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Abstract 

Our previous experiments have suggested the hypothesis 
that conjoint active neuronal outgrowth may be necessary 
for formation of new electrical synapses between identified 
neurons of adult Helisoma buccal ganglia. This growth de- 
pendence hypothesis now has been tested by examining the 
responses of individual pairs of neurons in isolation from the 
influences of the ganglionic environment. Isolated cell culture 
of identified neurons (neuron 5) showed that: (i) neurons 
growing in cell culture undergo a predictable sequence of 
morphological changes culminating in a stable morphological 
state (i.e., growth stops); (ii) contact between actively grow- 
ing neurons in cell culture results in the formation of electrical 
connections, just as in ganglia; and (iii) when an actively 
growing neuron encounters a neuron that is morphologically 
stable, electrical connections do not form or are very weak, 
even though strong connections are made between pairs of 
actively growing neurons in the same culture. These results 
establish that processes closely associated with growth are 
required for formation of electrical synapses between these 
neurons. 

Electrical synapses exist in a great many tissues (e.g. Cox, 1974) 
and act as the substrate for both electrical and metabolic coupling 
between cells (Gilula et al., 1972; Pitts and Simms, 1977; Lawrence 
et al., 1978). Electrical synapses are an important subset of the 
kinds of connecfions that neurons make with one another (Bennett, 
1977), and their strength can be accurately measured for quantitative 
comparisons (Bennett, 1966). Most importantly, for the present 
experiments, these connections easily can be induced to form 
between identified neurons under controlled conditions so that the 
phenomena affecting their formation can be studied. 

In response to axotomy, buccal ganglion neurons of the snail, 
Helisoma, sprout and undergo a predictable sequence of changes 
in chemical and electrical connections (Murphy and Kater, 1978, 
1980; Bulloch et al., 1980; Bulloch and Kater, 1981, 1982; Hadley 
et al., 1982, 1983; Hadley and Kater, 1983; Murphy et al., 1983). 

Received August 29, 1984; Revised June 3, 1985; 
Accepted June 4, 1985 

’ We wash to thank Paul Gade and Garry Hauser for technical assistance 
and Drs. J. Denburg and C. -F. Wu for comments on the manuscript. This 
work was supported by United States Public Health Service Grants NS18819, 

NSl5350, and HDl8577. 
’ Present address: Washington University School of Medicine, Department 

of Anatomy and Neurobiology, 660 South Euclid Avenue, St. Louis, MO 

63110. 
3 To whom correspondence should be addressed. 

These physiological changes all are associated with neuronal sprout- 
ing and outgrowth after axotomy. 

The present experiments focused on the identified buccal gan- 
glion neuron 5. The formation of a new electrical synapse between 
neuron 5 and the contralateral neuron 5 within the buccal ganglion 
entails two stages: first, neuron 5 connects with a specific group of 
neurons, and second, all but the 5-5 connection are selectively 
eliminated to yield the specific resultant connectivity pattern (Bulloch 
and Kater, 1981, 1982). Whereas this previous work (see also 
Bulloch et al., 1982) has examined factors affecting synapse elimi- 
nation (cf. Dennis and Yip, 1978; Purves and Lichtman, 1980), the 
present communication examines constraints on the initial establish- 
ment of interconnected sets of neurons. 

Previous studies (Hadley and Kater, 1982, 1983; Hadley et al., 
1983) have suggested the hypothesis that active outgrowth from 
both neurons of a particular pair is necessary for formation of novel 
electrical connections. Such studies involved crushing nerves to 
axotomize neurons and evoke growth in order to examine the 
responses of single identified neurons. To remove possible gangli- 
onic effects arising from such widespread axotomy, we have re- 
moved the ganglion environment completely by maintaining the 
neurons 5 in isolated cell culture (Wong et al., 1981; Kater et al., 
1982). This has enabled us to isolate the responses of the neurons 
from the effects of the environment and to demonstrate that the 
requirement for neuronal growth to form strong electrical synapses 
is an intrinsic property of these adult neurons. 

A preliminary report of some of these results already has appeared 
(Hadley et al., 1983). 

Materials and Methods 

Animals from inbred stocks of Helisoma trivolvis were dissected (Kater 
and Kaneko, 1972) under sterile conditions (sterile antibIotIc saline in a 
laminar flow hood; Wong et al., 1981). Buccal ganglia were removed from 
the animals and prepared for neuronal isolation for cell culture. 

Helisoma physiological saline contained (in mllllmolar concentration): NaCI, 
51.3; KCI, 1.7; CaCI,, 4.1; MgC12, 1.5; HEPES, 5, at pH 7.3. Culture medium 
was modlfled Leibowitz L-15 for Helisoma (HL-15; Wong et al., 1981). Neurite 
outgrowth was dependent upon the presence of a conditioning factor(s) 
from Hekoma CNS (Wong et al., 1981, 1983a, b; Barker et al., 1982). 
Consequently, Isolated neurons were cultured in HL-15 conditioned medium 
(CM; 2 brains/ml for 72 hr) to allow outgrowth to occur. 

For Isolation of neuron 5, buccal ganglia were treated with 0.2% trypsin 
(Sigma type Ill in stertle saline) for Yz hr followed by a 15.mln rinse in 2% 
trypsin inhibltor (Sigma type I-S). Ganglia were then pinned to Sylgard pads 
in HL-15 medium (Wong et al., 1981). Identified neurons 5 were removed by 
making an incision in the ganglionic sheath above neuron 5 with a tungsten 
microkntfe, exposing the neuron. The neuron was removed with a micropi- 
pette controlled by mlcromanipulation and a micrometer drive syringe (see 
also Kater et al., 1982). Neurons were placed in polylysine-coated culture 
dishes containing CM. Neurons initially plated on day 0 were designated 
primary neurons, and subsequent cells plated in the same culture dish were 
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designated secondary neurons. Procedures for removal and plating of 
secondary neurons were the same as for primary neurons. Addition of 
secondary neurons was at either day 2 or day 7. Cultures were maintained 
in sterile plastic cabinets with humidified air at 22 to 25°C. 

Elecfrophysiology and photography. Standard electrophysiological and 
morphological techniques were used. Glass, fiber-filled microelectrodes were 
filled with 1.5 M KCI (DC resistance = 20 to 60 megohms) and connected 
through a unity gain, high input impedance amplifier to an oscilloscope and 
a chart recorder. Electrical coupling was measured by injecting current into 
one neuron through a Wheatstone bridge circuit and recording the coupling 
coefficient (postsynaptic/presynaptic voltage ratio; Bennett, 1966). Electrical 
coupling was assayed 24 to 48 hr after initial morphological contact. Physi- 
ological recordings and photography of isolated neurons were performed on 
an inverted microscope with phase contrast optics. 

Comparisons between groups of data were made using the Student’s t 
test with a correction for unmatched variance (Dixon and Massey, 1969). 
Values for electrical coupling within experimental groups are expressed as 
mean -+ SEM. Curve-fitting in Figure 11 was done by performing a linear 
regression on the log of coupling coefficient versus distance. A curve was 
then constructed by eye through representative regression points along the 
linear axis. 

Results 

Growth kinetics of neuron 5 in cell culture. Initial cell culture 
experiments determined the kinetics of neurite outgrowth for neurons 
5 and then related those kinetics with the morphology of the growth 

cones. Neurons plated in Helisoma brain CM (see Wong et al., 
1981; Kater et al., 1982), expressed a reproducible sequence of 
morphological changes. isolated spherical cell bodies attached to 
the substratum (Fig. IA) and initiated neurite sprouting within 1 day. 

These neurites were extended behind large, flat, phase-dark growth 
cones (Fig. 1 B), with actively changing shapes. During this stage of 
growth, rates of extension for individual neurites were relatively 
constant (Fig. 2, top): approximately 300 pm/day between days 1.5 

and 3 (at 22 to 25°C). After the active growth stage, neurites 
underwent a morphological transition; growth cones became quies- 
cent, slender, and phase bright (Fig. IC), and neurite extension 

slowed and stopped (Fig. 2, top; after day 3). After this stage, further 

neunte growth was not observed, although small adjustments could 
have gone undetected. The time course shown in Figure 2, top, was 
derived from observations on five individual neurites of two neurons 

and exemplifies the transition to a stable state (+I day) made by all 
neurons 5 plated in CM. Resting and action potential amplitudes of 
stable neurons were indistinguishable from those of actively growing 
neurons. Attainment of similar stable morphological states has been 

described previously for Isolated, unidentified Helisoma neurons, 
and is a predictable feature for all neurons we have observed in 
culture (Wong et al., 1981; Kater et al., 1982). 

The morphology of individual growth cones was a reliable indicator 
of the growth status of the neurons (Flg. 1, insets). Slender, phase- 
bright growth cones were characteristic of morphologically stable 
neurites (Fig. 1C). Examination of all terminal structures on a popu- 

lation of neurons 5 (Fig. 2, bottom) showed that the proportion of 
phase-bright endings increased rapidly with time, such that by day 
3, 83% of the endings were phase bright. The time course of 
Increase of phase-bright endings was coincident with the cessation 

of neunte extension. These distinct morphological correlates to 
growth allowed quick and reliable classification of individual neurons 
and tests for competence to make electrical synapses as a function 
of growth status. 

It was important to confirm that stable-state morphology was not 
the result of changes in the culture conditions with time. Figure 3 
shows a pair of stable-state neurons after 4 days in culture, to which 
was subsequently added a third neuron (Fig. 3, arrow) to test the 

ability of the medium to support outgrowth. This neuron grew rapidly 
and likewise reached a stable state indistinguishable from that seen 
in fresh medium. Thus, the attainment of stable state was not a 

result of changes in the CM or conditioning factors. 
Formation of electrical connectlons between simultaneously 

plated neurons. As many as 12 neurons were cultured simultane- 

ously in a single culture dish in CM, and growth was essentially 
synchronous for all of the neurons (but see Haydon et al., 1984, for 

F/gure 7. Stages In the growth of an Isolated neuron 5. A, lnltlatlon of outgrowth occurs with the evolution of veils around the spherical cell body, usually 
withIn 24 hr of Initial plating. /3, Active growth occurs after inttiatlon of sprouting Growth cones (msefs) are charactenstlcally large, flat, and phase dark 
during active growth C, A stable morphology IS reached after which no more growth ensues. The stable state IS characterized by slender, phase-bright 
endings Bar = 100 pm for A to C; 20 pm for Insets. 
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Days After Plating 
Figure 2. Quantitative measures of transition from active growth to stable 

morphology. Top, Lengths of individual neurites were measured at intervals 
after initial plating of neuron 5. The slope of the graph indicates growth rates. 
A sequence of initiation, rapid growth, and transition to a nongrowing state 
is apparent from this analysis of 5 individual neurites from two neurons. 
Bottom, The percentage of endings which were phase bright was determined 
from photographs of 11 neurons at different times after initial plating. This 
population of endings (n = 89 to 175 for each point) shows an increase to 
nearly 100% phase-bright by day 7. 

different results using different culture conditions). Contact invariably 
occurred between the growing neurites of neurons plated within 500 
pm of one another (Fig. 4). Pairs of such “primary” neurons (i.e., 
those neurons plated on day 0) which were assayed by intracellular 
recordings 24 to 48 hr after contact always were electrically coupled 
to one another. Current injected into one neuron caused a voltage 
deflection in the coupled neuron (Fig. 4, insets), and action potentials 
In one cell could give rise to action potentials in the other cell or to 
electrotonrc postsynaptic potentials if coupling was weak and/or if 
the postsynaptic cell were slightly hyperpolarized by injected current. 
In every case, couplrng was nonrectifying (i.e., current could be 
passed in both directions) (Fig. 4, insets A, 8, and C). The mean 
coupling coefficient for neuron pairs assayed 24 to 48 hr after initial 
contact was 0.42 f  0.10 (n = 9). The electrical coupling in cell 
culture was essentially identical to that observed between these 
neurons in the ganglion. 

When neurons were part of a simultaneously plated multicellular 
network, couplrng was observed between all pairs of neurons that 
were touching one another. Coupling was measured by pairwise 
recordings and, therefore, values included direct as well as indirect 
electrical pathways via other neurons. All (n = 30 pairs) simultane- 
ously growing pairs of neurons that we assayed became electrically 
coupled. A single neuron was capable of forming electrical connec- 
tions with more than one homologue; this observation IS unique to 
cell culture and could not have occurred in organ culture within the 
buccal ganglion environment (see Bulloch and Kater, 1981, 1982; 
Hadley et al., 1982; Hadley and Kater, 1983). 

Differential competence of growing or stable primary neurons for 
electrical synapse formation. Cell culture not only allowed multiple 
neurons to connect, but also permitted delayed addition of “second- 
ary” neurons to the previously plated primary neurons. Neurons were 
added near the primary neurons either on day 2, when the primary 

Figure 3. Supportive culture conditions after neurons have reached stable states. After 4 days, when two neurons 5 had reached stable morphologies 
(left), a third neuron 5 was added to the culture (at arrow). The added neuron grew indistinguishably and also reached a stable state within 3 days, indicating 
no change in the culture environment. 



3148 Hadley et al. Vol. 5, No. 12, Dec. 1985 

B 
u 

C 
4i i 2 

Figure 4. Morphology and electrical interaction among four simultaneously plated neurons, Neurons were photographed 48 hr after isolation from the 
buccal ganglion and initial plating near one another. Intracellular recordings from these neurons (traces identified by numbers 7 to 4) are shown in the 
insets. A, All neurons were DC electrically coupled (current injected in upper trace) and spontaneous action potentials often propagated with fidelity, B, 
With n,euron 3 held slightly hyperpolarized, action potentials driven in neuron 4 by a depolarizing current pulse gave rise to electrotonic postsynaptic 
potentrals in neuron 3. Note also the electrotonic potential in neuron 4 rising from the single action potential in neuron 3. C, Electrical coupling was 
bidirectional and nonrectifying. DC current (injected into neuron 3) passed in both positive and negative polarities. Calibrations: 10 mV for all; 2 set, A and 
C, 0.5 set, i3. 

neurons were acttvely growing (Fig. 5), or on day 7, when they were 

in a stable morphological state (Fig. 6). Secondary neurons grew 
indrstrngurshably from the originally plated neurons, and primary/ 
secondary neuron contact (at the level of the light microscope) 
occurred withrn 1 to 1.5 days after plating of secondary neurons, 
Electrical couplrng was assessed 24 to 48 hr after primary/secondary 
neuron contact (Figs. 7 and 8). Typically, recordings from the 
resulting neuronal networks showed strong coupling between the 
initially plated neurons as well as between the pairs of secondary 
neurons. Strong primary/secondary coupling occurred only if primary 
neurons were actively growing and, conversely, negligible couplrng 
occurred if primary neurons were stable. Thus, in agreement with 
previous experiments rn buccal ganglra (Hadley and Kater, 1983) 
the stable morphologrcal state of these neurons correlated with a 
lack of competence to make new electrical connections. 

Quantitative comparisons of coupling between neuron pairs were 
made using group mean coupling values (Fig. 9). Coupling between 
stable primary and secondary neurons (sP/S) was strikingly lower 
than any of the other groups (primary/primary = P/P, growing 
primary/secondary = gP/S, secondary/secondary = S/S). Moreover, 
the occurrence of zero coupling values for sP/S (7 of 15 with 
undetectable coupling) was significantly more frequent than in the 
other groups with conjoint growth (0 of 33 with no coupling, p < 
0.001 by contingency x2 test). Furthermore, S/S readily connected 
to one another, with significantly higher coupling coefficients com- 
pared with sP/S (p c 0.005; see also “Drscussion” for somewhat 
lower values of S/S, compared to P/P and gP/S). 

These comparisons demonstrate a clear difference in the synap- 
togenic competence of growing and nongrowing neurons in the 
same culture dish. 

Additional influences on electrical coupling. A number of phe- 
nomena other than growth status also might be considered as 
possible bases for the lack of coupling between stable primary 
neurons and growing secondary neurons, including the following. 

(i) The culture medium was 7 days old at the time of addition of 
secondary neurons, and its quality might have deteriorated during 
this time. Experimental results, however, mitigate against this possi- 

bility: after plating on day 7, secondary neurons sprouted and grew 
identically to primary neurons plated on day 0, indicating continued 
action of growth-promoting factors in the medium (Figs. 3 and 6; 
see Barker et al., 1982, and Wong et al., 1983a, b, for characteristics 
of the growth-promoting factors). The secondary neurons also had 
normal electrophysiological characteristics and readily coupled with 
one another (Figs. 8 and 9) confirming that the medium was not 
greatly changed. 

(ii) It is possible that intercellular affinities (e.g., adhesion) may 
have differed between growing and nongrowing neurons. We have 
not directly measured adhesive strengths (e.g., Bray, 1979); how- 
ever, growing secondary neurites appeared to “track” and follow 
both growing and nongrowing neurites equally well. This would 
indicate that the nongrowing cell surfaces were still “preferred” to 
the polylysine substratum by growth cones, and adhesion probably 
was not significantly reduced. 

(iii) I f  the amount of neurite contact could affect coupling strength, 
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Day 2 Day 4 

figure 5. Addrtron of secondary neurons to cultures of growing primary neurons. Two primary neurons (P7, P2) were allowed to grow and Interact untrl 
day 2. Two secondary neurons (S7, S2) were added after the time of the leff photograph. Sproutrng and growth ensued from the added neurons in a 
manner rndrstingurshable from that expressed by primary neurons. By day 4, growth from the added neurons overlapped the earlier growth. The primary 
neurons were still undergoing active growth at the time the secondary neurons were added (see the text and Fig. 7). 

figure 6. Addition of secondary neurons to stable primary neurons. These primary neurons (P, and P2) were stable on day 7 (note phase-bright endings). 
Secondary neurons (S, and S,) which were added on day 7 (after the time of the.photograph on the /et?), grew and contacted the primary neurons by day 
10. 
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F/gure 7. Electrical coupling between actively growing primary neurons 
and added secondary neurons. A, The network of electrical coupling for the 
neurons shown in Figure 5 shows that strong primary/secondary coupling 
was readily established. Some connections were not assayed (n.a.). Rep- 
resentative coupling traces from the network show that action potentials and 
direct current are transmitted even between a pair of cells with relatively low 
coupling (PI -S2; V2/V, = 0.40). 13, At left, current injected into Pi is seen In 
S2 and action potentials are faithfully transmitted to S2. At riglght, with a slight 
hyperpolanzlng current injected into S2, action potentials in Pi give rise to 
both electrotonlc postsynaptic potentials and actlon potentials. Calibrations: 
20 mV for all; 2 set, left; 0.5 set, right. 

2sec 

Figure 8. Electrical connections among primary and secondary neurons 
shown in Figure 6. A, Summary of the coupling networks shows strong P/P 
and S/S coupling, whereas primary/secondary coupling (dashed resistors) 
was very weak. B, Representative coupling records from these neurons (all 
traces at the same gain) show the relative physiological effects of this strong 
and weak coupling. Current was injected into the neurons in the top traces. 

then it is possible that secondary neurons could have simply expe- 
rienced little neurite overlap with stable primary neurons. In general, 
however, the physical overlap between coupled pairs and noncou- 
pled pairs of neurons was similar. Figure 10 shows that even when 
there was considerably more overlap between a secondary and a 
stable primary.neuron, coupling was much weaker than between 
primary neuron pairs with less overlap. Differences in amount of 
neurite contact therefore did not account for the observed coupling 
differences. 

(iv) Another possibility is that prior stabilization of P/P connections 
could confer a “resistance” to incoming new connections (e.g., Slack, 
1978; Thompson, 1978; Bennett et al., 1979). Two classes of 
observations indicate that this was not the case. First, in two 
experiments, when we plated solitary primary neurons and allowed 
them to reach a stable morphological state without connecting to 
other neurons, secondary neurons did not connect with them (cou- 

pling coefficients = 0 and 0.01). Additionally, the prior formation of 
connections did not prevent connections between growing primary 
and secondary neurons (Fig. 9, gf/S). The formation of prior P/P 
connections is thus neither necessary nor sufficient to prevent 
neuron pairs from connecting. The simplest hypothesis is still pre- 
ferred: that growth, or a cellular function intimately related to growth, 
is necessary for the formation of electrical synapses between these 
neurons. 

In addition to growth, we have identified one other factor that 
affected the strength of coupling. Coupling coefficients between 
neurons depended upon intervening distances as well as growth 
status. A plot of coupling versus distance (Fig. 11) shows an inverse 
distance-coupling relationship for growing pairs of neurons, whereas 
secondary to stable primary coupling (Fig. 11, open circles) is low 
or nonexistent at all distances. Coupling between neurons was 
expected to be reduced with greater distances between somata 
(recording sites) both from electrotonic decay and fewer opportu- 
nities for neurite contact (assuming radial outgrowth). A simple model 
of electrotonic decay would predict a logarithmic relationship be- 
tween coupling and distance. A least squares regression using this 
model (line plotted in Fig. 11) yielded a correlation coefficient (r) of 
-0.79, indicating a possible contribution of electrotonic decay in this 
relationship. Other factors, such as decreasing junctional contact, 
almost certainly also contributed to the lower coupling with distance. 

Discussion 

We have addressed the question of the requirement of neurite 
outgrowth for electrical synapse formation in a variety of experimental 
paradigms. With growth evoked iri intact ganglia by selective nerve 
crushes, pairs of growing neurons always connected, whereas when 
growth was evoked from only a single neuron of a pair, the result 
was very weak or absent electrical connections (Hadley and Kater, 
1983; Hadley et al., 1983). Spatially coincident growth was thus 

.60 

P/P 

Type of cell pair 
Figure 9. Summary of mean coupling coefficients for all groups. Compar- 

isons of primary/primary (f/P) and growing primary/secondary (gP/S) show 
no difference. Secondary/secondary (S/S) values are somewhat lower than 
P/P and gP/S (p < 0.1 and p < 0.05, respectively). Coupling between 
secondary and stable primary neurons (sP/S) is significantly lower than any 
of the other groups (p < 0.005). Significance levels are from palred t tests. 
Values are mean + SEM, n = 7 to 17 for each group. 
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Figure 70. Neunte overlap for conjointly 
growrng (A) and growing/stable (B) pairs of 
neurons 5. Although there was abundant 
physical overlap between a secondary neuron 
and stable primary neuron (Sand P), coupling 
was much lower than between two growing 
primary neurons with less contact between 
them (P and P). These tracings were taken 
from photographs with multiple other neurons 
in the field. All primary neurons were plated 
on day 0, secondary neurons on day 7. Cou- 
pling measurements were performed on day 
2 (A] or day 9 (13). 

Distance Between Neurons 
( urn) 

Figure 77. Scatter plot of couplrng as a function of distance between 
neurons. Each point represents a single neuron Parr. Solid circles are P/P 
and gP/S, and the line is the least squares loganthmrc regression plot for 
these potnts. Open circles are sP/S and half-circles represent sP/S coupling 
values of zero. Distances were calculated from photographrc negatives. 

required in situ. Growing peripheral axons of neurons 5R and 5L 

also can couple to one another, making an electrical synapse in the 
periphery (Hadley et al., 1982), showing that the central ganglionic 
environment was not required, and spatially coincident growth was 
sufficient for connections to occur. Finally, in cell culture (this 
communication), isolated pairs of simultaneously growing neurons 
always connected, in contrast with the failure of stable neurons to 
form electrical synapses. Thus, temporal coordination, as well as 
spatial coordination of growth, is necessary for formation of electrical 
synapses, both in situ and in vitro. 

It seems likely that the physical substrate for electrical coupling is 
the presence of gap junctions between these neurons. D. Hall 

(personal communication; Hall et al., 1984) has demonstrated gap 
junctions by freeze fracture in the buccal ganglion and in thin 
sections of other Helisoma neurons in cell culture. 

Coupling in cell culture (as in situ) occurred not only between 
neurons 5, but also between homologous pairs of identified neurons 

4 or 19, and between heterologous pairs (e.g., 5-19; Cohan and 
Kater, 1983). All of these pairs were plated simultaneously, so that 
growth dependence for the resulting electrical connections has not 
been evaluated. It will also be of interest to define the conditions 
necessary for selective elimination of some connections (e.g., 5-19 
or 5-4) and maintenance of others (e.g., 5-5) in cell culture, as occurs 
in ganglionic organ culture (Bulloch and Kater, 1982; Hadley and 
Kater, 1983). 

The use of isolated cell culture represents an attempt to minimize 
the influence of surrounding nervous tissue in order to define the 
intrinsic properties of neurons that might affect connectivity. In earlier 
experiments which employed nerve crushes for axotomy, compe- 
tence of neurons to make electrical synapses was presumably 
intrinsic to growing neurons but could also have been strongly 
influenced by the ganglionic environment and nearby populations of 
other axotomized neurons. In a number of systems, trans-synaptic 
effects (e.g., Sumner, 1975, 1977; Cotman, 1978) or diffusible 
substances from other damaged neurons (Long0 et al., 1981, 1982; 
Nieto-Sampedro et al., 1982) or target tissues (Brown et al., 1981) 
can induce or enhance neuronal sprouting. Similar phenomena do 
occur in Hekoma: buccal ganglion neurons 19R and 19L sprout 
and grow after nerve trunks which do not contain their axons are 
crushed, even when connections with their targets are intact (Mur- 
phy, 1979). The similarity of results in whole ganglia (Hadley and 
Kater, 1983; Hadley et al., 1983) to the present results in cell culture, 
however, support our growth dependence hypothesis and indicate 
a minimal role of nerve crush damage. 

In order to use morphologically stabilized neurons as models for 
a nongrowing state, the culture conditions must remain supportive. 
It is important to note that stable primary neurons appeared to be 

as viable as actively growing ones. For example, no significant 
differences were seen for resting or action potential amplitudes of 

primary neurons at day 9-10, compared with day 2-3. Additionally, 
profuse outgrowth of secondary neurons added to 7-day cultures 
showed that there was no decrease in the ability of CM to support 
growth cone formation and neurite elongation. Coupling between 

pairs of secondary neurons also indicated continued support for 
establishment of electrical synapses. 

The lower values for coupling between secondary neurons could 
indicate a potential weakness in our experimental paradigm. How- 
ever, we can attribute these lower values to other influences. For 
example, secondary neurons were usually placed on opposite sides 
of the primary neurons (e.g., Fig. 5). This had two effects which led 
to weaker S/S coupling. First, secondary neurons were slightly further 
apart, leading to lower coupling (Fig. 11). Second, growth was 
nonrandom because secondary cell neurites tended to grow along 
existing primary cell neurites and this misrouting prevented some 
contacts between the growing neurites. It is noteworthy that the 
mean S/S coupling coefficient was 0.29, the same as between pairs 
of selectively axotomized neurons 5 in ganglia (Hadley et al., 1983). 
Neurons in buccal ganglia also tend to grow along existing fiber 
tracts (unpublished observations), and perhaps higher coupling was 



3152 Hadley et al. Vol. 5, No. 12, Dec. 1985 

prevented in both cases by the presence of preferred pathways 
which could have diverted part of the growth that otherwise would 
have made contact. Although these, or other, possible differences 
could have lowered S/S coupling, comparisons with the extremely 
low values for sP/S coupling indicated a clear difference in compe- 
tence of growing and nongrowing neurons to form connections. 

Recent experiments by Haydon et al. (1984) bear on another 
important aspect of this research. The present experiments do not 
distinguish whether the nonpermissive state of stable neurons was 
indeed attributable to their growth status or, alternatively, to the fact 
that the neurons had been in culture for 8 days at the time of 
contact, It is conceivable that growth had stopped by day 5-7 
because the neurons were “old,” and this was the reason the cells 
did not form electrical junctions. The experiments of Haydon et al. 
(1984) have demonstrated that the neurotransmitter serotonin (1 O-7 
M) can selectively inhibit growth of certain neurons, even when newly 
plated. Using this approach, they have shown that the serotonin- 
induced nongrowing state is associated with a nonsynaptogenic 
state. Moreover, after serotonin is removed, the neurons can both 
grow and form electrical synapses, indicating that growth states, 
rather than age in culture, are important in determining these neu- 
rons’ capacity for electrical synaptogenesis. 

Consequences of growth-dependent synaptogenesis. The for- 
mation of electrical synapses between isolated neurons in vitro has 
not been widely reported. Until recently, electrical synapses between 
mammalian neurons in vitro were seen only as rare events (Fisch- 
bath, 1972; Ko et al., 1976; O’Lague et al., 1978; Nurse, 1981) 
with chemical synaptic transmission as the primary mode of com- 
munication. Most recently, however, ready formation of abundant 
electrical synapses between sympathetic neurons (Higgins and 
Burton, 1982) and between spinal motoneurons (O’Brien et al., 
1982) has been reported, under appropriate culture conditions and 
when neurons are not too far apart. It is possible that electrical 
synapses also existed in earlier experiments where chemical syn- 
aptogenesis was the primary focus of study; the electrical shunting 
effects of chemical synaptic interactions could have obscured elec- 
trotonic connections, especially if coupling coefficients were low 
(e.g., Spira and Bennett, 1971). Alternatively, electrical coupling 
could have escaped detection if it were transient (e.g., Bulloch and 
Kater, 1982; O’Brien et al., 1982). It will be of future interest to 
correlate growth with electrical synapse formation in other in vitro 
systems. 

What is the possible role of growth dependence for electrical 
synapse formation in this system? This relationship could act to 
refine the connectivity possibilities for groups of neurons. For ex- 
ample, a first-approximation rule for establishing initial connections 
could be to “make a connection with anyone you contact, then 
decide whether that connection is appropriate.” A more precise rule 
(which evidently holds for Helisoma) would more narrowly define 
which connections were possible, as in “if you are growing, make a 
connection with any growing region of a neuron, then decide 
whether that connection is appropriate.” In this way, a particular 
neuron is precluded from forming connections with an entire popu- 
lation of cells which are not growing at the same time or locale. 
Thus, the requirement for conjoint outgrowth for electrical synapto- 
genesis can act as an intial screening mechanism and can simplify 
the subsequent processes of selective synapse elimination and 
maintenance by reducing the number of initially formed synapses. 

A mechanism which determines whether an electrical synapse will 
or will not occur may be fundamental enough to be operant in more 
than a single species or phylum. Is growth involved in specific 
establishment of connections in other systems? Consider two ex- 
amples of specific formation of electrical connections: in grasshop- 
per embryos, pioneer motoneurons growing into the leg are guided 
along specific pathways by “guidepost” neurons (Bentley and Kesh- 
ishian, 1982; Goodman et al., 1982; Taghert et al., 1982). When the 
pioneer growth cones contact the guidepost neurons in the leg, they 
transiently couple and perhaps exchange information before the 
pioneer neuron goes on to the next guidepost. Does concurrent 

growth allow pioneers to couple specifically to guidepost neurons 
and not to other cells? This question cannot be answered from 
available information, although the guidepost cells do initiate growth 
at approximately the time of contact by the pioneer neurons, In the 
developing optic system of Daphnia, specific electrical coupling also 
occurs between growing ommatidial neurons and certain neuro- 
blasts (Lopresti et al., 1974). The neuroblasts undergo a set of 
stereotyped morphological changes and wrap around the ingrowing 
neuron in a glial-like wrapping response. This rapid change in 
morphology may be related to growth in the cellular changes that 
occur and may be a proximal factor in the competence to form an 
electrical synapse. 

An obvious feature unique to growing neurons is the growth cone 
(Ramon y  Cajal, 1928; Kater and Letourneau, 1985). Growth cones 
are highly specialized organelles, with newly inserted membrane 
components (Pfenninger et al., 1982) a constant flux of polymerizing 
and depolymerizing actin filaments (Letourneau, 1981) and sites of 
high membrane turnover (Bunge, 1973; Rees et al., 1976; Tsui et 
al., 1982). Perhaps growth cones have a special competence to 
form junctions because necessary macromolecules (Kistler and 
Bullivant, 1980; Raviola et al., 1980) can be easily inserted only at 
that site of rapidly changing membrane composition. Or perhaps 
the particle-free regions of the growth cone (Pfenninger and Bunge, 
1974) are free to simply fuse together as in fusion of secretory 
granules in exocrine cells (Chandler and Heuser, 1980). In addition 
to having specialized endings, growing neurons have special protein 
synthetic patterns, with specific proteins being transported down 
the growing axon (Benowitz et al., 1980; Deaton et al., 1980; Skene 
and Willard, 1980; Griffen et al., 1981). These proteins can then be 
involved in either synaptogenesis or modification of connections 
after they have formed (Skene et al., 1982). The stabilizing effect of 
the microtubular cytoskeleton (e.g., Bray et al., 1978; Letourneau, 
1982) once neurites have formed, might be associated with the 
“resistance” to forming electrical connections expressed by stable 
Helisoma neurons. Any of the above phenomena could be related 
to a neuron’s competence to form new connections. In any event, 
whatever the specific mechanisms may be, they are very closely 
associated with neuronal outgrowth and are amenable to direct 
experimental assessment. 
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