
Target-Dependent Structural Changes Accompanying 
Long -Term Synaptic Facilitation in Aply sia Neurons 

The mechanisms underlying structural changes that accompany learning and memory 
have been difficult to investigate in the intact nervous system. In order to make these 
changes more accessible for experimental analysis, dissociated cell culture and low- 
light-level video microscopy were used to examine Aplysia sensory neurons in the 
presence or absence of their target cells. Repeated applications of serotonin, a 
facilitating transmitter important in behavioral dishabituation and sensitization, 
produced growth of the sensory neurons that paralleled the long-term enhancement of 
synaptic strength. This growth required the presence of the postsynaptic motor 
neuron. Thus, both the structural changes and the synaptic facilitation of Aplysia 
sensorimotor synapses accompanying long-term behavioral sensitization can be pro- 
duced in vitro by applying a single facilitating transmitter repeatedly. These structural 
changes depend on an interaction of the presynaptic neuron with an appropriate 
postsynaptic target. 

I N BOTH VERTEBRATES (1) AND INVER- 

tebrates (2, 3), long-term memory in- 
volves morphological changes in neu- 

rons (4). These changes have been demon- 
strated with anatomical techniques that re- 
quire fixing the nervous tissue, such as Golgi 
or horseradish peroxidase staining and elec- 
tron microscopy. As a result, inferences 
about the structural changes resulting from 
learning have been based on comparisons 
between two different populations of neu- 
rons-one that has been subjected to learn- 
ing-related stimulation and another that has 
not. 

Moreover, because these studies have 
been carried out on intact tissues, it has not 
been possible to explore the mechanisms 
underlying the structural changes. For ex- 
ample, it is not known whether memory- 
related structural changes in neurons are cell 
autonomous or require the presence of a 
target cell. To examine the morphological 
mechanisms associated with long-term syn- 
aptic plasticity more directly, we have taken 
advantage of the ability of the sensory and 
motor neurons that mediate the gill-with- 
drawal reflex of Aplysia to survive and form 
connections in dissociated cell culture (5, 6).  
Utilizing low-light-level video fluorescence 
microscopy (7, 8) ,  we have examined the 
effect of the facilitating transmitter seroto- 
nin (5-HT) on the structure of Aplysia sen- 
sory neurons when cultured with and with- 
out the identified gill and siphon motor cell 
L7. 
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The Aplysia sensorimotor synapse under- 
goes long-term heterosynaptic facilitation in 
vivo in response to repeated sensitizing be- 
havioral stimuli (9). Both in the intact cen- 
tral nervous system (10) and in vitro (11), 
this synapse also undergoes long-term facili- 
tation in response to repeated applications 
of 5-HT, an endogenous facilitating trans- 
mitter in Aplysia that is important in behav- 
ioral dishabituation and sensitization (12). 
We cocultured Aplysia sensory neurons with 
L7 motor cells for 5 days (13). We then 
labeled the sensory neurons with the fluores- 
cent dye 5(6)-carboxyfluorescein and im- 
aged the sensory neurons with low-light- 
level video fluorescence microscopy (14). 
Twenty-nine sensorimotor cocultures (ex- 
perimental) were treated with repeated ap- 
plications of 5-HT (1 1, 15). Another 22 
cultures (control) were treated identically to 
the experimental group except that 5-HT 
was omitted from the bathing solutions. 
Approximately 24 hours after treatment we 
refilled the sensory neurons with dye and 
imaged them a second time to look for long- 

Fig. 1. (A) Summary of ratings of structural 
change in sensory neurons of sensorimotor cocul- 
tures produced by 5-HT. Control, n = 22; 5-HT, 
n = 29. (B, left) Change in the number of vari- 
cosities expressed as percentage of the initial 
number before experimental treatment for nine 
control cocultures (open bar) and nine 5-HT- 
treated cocultures (solid bar). These are cocul- 
tures for which the physiological change due to 
the experimental treatment was also measured 
[see (B, right)]. Error bars represent -(control) 
or +(5-HT) SEM. (B, right) Mean change in the 
monosynaptic EPSP produced in L7 by firing the 
sensory neuron, expressed as a percentage of the 
EPSP before experimental treatment, for nine 
control C O C ~ N ~ ~ S  (open bar) and nine 5-HT- 
treated cocultures (solid bar). [Same cocultures as 
those used for the varicosity measurements in (B 
left)]. Error bars represent +SEM. 

term morphological changes. To ascertain 
the physiological efficacy of the 5-HT treat- 
ment, we tested the strength of the sensori- 
motor connection in nine experimental and 
nine control cocultures both before and after 
treatment (1 6).  

A rater, who was blind to the experimen- 
tal treatment of the cocultures, rated the 
structural changes in sensory neurons on the 
basis of two sets of fluorescence video mi- 
crographs, one made of the cocultures be- 
fore and another after experimental treat- 
mient. The ratings were restricted to the 
region of the coculture where the processes 
of the sensory neuron contacted the major 
axons of L7 or their neighboring neurites 
(1 7). Each coculture received a single rating 
of structural change. Positive ratings (0.5 to 
2.0) indicated growth of new sensory neu- 
ron varicosities or processes, or enlargement 
of existing varicosities or processes. Nega- 
tive ratings (- 0.5 to -2.0) indicated loss or 
retraction of varicosities or processes. A 
score of 0.0 indicated no structural change 
(1 8). (These values were arbitrarily chosen 
beforehand. In practice, the lowest rating 
given was -1.5.) Sensory neurons of 5- 
HT-treated cocultures exhibited significant- 
ly greater structural growth than did control 
cocultures (Fig. 1A). The mean structural 
rating for experimental cocultures was 
0.88 ? 0.12, whereas that for control cocul- 
tures was 0.11 2 0.15 (P < 0.003, two- 
tailed Mann-Whitney U test). [Values 
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throughout this report are means 2 SEM.] 
To W e r  quantify the long-term struc- 

tural changes in the sensory neurons and to 
relate the structural changes more directly to 
any physiological change induced by 5-HT, 
we counted the number of sensory neuron 
varicosities &re and 1 day after treatment 
for the nine experimental and nine control 
d m e s  for which we had physiological 
data (19). This was done again by a rater 
who was blind to the experimental treat- 
ment of the coculnurs (Fig. lB, left side). 
The mean change in number of varicosities 
on sensory neurons 1 day after 5-HT treat- 
ment was enhand  significandy (35 2 
15%, P < 0.05, two-tailed test) compared 
to controls (20) (-5 2 8%, P > 0.1). The 
5-HT treatment also produced long-term 
facilitation -of the sensorimotor synapse 
(Fig. lB, right side). The mean percent 
change in the excitatory postsynaptic poten- 
tial (EPSP) amplitude 1 day after 5-HT 
application was 49 2 7% for the expecbm- 
tal d t u r c s  (n = 9) and 2 2 4% fbr the 

Fig. 2. Representative example of saucnual and 
physiological d t s  fbr control (A and 6 )  and 5- 
HT-treated (C and D) coculturcs. Video mi- 
graphs made &re experimental treatment (A 
and C) show regions where the processes of the 
sensory neurons (flwrrscence-labeled) contacted 
the initial segments of the major motor axons. 
The same regions are shown -24 hours after 
treatment in (B) and (D). Below the micrographs 
are the electrophysiological records of EPSPs 
produced in the L7 motor neurons by firing the 
control and 5-HT-treated sensory neurons before 
and after treatment. The micrographs were print- 
ed by a video pmcesor with white reversed to 
black to enhance resolution of fine details. Scale 
bar, 25 (M. 

control cocultures (n = 9) (P < 0.001, twu- 
tailed test) (21). Examples of these d t s  
are shown in Fig. 2. 
Whereas our data indicated that repeated 

applications of 5-HT increased the number 
of sensory neuron vari~osities, we also want- 
ed to know whether these new varicosities 
represent new points of synaptic contact. To 
answer this question, we selected from our 
sample of sensorimotor d n u r s  one 

which had a region where the neurites of a 
sensory cell clearly contacted the initial seg- 
ment of the major axon of L7, but where 
there were no sensory varicosities before 5- 
HT treatment (Fig. 3, A and B). After 5-HT 
treatment there were several new sensory 
varicosities present in this region (Fig. 3C). 
Electron mict.oscopic examination of this 
same coculture revealed that some of these 
new varicosities contained unambiguous ac- 

Fb. 3. P h a ~ a n t r a s t  (A) and Buonxcnce ( 6  and C) video micrographs 
made of a 5-HT-treated coculture. The same region of the d t u r e  is 
shown so that the relation between pmynaptic and postsynaptic structures 
can be seen. All of the neuritcs visibk in (A) belong to the motor neuron L7. 
The sensory processes are h e r  and run along the motor ncurites; they are 
not apparent in the phaseconuast micrograph. In (A) one can see a portion 
of the soma of L7 and the large initial segment of the major mator axon, 
which in this coculture has an elbow-like shape. The axon was removed from 
the abdominal ganglion a l o q  with the soma during dissociation. (B) 
Fluorescence micrograph of the pnxcsses of a single, dye-labeled sensory 
neuron before 5-HT treatment. By comparing (A) and (B) one can see where 

the sensory neuron contacts the initial segment of L7. In the outlined region 
there are no scnsory varicosities. (C) Flu- micrograph of the same 
scnsory neuron -24 hours afrrr 5-HT treatment. Note the presence of 
several new varicosities in the outlined region (arrows) and the disappear- 
ance of a sensory growth cone evident above the outlined region in (B). This 
samedturewasfixedafrrrrcimagingthesensoryncuronandprepglrd 
for decnon mkmscopy. The varicosities in (C) could be unambiguously 
identified in thin sections cut through the coculture. One of the three larger 
varicosities (* in C) contained a fully developed active zone, as did two of the 
smaller varicosities (small arrows in C). The other large varicosities had small 
or immature active zones. Scale bar, 50 pm. 
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Fig. 4. Composite fluorescence micrographs of a sensory neuron in culture alone. (A) The sensory 
neuron befbre 5-HT treatment. (The soma was only partially imaged.) (B) The same sensory neuron 
-24 hours afkr 5-HT treatment. Scale bar, 50 pn. 

tive zones. Because we have found that 
active zones in sensorimotor d t u r e s  are 
associated with sensory varicosities (al- 
though not every varicosity contains an ac- 
tive zone) (6), the varicosities shown in Fig. 
3C appear to represent new, 5-HT-induced 
synapses- 

One long-term functional change pro- 
duced by 5-HT in Aplysia sensory neu- 
cons-an increase in membrane excitabilitv 
ascribable to modulation of the S-type p& 
tassium current-is independent of the mo- 
tor neuron's presence, since it can be pro- 
duced in isolated sensory neurons (22). We 
therefore asked whether the growth of the 
sensory neurons produced by 5-HT depend- 
ed on the presence of the postsynaptic tar- 
get. Isolated sensory neurons in vitro were 
treated with repeated applications of 5-HT 
or application of control solution and were 
inspected for growth 24 hours after treat- 
ment. We used the same blind rating pme- 
dure that we had previously used to quantify 
growth in sensorimotor cultures, except that 
now we inspected the entire sensory neuron 
(6. We found no evidence for 5-HT-in- 
diced structural change in isolated sensory 
neurons (Fig. 4). The mean rating tbr senso- 
ry neurons of control cultures was 
0.31 +- 0.17 (n = 16), whereas that for sen- 
sory neurons of experimental cultures was 
0.07 +- 0.26 (n = 15). This difference was 
not statistically significant (P > 0.1, Mann- 
Whimey U test). Therefore, in the absence 
of a target motor neuron, 5-HT does not 
produce long-lasting growth in sensory neu- 
rons (23). 

By means of quantal analysis, Dale and 
colleagues (24) found that long-term facili- 
tation of the Aplysia in vim &sorimotor 
synapse involves an inmase in transmitter 
release by the sensory neuron. This in- 
creased &srnimr release could, in princi- 
ple, be due to two different mechanisms: an 

increase in the amount of transmitter re- 
leased from preexisting presynaptic sites or 
the growth of new release sites. Our experi- 
ments suggest that at least pact of the long- 
term facilitation of this synapse involves 
growth of new points of synaptic contact 
between the sensory and motor neurons 
(25)- 

These experiments anend in several ways 
results from previous structural studies of 
long-term memory in Aplysia (2). (i) By 
using dissociated cell cultures, we have been 
able to directly image the memory-related 
growth of ad&tionalnalvaricosities on-the pro- 
cesses of living sensory neurons.. (ii) We 
were able to demonstrate that the structural 
changes can be induced by 5-HT, an endog- 
enous facilitating transmitter that conmb- 
utes to behavioral dishabituation and sensi- 
tizatiop in Aplysia (12, 26). (iii) The growth 
of the presynaptic neuron appears to -kquire 
the presence of the postsynaptic target. (iv) 
The postsynaptic regulation of the growth 
of the sensory neuron produced by 5-HT 
resembles that which occurs during the 
development of the connections between 
the sensory and motor neuron in vitro (6). 
These results therefore suggest that learn- 
ing and development in Aplysia may utilize 
one or more common molecuiar interac- 
tions. 

Recent evidence suggests that long-term 
potentiation (LTP) in the hippoampus may 
involve, in part, a change in presynaptic 
terminals leading to enhanced transmitter 
release, which depends upon some retro- 
grade postsynaptic signal (27). The parallel 
between these findings and our results is 
intriguing. Possibly, LTP of some hippo- 
campal synapses and long-term facilitation 
of Aplysia sensorimotor synapses both re- 
quire interaction between the pcesynaptic 
and postsynaptic cells for their expression 
(28). 
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Autoradiographic Imaging of Phosphoinositide 
Turnover in the Brain 

With [3H]cytidine as a precursor, phosphoinositide turnover can be localized in brain 
slices by selective autoradiography of the product [3H]cytidine diphosphate diacylgly- 
cerol, which is membrane-bound. In the cerebellum, glutamatergic stimulation elicits 
an increase of phosphoinositide turnover only in Purkinje cells and the molecular layer. 
In the hippocampus, both glutamatergic and muscarinic cholinergic stimulation 
increase phosphoinositide turnover, but with distinct localizations. Cholinergic stimu- 
lation affects CA1, CA3, CA4, and subiculum, whereas glutamatergic effects are 
restricted to the subiculum and CA3. Imaging phosphoinositide turnover in brain 
slices, which are amenable to electrophysiologic studies, will pennit a dynamic 
localized analysis of regulation of this second messenger in response to synaptic 
stimulation of specific neuronal pathways. 

T HE PHOSPHOINOSITIDE (PI) SEC- 
ond messenger system mediates nu- 
merous neurotransmitter effects in 

the brain, which, with some exceptions, 
have not been readily assigned to specific 
cellular sites (1). Localization of neurotrans- 
mitter synaptic responses in the brain has 
been explored by autoradiographic mapping 
of receptor binding sites, but these sites 
sometimes do not reflect known synaptic 
input (2). Imaging functional, second mes- 
senger responses to neurotransmitters at 
specific loci in the brain has been difficult to 
accomplish with immunohistochemical 
mapping of endogenous adenosine 3',5'- 
monophosphate (CAMP) and guanosine 
3',5'-monophosphate (cGMP) (3); no lo- 
calizations of PI responsivity have been at- 
tempted. 

Phosphoinositide turnover in tissue slices 
is usually assessed biochemically by labeling 
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phospholipid precursors with [3~]inositol  
and monitoring the generation of [3~] inos i -  
to1 phosphates in response to neurotrans- 
mitter agonists, a procedure that is not 
comuatible with anatomical localization be- 
cause of the solubility of the products (4). 
Godfrey (5) has measured PI turnover in 
brain slices with [3~]cytidine as a precur- 
sor. In this technique, the generation of 
[3~]cytidine diphosphate diacylglycerol 
( [ 3 ~ ] ~ ~ ~ - ~ ~ ~ )  reflects PI turnover rate. 
Since CDP-DAG is membrane-bound, we 
attempted to localize [3H]CDP-DAG by 
autoradiography, rinsing away water-solu- 
ble metabolites and removing [3H]cytidine- 
containing nucleic acids by enzymatic diges- 
tion. By using [3~]cytidine as a precursor, 
we produced selective autoradiographic im- 
ages of PI turnover, identifying discrete 
localizations of PI turnover within the hip- 
pocampus and cerebellum that were elicited 
differentially by muscarinic cholinergic and 
glutamatergic stimulation. 

Godfrey (5) found similar enhancement 
of PI turnover in cerebral cortical slices with 
either [3H]inositol or [3~]cytidine as pre- 
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