUQ cells 

Group II 

Isolated Soma and LlO-RUQ LlO-LUQ-RUQ 

Soma Axon 
(Specificity) 

Cultures 12 10 6 10 

Cultures with syn- 8 8 0 9 

apse 
Total number of 14 14 16 

synapses on 
LUQ cells 

Reversible fast 0 14 12 

component 
Total number of 0 0 

synapses on 
RUQ cells 
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Figure 2. LlO forms chemical synapses with LUQ cells plated 
with axons (A to D) or without axons (E). A and B, A single 
spike in LlO elicits an IPSP onto the LUQ cell after 3 days in 
culture. The latency of the response is approximately 20 msec 
and the duration is 800 msec. In B, this IPSP is reversed when 
the LUQ cell is hyperpolarized to -50 mV below the resting 
potential (resting potential is -50 mV) and -25 mV below the 
reversal potential. C, LlO forms a dual-component PSP on 
LUQ cells after 5 days in culture. A single spike elicits the fast 
PSP, and repetitive firing elicits both the fast PSP and, with a 
latency of 2 to 3 set, a slow IPSP. The latter outlasts the 
stimulus by several seconds and recovers gradually. Single 
spikes in LlO again elicit the fast PSP during the recovery of 
the slow potential. D, The fast component of the PSP is 
sensitive to intracellular chloride ion concentration. In D,, 
repetitive stimulation of LlO elicits a fast component accom- 
panied by a slow component in the LUQ cell impaled initially 
with a potassium citrate electrode. In D2, the same LUQ cell is 
impaled with a potassium chloride electrode, and hyperpolar- 
izing current is passed for several minutes to inject chloride. 
The fast IPSP is reversed at the resting potential, but the slow 
IPSP is unaffected. E, LlO forms only the slow component 
PSP on a LUQ cell plated without its axon, after 5 days in 
culture. A single spike in LlO elicits no measurable response 
from the LUQ cell. With repetitive firing, a slow response can 
be seen at the resting potential (left trace). This response is 
nulled when the LUQ cell is hyperpolarized by -20 mV (center 
trace), but does not reverse with further hyperpolarization 
(right trace). 

LUQ connection with properties identical to that seen in 
uiuo suggests that the in vitro connection is also cholin- 
ergic. We tested this by examining the response of LUQ 
cells to ACh. LUQ cells which have formed the dual 
inhibitory synapse with LlO respond to ACh with a fast 
and slow IPSP; the fast IPSP is reversible; This response 
is evoked on the cell body or regenerated neurites with 
iontophoresis, and by diffusion from a pipette filled with 
a concentration of ACh as low as 50 MM. Since this is 
exactly the response evoked by LlO, it is consistent with 
the idea that LlO in culture releases ACh. 

We also examined synapses made by LlO onto LUQ 
cells without axons. In this case, despite the fact that 
LlO elicits only a slow PSP, ACh elicits both components 
of the ACh response. Furthermore, the dual inhibitory 
response is evoked by ACh onto LUQ cells which are 
cultured in isolation. These observations suggest that 
LUQ cells maintain normal receptors regardless of the 
presence of a synaptic connection. 

LlO forms specific chemical connections. Our data in- 
dicate that LlO will re-establish normal connections in 
vitro when presented with one set of its usual target 
neurons. Our next experiments were designed to ask 
whether LlO will retain the ability to recognize and make 
synapses exclusively with its usual target cells. We there- 
fore prepared two different kinds of cultures. First, LlO 
was cultured with RUQ cells, with which it does not 
synapse in Go. These cells are easily identifiable and, 
like LUQ cells, respond in uiuo to ACh (Koester and 
Kandel, 1977). We find that RUQ cells (cell body and 
regenerated processes) will also respond in vitro to ACh 
(see Fig. 3, E and F) and the amplitude of the RUQ cell 
response to ACh is comparable to that seen in LUQ cells. 
Second, LlO was cultured with LUQ cells and RUQ cells 
simultaneously to see if the presynaptic neuron could 
select its usual target from a heterogeneous population 
of cells, all of which make receptors to the transmitter 
released by LlO. 

No significant interaction is seen between LlO and 
RUQ cells even though the regenerated processes of the 
RUQ cells clearly overlap the processes of LlO (Fig. 1, B 
and C). In most cultures (14 of 16), stimulation of LlO 
evoked no response in the RUQ cells (Table I, Figs. 3 
and 4). In 2 of 16 cultures, high frequency firing of LlO 
(10 to 15 Hz) could elicit a slow hyperpolarization from 
one of the RUQ cells of less than 1 mV. Even in these 
cultures, however, the weak response in the RUQ cells is 
labile; LlO stimulation often produced no response in the 
RUQ cells. 

Figure 1. Darkfield photomicrographs of LlO co-cultured with LUQ cells, RUQ cells, or both LUQ and RUQ cells after 4 days 
in culture. The bars equal 100 pm. A, LlO with two LUQ cells. The LUQ cell on the left (1) was plated with an axon whereas 
the LUQ cell on the right (2) was plated initially without an axon. Electrophysiological examination of the synapses formed 
showed the dual component PSP on LUQ 1 and the single slow component PSP on LUQ 2. B, LlO with two RUQ cells. All cells 
were plated initially without axons. No chemical connection formed. Note that the processes of LlO overlap with those of the 
RUQ cells. C, LlO with LUQ and RUQ cells. All cells were plated initially with axons (including a second LUQ cell not seen in 
this field). LlO made synapses only with the LUQ cells even though RUQ cell processes overlap with LlO processes. 
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Figure 3. LlO forms synapses with LUQ cells and not with 
RUQ cells. A and B, LlO, RUQ, and LUQ cells are plated with 
initial axons. After 4 days, spikes in LlO elicit no response in 
the RUQ cell. The same LlO elicits an IPSP from the LUQ 
cell. C and D, In this culture, the LUQ and RUQ cells are 
plated without axons. After 4 days, repetitive firing of the LlO 
elicits no response from the RUQ cells, but a slow IPSP is 
elicited in the LUQ cell by an equal stimulus to the same LlO. 
E and F, Response by a RUQ cell to iontophoresis of ACh on 
cell body (E) and regenerated processes (F). The hyperpolar- 
izing response to ACh is the same as the response to ACh in 
uivo. The iontophoretic pipette in F is placed in an area of the 
neurite network where, under phase contrast microscopy, the 
RUQ neurites could be seen to overlap those of LlO. 
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Figure 4. Comparison of response of RUQ cell and LUQ cell’ 
to repetitive stimulation of LlO, at high gain. A, LlO is fired 
for several seconds at a high rate and elicits no observable 
change in potential of the RUQ cell. B, The response of the 
LUQ cell to repetitive firing of the same LlO is dramatic and 
immediate. This trace shows both summated fast IPSPs and 
the long-lasting IPSP. 

When LlO is cultured with both target cells (LUQ 
cells) and non-target cells (RUQ cells), as shown in 
Figure lC, LlO makes synapses with the LUQ cells and 
avoids the RUQ cells. The synapse is specific whether or 
not the LUQ and RUQ cells have initial axon segments, 
and no significant interaction is observed between LlO 
and RUQ cells even though strong connections are made 
between LlO and LUQ cells in the same dish (Figs. 3 and 
4). The results of these experiments indicate that the 
LlO-LUQ synapse is a specific physiologic interaction. 

LlO will make no effective connection when presented 
with the wrong target, and will select the appropriate 
target neuron when presented with both correct and 
incorrect target cells. 

Discussion 

We conclude from these experiments that isolated, 
identified neurons in Aplysia will re-establish specific 
connections in culture. The neuron LlO and the target 
cells L2 to L6 from juvenile animals retain the ability to 
make a specific chemical connection, despite the availa- 
bility of other non-target cells which make receptors to 
the transmitter released by LlO. We emphasize that our 
results demonstrate electrophysiologically functional 
synaptic interactions; the morphology and pharmacology 
of the actual contact have not yet been examined. Fur- 
thermore, the connection between LlO and LUQ cells is 
normal if the LUQ cells are cultured with a segment of 
axon. Without the initial axon, LlO-LUQ connections 
show only the slow PSP. The key finding of this study 
is the demonstration of non-random, physiologically sig- 
nificant interactions between specific pairs of cells with 
properties comparable to the synapses in the intact nerv- 
ous system. 

Although the formation of the LlO-LUQ connection 
in vitro is clear, a number of questions regarding the 
mechanisms remain unanswered. We cannot account for 
the observation that the formation of the dual IPSP 
requires an axon on the LUQ cell. It is obviously not the 
result of the absence of the receptor-ionophore respon- 
sible for the chloride IPSP, since the fast response can 
be evoked by ACh regardless of the nature of the synapse. 
However, it is possible that LUQ cells, without their 
axons, will not cluster the receptors at release sites. Our 
methods of ACh iontophoresis could not detect this. 
Alternatively, the fast PSP may require a postsynaptic 
specialization that requires an initial axonal segment to 
develop. Schacher and Proshansky (1983) have observed 
that neurite regeneration and morphology can be pro- 
foundly altered by the presence or absence of an initial 
axon segment, and we may be observing a physiologic 
effect of this alteration. 

A second important aspect of these experiments is that 
the LlO-LUQ connection is a non-random interaction. 
We suggest that LlO in vitro is able to recognize the 
difference between its usual target neurons and non- 
target neurons when the two groups are presented either 
together or separately, and that LlO will synapse specif- 
ically with its target cells. The implication is that this 
process is similar to that which occurs during the for- 
mation of specific neural connections in vivo. However, 
there are other possible explanations for the lack of an 
observable LlO-RUQ connection in culture, not directly 
related to specificity per se. For example, if an LlO-RUQ 
connection were to form which was electrically remote 
from the cell body, we would not detect it using our 
electrophysiological methods. Neither could we detect a 
synapse if the receptors on RUQ cells were, for some 
reason, not clustered appropriately at the LlO release 
sites. Although this would still result in a specific con- 
nection, the mechanism may not involve cell-cell recog- 
nition. We favor the idea that the synapse is formed 
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specifically, but we cannot completely rule out these 
other explanations without morphological data which 
show the absence of any specialized LlO-RUQ contacts. 

One other question is raised by our data. We find that, 
in some cases (2 of 16), with repetitive stimulation, LlO 
will evoke a weak and labile hyperpolarization onto RUQ 
cells. Although this is neither an effective nor a physio- 
logically significant interaction, compared to the LlO- 
LUQ connection formed in culture, there are different 
ways to account for it. First, LlO terminals could release 
transmitter before making any synaptic contact and, if a 
RUQ neurite is nearby, ACh will diffuse to it and evoke 
a response. If this is true, it is remarkable that we see 
this result so rarely, and it suggests that some process is 
at work even in culture to actively prevent this type of 
nonspecific interaction. There is, however, an alterna- 
tive. LlO could make synapses transiently with every cell 
in culture, and the mechanism of specificity may be the 
elimination of inappropriate synapses, as has been ob- 
served in other developing systems (Changeaux and Dan- 
chin, 1976; Ruffolo et al., 1978; Purves and Lichtman, 
1980). Since we make only one observation in time 
(between 3 and 5 days), we may, in most cases, see only 
those connections which remain after the synapses have 
been sorted out. The weak LlO-RUQ interactions may 
therefore be contacts which have not yet been eliminated. 
We cannot distinguish these possibilities on the basis of 
our data, but the question immediately suggests experi- 
ments to examine the time course of synapse develop- 
ment in vitro. 

On the basis of the data presented here, we suggest 
that the formation of the LlO-LUQ connection in vitro 
parallels the development of this synapse in uiuo. It is 
therefore an appropriate model in which to study factors 
which contribute to synaptic specificity. The advantage 
of this system is that it consists of a small number of 
large, uniquely identifiable neurons which can be studied 
electrophysiologically and biochemically (Ambron et al., 
1982) during the actual formation of the synapse. Fur- 
thermore, since this synapse in viuo shows both post- 
tetanic potentiation and presynaptic inhibition, it is pos- 
sible that the development of these features of the syn- 
apse can also be examined in vitro. 
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