
Concanavalin A Alters Synaptic Specificity 
Between Cultured Aplysia Neurons 

Factors that regulate synaptic specificity were investigated with Aplysia buccal and bag 
cell neurons in primary cell culture. In the presence of fetal calf serum electrical 
synapses are formed between buccal-buccal or bag-bag cell pairs, but not between 
buccal-bag cell pairs. Instead, buccal neurons make inhibitory chemical synapses on 
bag cells. However, in the presence of nanomolar concentrations of the lectin 
concanavalin A this pattern changes, such that more than 75 percent of buccal-bag 
pairs exhibit electrical synapses and the frequency of occurrence of buccal-bag chemical 
synapses is reduced. Such changes in synaptic specificity may be important in 
determining the types of synapses formed during neuronal development and neurite 
regeneration. 

T HE FORMATION OF SPECIFIC SYNAP- 

ses between neurons early in devel- 
opment is critical for the proper 

hnctioning of neural circuits. Although 
they are specific, many synapses are also 
plastic and can be changed by injury to, or 
learning in, the nenrous system (1, 2). To 
understand better how synapses are formed 
and modified, investigators have used tissue 
culture techniques to study synaptogenesis 
between isolated neurons (3-9). Identified 
invertebrate neurons retain many of their in 
situ properties in culture, including the for- 
mation of specific synapses (4-8). For exam- 
ple, bag cell neurons from the abdominal 
ganglion of the sea hare Aplyia cal@mica 
will make electrical synapses with each other 
when dissociated in culture (5), just as they 
do in the intact ganglion. Likewise, neurons 
from the buccal ganglion will form electrical 
synapses with each other in culture (6, 8) ,  
although the extent to which this reflects the 
situation in vivo is less clear. These studies 
(5, 6, 8) indicate clearly that cultured buccal 
and bag cell neurons are both competent to 
form electrical synapses. Yet in spite of this, 
buccal neurons do not form electrical synap- 
ses with bag cell neurons when growing 
adjacent to them in tissue culture dishes. 
They will, however, make inhibitory chemi- 
cal synapses on bag cell neurons (8). Thus 
these neurons exhibit selectivity in their 
choice of synaptic partners, and specificity in 
the kinds of synapses that they form. 

One advantage of tissue culture is the 
ability to change the conditions under which 
the neurons grow and ask whether this 
changes their properties. For example, fac- 
tors in conditioned medium from heart cells 
can change the transmitter phenotype of 
cultured sympathetic neurons from adrener- 
gic to cholinergic (10). We now show that 

adding nanomolar concentrations of the lec- 
tin concanavalin A (Con A) to the culture 
medium changes the pattern of synaptogen- 
esis in Aplysia neuron cultures by inducing 
the formation of electrical synapses between 
buccal and ban cell neurons. " 

Buccal and bag cell neurons were dissoci- 
ated and cultured in sterile 35-mm dishes 
filled with modified L15 medium contain- 
ing fetal calf serum (6, 8) .  After 3 to 10 days 
in culture, microelectrodes were inserted 
into pairs of cells with overlapping neurites 
to determine the type of synapses formed 
between the cells (11). As reported previ- 
ously (6), buccal neurons grown in medium 
without Con A will form electrical svnaDses , L 

with one another, as measured by the pas- 
sage of hyperpolarizing current between cell 
pairs (Fig. 1A). Similarly, a bag cell will 
form an electrical synapse with another bag 
cell in culture (Fig. 1B) (5). These responses 
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are still seen in saline containing 10 m M  " 
cobalt to block chemical synaptic transmis- 
sion, confirming that they are indeed medi- 
ated bj7 electrical synapses. However, there 
are no buccal-bag cell electrical synapses 
under these culture conditions, even though 
the neurites of the cells overlap extensively 
and a buccal-to-bag cell inhibitory chemical 
synapse is often seen (Fig. 1C) (8). 

Addition of Con A to the culture medium 
induces electrical synapses between buccal 
and bag cell neurons in more than 75% of 
the cell pairs we examined (Fig. 2) .  The Con 
A-induced electrical synapse can occur in 
the absence (Fig. 2A) or the presence (Fig. 
2B) of the inhibitory chemical synapse, and 
is seen at Con A concentrations ranging 
from 10 nM to 1 pV. With increasing Con 
A concentrations, it appears that the propor- 
tion of buccal-bag pairs with electrical syn- 
apses increases, whereas the frequency of 
chemical synapses decreases (Fig. 3). Al- 
though we cannot entirely rule out the 
possibility that this apparent decrease in the 
proportion of chemical synapses is due to 
their being masked by the extensive electri- 
cal coupling, it seems unlikely because of the 
very different time courses of the two types 
of synapses and the fact that we can readily 
observe examples of dual synaptic responses 
(Fig. 2B). Other lectins tested, such as 
wheat germ agglutinin and lima bean lectin, 
do not alter the pattern of synapse formation 
between buccal and bag cell neurons. 

In addition to changing the type of synap- 
ses formed between buccal and bag cell 
neurons, Con A enhances formation of la- 
mellipodia and neurite outgrowth from all- 
tured Aplysia neurons (Fig. 4, A and B). 
Similar effects of Con A are also seen in 
cultured chick dorsal root ganglion (12) and 
leech (13) neurons. Furthermore, large 
identified Aplysia neurons greater than 100 
pm in diameter, which rarely attach and 
sprout neurites in normal culture medium, 
do so readily in the presence of Con A (Fig. 
4C). 

Fig. 1. Electrical synapses between buccal-buccal 
(A) and bag-bag (6 )  cell pairs, but not buccal and 
bag cell pairs (C). Only cell pairs with extensively 
overlapping neurites were examined. Hyperpolar- 
izing current was injected into the cell in the top 
trace in the left columns and in the bottom cell in 
the right columns. Hyperpolarizing responses in 
the paired cells in (A) and (B) demonstrate the 
presence of an electrical synapse. In (C) buccal 
and bag cells d o  not make electrical synapses with 
each other (left and middle traces). However, a 
depolarizing pulse given to  the buccal neuron, 
causing it to fire a train of action potentials, 
reveals an inhibitory chemical synapse on  the bag 
cell (right traces). These results confirm previous 
reports (5, 6, 8) and are shown here for compari- 
son with those in Fig. 2. Vertical scales, 10 mV; 
horizontal scales, 5 seconds, except (A) (right 
column), 1 second. 
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Fig. 2. Buccal and bag cell neurons will form 
electrical synapses in the presence of 100 nM Con 
A. (A) Hyperpolarizing current injected into buc- 
cal (left traces) and bag cells (middle traces) and 
depolarizing current injected into the buccal cell 
(right traces) show strong coupling between the 
two cells. The buccal-bag pair in (B) is coupled 
somewhat less strongly (left traces) and also dis- 
plays a chemical synapse (right traces). We have 
seen no electrical svnapses between buccal and 
bag cell neurons grown in fetal calf serum in the 
absence of Con A, but it is possible that the cells 
are coupled to some very small extent that is 
below our level of detection and that the addition 
of Con A increases the degree of coupling to a 
higher level. 

Chemical 

Con A (nM) 

Fig. 3. The percent of buccal and bag cell pairs 
examined exhibiting electrical synapses (triangles) 
and chemical synapses (circles) as a function of the 
Con A concentration in the culture medium. The 
percent of chemical synapses formed in the ab- 
sence of Con A is somewhat lower than that 
reported previously (8), possibly because record- 
ings from the buccal-bag cell pairs in the present 
experiments were made after a shorter time in 
culture. Actual number of pairs examined for each 
concentration are: 0 Con A, 19 pairs; 10 nM Con 
A, 5 pairs; 100 nM Con A, 57 pairs; 1 pA4 Con 
A, 8 pairs. The five cell pairs grown in 10 nM Con 
A were all from the same cu~ture dish. For all 
other concentrations the data were obtained from 
at least three separate dishes. 

The mechanism by which buccal and bag 
cell neurons in culture recognize one anoth- 
er in order to form electrical synapses specif- 
ically with their own cell type and not the 
other is unknown. Cell-cell recognition be- 
tween these neurons may involve glycopro- 
teins such as the neural cell adhesion mole- 
cule in vertebrate nervous systems (14), or 

Flg. 4. Effects of Con A on neurite 
outgrowth and lamellipodium for- 
mation. (A) Buccal neurons grown 
in the absence of Con A after 7 days 
in culture. (B) Buccal neurons 
grown in the presence of 100 nM 
Con A after 4 days in culture. Note 
the more numerous neurites and 
flat lamellar processes (arrowheads) 
extending from the cell bodies. 
These features are more evident in 
(C), which shows a large identified 
medial cell from the pleural gangli- 
on, about 200 pm in diameter, 
cultured in the presence of 100 nM 
Con A. Note the venr broad lamel- 
lipodia (arrowheads) from which 
neurites and growth cones extend. 
Neurons this large only rarely re- , 

generate neurites in the absence of 
Con A. Scale bar, 60 pm. 

some other uncharacterized membrane pro- 
teins. Concanavalin A has been shown to 
bind toApI,vsia neurons and to rapidly modi- 
f y  their receptor-mediated electrical re- 
sponse to iontophoretic application of gluta- 
mate (15), and it is possible that cell recog- 
nition or gap junction proteins (or both) on 
the plasma membrane are also modified by 
Con A so that they alter their specificity. 
The effect of Con A could be mediated by 
adenosine 3',5'-monophosphate (CAMP), 
which modulates electrical synapses in sever- 
al systems [(16-19); for a review, see (20)], 
presumably via CAMP-dependent phospho- 
rylation of gap junctions (16). However, the 
adenylate cyclase activator forskolin, added 
to the culture medium together with a phos- 
phodiesterase inhibitor, does not affect the 
strength of electrical coupling between buc- 
cal-bag pairs grown in the presence of Con 
A. 

Alternatively, Con A might be acting as a 
growth factor as evidenced by the increased 
neurite outgrowth and formation of exten- 
sive lamellipodia (Fig. 4). Other growth 
factors, such as insulin, can increase the 
strength of electrical synapses between cul- 
tured sympathetic neurons (21,22). In Heli- 
soma, the formation of electrical synapses 
between isolated cultured neurons occurs 
only between growing neurites (9). Al- 
though in Aplysia neurons there are factors 
other than, or in addition to, growth state 
that regulate electrical synapse formation 
(8), it is possible that the induction by Con 
A of electrical synapses between buccal and 
bag cell neurons is related in part to en- 
hanced neurite outgrowth. The precise 
mechanism by which Con A induces 
changes in Aplysia neurons is not yet known, 

but by investigating how such changes oc- 
cur we may better understand how neurons 
make specific synapses with one another and 
how these synapses can be modified. 
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Pheromone Components and Active Spaces: What Do 
Moths Smell and Where Do They Smell It? 

The pheromone-mediated flight behavior of male Oriental fruit moths was observed in 
the field to test the hvvothesis that male activation far downwind of a female is , L 

initiated by the major, or most abundant, component of the pheromone blend. Males 
responded at significantly greater distances to the three-component pheromone blend 
produced by females than to the major component alone or to either binary mixture 
containing the major component and one minor component. These results support the 
alternative hypothesis that the active space of a multicomponent pheromone is a 
function of male perception of the female-released blend of components, rather than of 
the major component alone, and that so-called minor components have a greater 
impact on male behavior farther downwind of a female than previously thought. 

0 NE OF THE MAJOR QUESTIONS IN taenia velutinana (Walker)], and the cab- 
the study of lepidopteran multi- bage looper (CL) [T~ichoplwia ni (Hiibner)] 
component sex pheromones con- (10). Our results showed (i) that over the 

cerns the role of individual chemicals in dose series used the female-released blends 
influencing the dimensions of the active 
space, defined here as the area downwind of 
a calling female over which males are able to 
detect and respond to the pheromone (1,2). 
TWO conflicting hypotheses have been pre- 
sented to explain this problem. The first, or 
component, hypothesis states that the maxi- 
mum distance at which a male orients to the 
odor plume and initiates upwind flight is a 
function of the male's abilinr to detect the 

significantly enhanced the number of males 
activating and completing upwind flights to 
the source over that observed with the major 
component alone, and (ii) that male re- 
sponse to lower doses of the major compo- 
nent (at which no upwind flights were re- 
corded) was significantly enhanced by addi- 
tion of the complement of minor compo- 

major, or most abundant, component in the 28-12:OAc 
blend (3-7). Accordingly, minor compo- 
nents do not participate in long-range at- = Three-component blend i 
traction; rather, they initiate short-range I 1 
approach, landing, and courtship behaviors. 
The second, or blend, hypothesis states that 60 

the female-released blend of components 
acts as a unit to effect optimal sensitivity in 
males over the entire response range (8, 9). - 
Even though minor components may be 
present in very small amounts (usually 5 40 

<lo% of the major component), these com- 
ponents are necessary for optimal levels of 
activation and upwind flight. 

To test these nvo hypotheses, we recently 
conducted a series of flight tunnel tests with 20 
three moth species, the Oriental fruit moth 
(OFM) [Gmpholita molesta (Busck)], the 
red-banded leaf roller (RBLR) [Awyvo- 
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nents (11). From these results we 
hypothesized that downwind of a female, 
represented in the flight tunnel by lower 
doses of pheromone, males are most respon- 
sive to the complete blend of components 
and that the active mace of the ~heiomone 
is a function of male perception of the 
female-released blend and not simply the 
major component. Here we addi- 
tional evidence for the blend hypothesis 
from studies with the OFM in which the 
active space of the pheromone was measured 
under field conditions. We suggest that this 
hypothesis represents an important general 
principle in insect chemical communication 
systems and is most consistent with the 
existing paradigm stating that multicom- 
ponent pheromones in the Lepidoptera 
function as species-specific mating signals. 

The behavior of male 0Fh.I to synthetic 
pheromone [(Z)-8-dodecenyl acetate (28- 
12:OAc), with 6% (E)-8-dodecenyl acetate 
(E8-12:OAc) and 3% (2)-8-dodecenol (28- 
12:OH) (12)] was observed in a large open 
field (13). The pheromone plume mas local- 
ized bv a parallel stream of bubbles released 
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at a point 1 m from the pheromone source 
(14). In the first test, males were exposed to 
the major component, 28 -12 :0~c ,  alone 
and to the threeIcomponent mixture at three 
doses (1, 10, and 100 kg) and over nvo 
temperature ranges (19" to 21°C and 25" to 
28°C) representing the extremes that occur 
during the activity period of this insect. 
Males exhibited vigorous wing-fanning and 
walking response; in significantly greater 
numbers and at greater distances at all three 
doses of the three-component blend than to 
the major component (Fig. 1) (15, 16). The 
distance at which males responded was ap- 
proximately doubled at the higher tempera- 
ture range. In the second test males were 

Fig. 1. Distance downwind (in meters) of a 
pheromone source that prompted male OFM 
wing-fanning and wallung responses. Three doses 
of the major component (Z8-12:OAc) or the 
three-component blend (Z8-12:OAc with 6% 
E8-12:OAc and 3% 28-12:OH) were used over 
two temperature ranges. Response values are 
means + SD, n = 30, for each treatment. Values 
inside each bar are the number of responders. 
Comparisons of mean response values were made 
between the pair of treatments at each dose within 
each temperature range by analysis of variance. 
 means within each pair with different letters 
indicate a significant difference (P < 0.05). 
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