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Morphological Basis of Long-Term Habituation and

Sensitization in Aplysia

Abstract. The morphological basis of the persistent synaptic plasticity that
underlies long-term habituation and sensitization of the gill withdrawal reflex in
Aplysia californica was explored by examining the fine structure of sensory neuron
presynaptic terminals (the critical site of plasticity for the short-term forms of both
types of learning) in control animals and in animals whose behavior had been
modified by training. The number, size, and vesicle complement of sensory neuron
active zones were larger in animals showing long-term sensitization than in control
animals and smaller in animals showing long-term habituation. These changes are
likely to represent an anatomical substrate for the memory consolidation of these

tasks.

Since the work of Ramén y Cajal at the
turn of the century, it has often been
suggested that learning and memory pro-
duce structural changes at the synapse
(1). Although many investigators have
reported alterations in synaptic morphol-
ogy after experimental manipulation (2),
the functional significance of these
changes has been difficult to assess be-
cause the contribution of the synapses to
the learning process has not been
known. In recent years, the tractable
nervous systems of higher invertebrates
have proven useful for correlating
changes in cellular function with learning
(3). One such model system has been the
gill and siphon withdrawal reflex of Aply-
sia, in which several forms of learning
(short- and long-term and nonassociative
and associative) have been studied to
advantage on both the cellular and mo-
lecular level. This reflex undergoes two
simple forms of nonassociative learn-
ing—habituation and sensitization-—that
can exist in a short-term form lasting
minutes to hours (4) and in a long-term
form lasting more than 3 weeks (5). The
biophysical and biochemical mecha-
nisms of short-term habituation and sen-
sitization are known to involve changes
in synaptic effectiveness produced by
modulation of the Ca’" current at a
common locus—the presynaptic termi-
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nals of identified mechanoreceptor sen-
sory neurons (6). Less well character-
ized are the morphological mechanisms
that underlie habituation and sensitiza-
tion, particularly their long-term form.
For both habituation and sensitization
the critical site of plasticity, the synapses
between sensory neurons and follower
cells, is shared by the short- and long-
term forms (7, 8). )
We exploited the cellular specificity of
the gill withdrawal reflex to explore the
morphological basis of long-term habitu-
ation and sensitization in Aplysia. Using

Table 1.

horseradish peroxidase (HRP) to label
the presynaptic terminals (varicosities)
of sensory neurons and serial recon-
struction to analyze synaptic contacts,
we compared the fine structure of identi-
fied sensory neuron synapses in control
and behaviorally modified animals. Our
results indicate that learning can modu-
late long-term synaptic effectiveness by
altering the number, size, and vesicle
complement of synaptic active zones.
Aplysia californica (70 to 100 g) were
trained for long-term habituation or for
long-term sensitization (5, 9). To maxi-
mize the chances of detecting morpho-
logical differences, only those animals
that demonstrated the most profound
behavioral changes after training (< 10
percent of the day 1 score for habituated
animals and > 200 percent for sensitized
animals) were used for subsequent elec-
tron microscopic analysis. Within 48
hours of behavioral testing all animals
were anesthetized by injection of MgCl,
and the abdominal ganglion was re-
moved and desheathed in seawater con-
taining high Mg?>* (220 mM) and low
Ca’* (1 mM). This solution was washed
out and the ganglion was bathed in sea-
water with normal concentrations of
Ca?" (10 mM) and Mg?* (55 mM) for a
minimum of 30 minutes before the cells
were impaled (7). Individual mechanore-
ceptor sensory neurons were identified
(10) and intrasomatically pressure-inject-
ed with HRP (type VI, Sigma) at a con-
centration of 20 mg/ml in distilled water.
After approximately 2 hours the ganglia
were fixed, histochemically processed,
and embedded (/7). Serial thin sections
(0.1 pm; 500 to 1000 per set) were made
through a region containing labeled sen-
sory neuron processes in each ganglion.
Every HRP-labeled profile in each sec-
tion was photographed and sensory neu-
ron varicosities were then completely
reconstructed and analyzed through a

Number of varicosities, number of active zones, and ratio of active zones to

varicosities in control and behaviorally modified animals. Analysis of variance shows that the
means are significantly different [F(2, 3) = 79.8, P < .01)]. Moreover, individual comparisons
(Studentized range tests) show that the mean for habituated animals (12 percent) is significantly
less than the mean for control animals (41 percent) (P < .05) and that the mean for sensitized
animals (65 percent) is significantly greater than that for control animals (P < .05).

Vari- Active Ratio of zones to
Group cosities zones varicosities (%)*
Habituated
Animal 1 (four cells) 63 8 13
Animal 2 (one cell) 48 S 10
Control
Animal 3 (two cells) 47 17 36
Animal 4 (one cell) 46 21 46
Sensitized
Animal S (two cells) 59 39 66
Animal 6 (four cells) 48 31 65

*(Number of active zones/number of varicosities) (100).
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Table 2. Area of active zones and number of associated vesicles. The mean number of vesicles
(+ standard error) associated with each active zone differs significantly among the three
behavioral groups [F(2, 3) = 32.76, P < .01]. Numbers in parentheses show the number of

active zones analyzed.

Number of vesicles

Active zone . .
Group 2 associated with
area (km’) each active zone
Habituated
Animal 1 0.11 £ 0.03 (3) 70+x13 (3)
Animal 2 0.15 £ 0.03 (2) 4020 (2
Control
Animal 3 0.16 = 0.02 (14) 13.0 = 2.1 (14)
Animal 4 0.23 = 0.04 (15) 13.0 = 2.1 (15)
Sensitized
Animal 5 0.28 + 0.02 (27) 20.0 = 2.1 (23)
Animal 6 0.42 = 0.05 (21) 24.0 = 3.5(21)

blind procedure. Six animals containing
a total of 14 labeled sensory neurons
were used in this study: two untrained
animals as controls (three cells), two
animals trained for long-term habituation
(five cells), and two animals trained for
long-term sensitization (six cells). To ex-
amine in detail the synaptic terminals of
the injected cells in each animal, we
completely reconstructed 311 sensory
neuron varicosities, a task that required
the examination of more than 12,000
HRP-labeled profiles.

Active zones (12) have been described
in a variety of chemical synapses (/3),
and it is generally accepted that these
modified sites represent the regions at
which neurotransmitter is released, al-
though this has been proved only for the
neuromuscular junction (/4). The active
zone at Aplysia synapses is similar to
that described in other animals. It is
characterized by differentiated para-
membranous densities that are coexten-
sive with an area of specialized mem-
brane and vesicle accumulation (I5).
When an electron-dense label is present

Fig. 1. Sensory neuron varicosity labeled with
HRP. The active zone is between the arrow-
heads. Scale bar, 0.25 pm.
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in the presynaptic neuron (as is the case
for the HRP-labeled sensory neurons),
the full morphology of presynaptic densi-
ties can be masked by the blanket of
reaction product. Under these circum-
stances, active zones can be reliably
identified by the coexistence of rigidly
parallel, apposed membranes bounding a
widened synaptic cleft that contains
electron-dense material (Fig. 1). As we
demonstrated previously (11, 15, 16), all
these features are identical to active
zones found in unlabeled synapses in
Aplysia. We used them to identify re-
lease zones in the present study.

We first examined the incidence of
active zones in the sensory neurons of
the three behavioral groups. In control
animals 41 percent of the varicosities had
active zones compared to 65 and 12
percent in sensitized and habituated ani-
mals, respectively (Table 1).

We next examined the total surface
membrane area of reconstructed sensory
neuron active zones and the total num-
ber of vesicles associated with each re-
lease site in the three groups (/7). These
features paralleled the trend in the num-
ber of active zones. In control animals
the mean area of active zones was 0.195
pm? and was occupied by a mean of 13
vesicles. In sensitized animals the active
zone area was 0.35 pm? and was occu-
pied by 22 vesicles. By contrast, in long-
term habituated animals the active zone
area was 0.13 pm? and was occupied by
only six vesicles (Table 2).

The parallel changes in active zone
structure (number, size, and associated
vesicles) are complementary and can be
expressed in such a way that the overall
differences among the three behavioral
groups are more apparent than when the
active zone parameters are considered
individually. Figure 2 illustrates the total
number of vesicles that would be associ-
ated with all the active zones for a single
sensory neuron in habituated, sensitized,
and control animals. Since this method

of expression may take into account the
total number of vesicle quanta available
for release per impulse, it should relate
most directly to the transmissive capabil-
ities of sensory neurons—the amount of
transmitter released at all the terminals
of a sensory neuron by a single action
potential. '

Thus clear structural changes accom-
pany behavioral modification, and these
changes can be detected at the level of
identified synapses that are critically in-
volved in learning. The nature and extent
of the alterations in sensory neuron ac-
tive zones are consistent with (i) the
known behavioral efficacy of long-term
habituation and sensitization in Aplysia
(5), (ii) -electrophysiological studies
showing that long-term habituation re-
sults in a significant decrease in the
percentage of detectable connections be-
tween sensory neurons and follower
cells (7), and (iii) recent experiments
indicating that the strength of the senso-
ry to follower cell connection is en-
hanced in long-term sensitization (§). An
additional possibility is that long-term
behavioral modifications produce a
change in the number of varicosities per
sensory neuron. This could be tested by
counting the number of varicosities in
single HRP-injected sensory neurons in
control, habituated, and sensitized ani-
mals.

Our results also indicate that active
zones are plastic rather than immutable
components of the synapse and that the
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Fig. 2. Total number of vesicles associated
with active zones per sensory neuron in con-
trol and behaviorally modified animals, as
calculated by using the mean values for the
incidence of active zones and their vesicle
complement. This calculation assumes an av-
erage of 435 varicosities per sensory neuron, a
value obtained from total reconstructions of
HRP-injected sensory neurons in untrained
animals (/7). Each bar represents the mean +
standard error for two animals.
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normal set of varicosities in Aplysia
serves as a mere scaffolding for behav-
ior. Even such elementary learning expe-
riences as habituation and sensitization
can build upon this scaffolding by alter-
ing the number and size of active zones
to modulate the functional expression of
neural connections. Since our observa-
tions were made on animals that re-
ceived long-term behavioral training,
these morphological changes may repre-
sent an anatomical substrate for memory
consolidation.

CraIG H. BAILEY

Mary CHEN

Center for Neurobiology and Behavior,
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Selection, Outbreeding Depression, and the

Sex Ratio of Scale Insects

Abstract. The black pineleaf scale insect has haploid males and diploid females.
Ratios of males to females late in development ranged from 0.005 to 0.320 among
insect subpopulations that were infesting different host trees. Demes well adapted to
an individual ponderosa pine had a higher proportion of males than did demes that
were poorly adapted to the host. Ratios of males to females rose in successive annual
samples as natural selection increased insect adaptation. Gene flow between demes
on different host trees produced predictable changes in the sex ratio.

Ponderosa pines (Pinus ponderosa
Lawson) show great intraspecific vari-
ability in their phytochemical defenses
(). Because each tree is effectively dif-
ferent (2) and because the life history of
trees is long relative to the generation
time of insect herbivores, pest popula-
tions may adapt to individual hosts. Arti-
ficial transfer experiments have shown

Table 1. Male to female (M/F) sex ratios of
scale insect demes from 18 different host
trees. Samples were taken just before male
eclosion in three consecutive years. Tree
demes are listed from low to high density (§).

1979 1980 1981

N M/F N M/F N M/F
327 073 299 128

71 014 409 .073 467 .107
181 028 347 .089 1037 .101
126 .000 403 .032 192 .091
327 .052 519 126

188 005 412 .068 381 .085
203 005 337 113 580 .064
108 009 368 .098 335 .196
122 025 382 .055 912 .068
141 052 208 .087 86 323
399 .043 382 117

147 007 356 .076 468 .093
76 101 260 162 344 147
358 .101 462 .079

580 .034 246 .166 398 223
366 .109 509 .077

384 .081 489 153

389 .090 414 .092

that single pines carry a specialized, dif-
ferentiated deme or subpopulation of
black pineleaf scale insects (Nuculaspis
californica Coleman) (3). We now de-
scribe patterns of sex ratio variation in
this sedentary insect herbivore which
suggest that (i) the differentiation is a
genetic process; (i) drift, or selection
adapting scales to the defensive pheno-
type of an individual host tree, reduces
genetic variance within the deme; and
(iii) gene flow between scale demes on
closely adjacent trees produces a de-
crease in local adaptation.

Eclosion of males, flight, and mating
of scale insects occur in mid-May on
ponderosa pines in northwestern United
States. A census of the insects just be-
fore males emerge showed wide varia-
tion in the male-female ratios among host
trees (4). Field observations of insect
mortality indicated that fewer males than
females survive. Sex is determined by a
haplodiploid mechanism with obligate
fertilization and elimination of paternal
chromosomes early in the development
of male progeny (5). Males carry half as
many chromosomes (n = 4) as do fe-
males (2n = 8) and thus are not hetero-
zygous at any loci. We propose that
variability in survivorship and sex ratio
reflect selection and change in the genet-
ic composition of the subpopulation;
genes that are partially deleterious to
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