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RECENT ADVANCES IN BEHAVIORAL PLASTICITY
IN INSECTS AND DECAPOD CRUSTACEANS

FrED PUNZO

SYNOPSIS

Although insects and other arthropods have traditionally been viewed as
nonlearning creatures of instinct, many of their behaviors can be modified
by experience. Recent interest in this subject has focused on the adaptive
significance of behavioral plasticity. A valuable “spin-off” has been the use
of learning in experiments to better understand the functioning of sense
organs. Neurochemical correlates of learning in the grasshopper, Schistocerca
americana and the mud crab, Eurypanopeus depressus include a significant
increase in brain RN A and protein synthesis and a decrease in cholinesterase
activity. Increase in RNA synthesis is associated with the corpora pedun-
culata and protocerebral bridge in insects, and the protocerebral bridge and
central body in decapod crustaceans. This suggests that the function of the
corpora pedunculata in the insect brain may be served by the central body in
crustaceans.

... in our emotional estimate of the lower and the higher, we are
also swayed by the potential ability of an organism to acquire new in-
formation . ....... in the whole world, there is hardly a system
more complicated than the central nervous organization underlying
the behavior of an animal ....... One of the greatest achievements
of phylogeny is to have constructed systems of this sort in such a way
that they are still adaptively modifiable by an input occurring during
the individual’s life”” (Konrad Lorenz 1969).

INTRODUCTION

Neuroethological investigations in conjunction with advances in ecology
over the last decade have demonstrated the importance of behavioral plas-
ticity in many diverse animal groups (Davies and Krebs 1978, Ewert 1980).
The ability of an organism to modify its behavioral response to varying
environmental conditions is often essential to its survival (Alloway 1973,
Punzo 1984, 1983a, 1980a). Learning is generally defined as adaptive
changes in individual behavior occurring as the result of previous experience
(Thorpe 1944, Alloway 1972) 1

Insects and other arthropods have traditionally been viewed as non-
learning creatures of instinct; characterized by relatively rigid and stereo-
typed behavior patterns (Chauvin 1947, Thorpe 1963). Nevertheless, al-
though many insect behavioral repetoires are endowed with a rigidity of
structure characteristic of Tinbergen’s Fixed Action Patterns (1951)2, there
have been many studies showing that the behavior of insects and other
arthropods can be modifiable (see reviews by Schneirla 1951, Thorpe 1963,
Corning and Lahue 1972, Alloway 1973, Krasne 1973). Upon closer inspec-
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tion it should not surprise us that when changing environmental conditions
alter the suitability of a behavioral response, some insects are able to adjust
through fairly rapidly learned modifications of behavior.

Traditional categories of learning such as habituation (Alloway 1972,
Eisensten and Peretz 1973), avoidance learning (Pritchatt 1968, Alloway
1972, Punzo 1974, 1980b, 1983a), trial-and-error learning (Thorpe 1944,
Alloway 1973, Maldonado and Tablante 1975, Punzo 1980a), latent learning
(Schneirla 1953, Lindauer 1967, Dyal and Corning 1973) and classical con-
ditioning (Tekeda 1961, Nelson 1971, Corning and Lahue 1972, Alloway
1973) have been found in insects. In addition, the capacity for correcting
behavior (Dingle 1962, Akre 1964), imprinting and olfactory conditioning
(Thorpe 1963, Vowles 1964), reversal learning (Alloway 1973) and shock-
avoidance learning in headless insect preparations (Horridge 1962) have
been demonstrated as well.

In recent years, investigators interested in behavioral plasticity have
been concerned generally with the adaptive significance of learning (Menzel
and Wyers 1981, Pulliam 1981, Punzo 1984, Stanton 1984). The contribu-
tions of behavioral ecologists and neurobiologists have made it clear that
any analysis concerning the adaptive significance of behavior must take into
account: 1) the evolutionary history of the behavior; 2) processes related
to the development and or modification (learning) of the behavior under
present conditions; and 8) the environmental setting in which the behavior
occurs. The ability of an organism to learn can also be used to obtain
answers to questions concerning how the organism perceives its world, the
role of CNS integration in the learning process (molecular mechanisms of
learning), and what specific regions of the CNS are involved in the control
of learning and memory (localization of brain function). It is in these areas
that some of the most recent and interesting discoveries have been made.

LEARNING AND PERCEPTION IN A PRIMITIVE INSECT:
EcoLOGICAL IMPLICATIONS

Despite the evidence for learning in insects, most research has been
performed on relatively few species (Alloway 1973, Punzo 1980b) and has
often dealt with what psychologists refer to as parameters of learning, such
as the nature of reinforcement and the mechanisms of reward and motiva-
tion (Bitterman 1960, Corning and Lahue 1972, Ewert 1980). From a com-
parative viewpoint, however, the investigation of general trends and pat-
terns of learning has been lacking. Thus, there is little or no information on
the learning capacities of most insect and other arthropod species. Until
my work (Punzo 1980a) on the silverfish, Lepisma saccharine (Thysanura:
Lepismatidae) for example, no data were available on the Apterygota. I was
interested not only in demonstrating the ability of this insect to learn, but
also in determining the principle sensory modalities involved. One must
know how a particular animal “perceives its world” in order to draw any
significant conclusions about the possible adaptive significance of the be-
havior in question. Since this insect is a nocturnal forager (Smith 1970), I
used a maze learning paradigm?® with light as an aversive stimulus. Insects
obtained randomly from laboratory stock cultures were placed in a darkened
start chamber (Fig. 1, S), exposed to a cool fluorescent light source and
then allowed to travel the maze until the darkened goal chamber (Fig. 1, G)
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Fig. 1. Diagrammatic representation of the maze used to study learning
in Lepisma saccharina. See text for explanation.

was reached. The number of blind alley errors for each trial was recorded.
For a detailed description of the experimental procedure see Longo (1964)
and Punzo (1980a). Five experimental groups were tested, each consisting
of 10 insects. Group 1 insects (controls) were individually isolated in glass
petri dishes and maintained under normal rearing conditions. Group 2 in-
sects had both compound eyes covered with an opaque varnish (see Chauvin
1947) .4 The median caudal filament of Group 38 insects was removed be-
tween the first and second segments, Insects in Group 4 had only the cerci
removed in a similar fashion. The antennae of Group 5 insects were re-
moved at the joint between the pedicel and flagellum. Following these
preparations, all insects were maintained individually in glass petri dishes
and observed closely for one week prior to testing, Only those that remained
healthy were used.5
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The results for acquisition (learning curve, A) and extinction (return
to variable behavior, E) procedures for Group 1 controls (all sense organs
intact) are shown in Fig. 2. This represents the first demonstration of trial-
and-error maze learning for the Thysanura. The criterion for learning (see
Appendix) was attained after 13-14 days. The improvement in performance
over 14 days was highly significant (F = 400.86, df = 9, p < .0001). The
results obtained for extinction (Fig. 2E) show a significant deterioration
in performance after two days.

What are the ecological implications of learning in this species? Since
L. saccharina is an active forager, “learning” search routes to food sources
can optimize foraging by decreasing the expenditure of energy used to
locate food and thereby increase its assimilation efficiency and survival
capacity (Pulliam 1981). Silverfish are normally found in leaf litter, be-

A E

1101

L]

100

L]

901

LS

801

7 01
60T

501

401

FOR GROUP

201

MEAN NUMBER OF ERRORS

10t

L L 'l 'l 4 4 4 4 'S
\J L] ¥ L )

2 4 6 8 10 12 14
D A Y S

Fig. 2. Acquisition (A) and extinction (E) curves for Lepisma sac-
charina. Data points represent the mean number of blind-alley errors for
10 insects. Vertical lines represent = 1.0 S.E.M. (data from Punzo 1980a).
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neath rocks, within decaying logs and in buildings where they feed on de-
caying vegetation or plant products, paste and glue (Smith 1970).

The results obtained for L. saccharina after specific sense organs were
removed (Fig. 8) show that those insects lacking cerci (Group 4) or
antennae (Group 5) exhibit less proficiency in learning the correct maze
route. On the other hand, there was no statistically significant difference
among groups of insects lacking compound eyes (Group 2), a median caudal
filament (Group 3) and intact controls (1). This evidence suggests that
tactile and chemical cues play a more important role in foraging and
avoidance behavior than do visual cues. Tactile and chemical sense organs
are vital to an animal that frequents crevices found in soil, bark, rocks and
buildings. Insects lacking antennae (Fig. 3, Group 5) or cerci (Group 4)
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Fig. 3. Learning curves for Lepisma saccharina experimental groups.
Data points represent the mean number of blind-alley errors for insects
lacking functional compound eyes (Group 2), median caudal filament
(Group 3), cerci (Group 4), antennae (Group 5), and control insects with
all sense organs intact (Group 1) (data from Punzo 19802).
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showed no significant improvement in performance over a 30-day period,
suggesting that olfactory and mechanoreceptors of the cerci are essential
for maze learning and foraging behavior in this species.¢

These results are consistent with the few previous reports present in the
literature. The relatively rapid extinction shown by L. saccharina (Fig. 1)
is also consistent with the rapid extinction of learned responses reported for
roaches (Chauvin 1947, Longo 1964), honeybees (Menzel 1968) and grain
beetles (Alloway 1972), and appears to be indicative of invertebrates in
general (Corning and Lahue 1972, Dyal and Corning 1973, Krasne 1973).
It should be noted that the maze utilized for L. saccharina is more complex
than those generally employed for insect maze studies (see Thorpe 1963,
Alloway 1972) with the exception of those used with some ants (see Stratton
and Coleman 1973). The level of performance exhibited by L. saccharina
suggests a rather well-developed capacity for learning even in insects of this
primitive group.

NEUROCHEMICAL CORRELATES OF LEARNING AND
LOCALIZATION OF BRAIN FUNCTION IN ARTHROPODS:
ECOLOLGICAL AND BEHAVIORAL IMPLICATIONS

The analysis of neurochemical changes associated with learning and their
possible role in our understanding of molecular mechanisms of learning and
memory and localization of brain function with respect to behavioral plas-
ticity have received a great deal of attention over the last decade (see Davis
1976, Punzo 1983b, 1984). Biochemical alterations within the CNS such as
increases in RNA and protein synthesis have been correlated with learning
in vertebrates (see Hyden 1973, Glassman 1975, Punzo 1984) and inverte-
brates (see Punzo 1980b, 1983a). There is also substantial evidence that
biochemical changes (macromolecular synthesis and amino acid metabolism)
may somehow alter the structural (degree of dendritic branching, number
of synaptic connections) and functional (postsynaptic thresholds) properties
of neurons that participate in a learned behavior, thereby rendering such
neurons more effective (lowering thresholds) in later trials (see Pusztai and
Adam 1974, Glassman 1975, Punzo 1984). It has been shown that informa-
tion resulting from past experience that enters the brain (CNS) in the
form of bioelectrical signals can inititate the synthesis of RNA and proteins
that may function in the coding of such information. Although vertebrates
have received the most attention, there is experimental evidence for the in
vivo, de novo synthesis of informational macromolecules during learning in
molluscs (Pusztai and Adam 1974), decapod crustaceans (Punzo 1983a) and
insects (Oliver et al. 1971, Kerkut et al. 1972, Maldonado 1980, Punzo
1980b). The disruption of learning and memory by inhibitors of protein
synthesis such as cycloheximide also suggests a correlation between macro-
molecular synthesis and consolidation of memory (Borraco and Stettner
1976, Jaffe 1980, Punzo and Jellies 1980, Punzo 1983a). The following ex-
amples from my work will emphasize some of the ideas previously discussed.

NEUROCHEMICAL CORRELATES OF LEARNING

Adult males of the grasshopper, Schistocerca americana were obtained
from a laboratory colony maintained at 28°C on a 12L : 12D photoperiod
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regime. During training and testing periods, each insect was mounted in a
restraining collar as described by Goldsmith et al. (1978). The experimental
procedure used to train the insects is shown diagrammatically in Fig. 4.7

Ten hoppers were randomly assigned to experimental (P) or yoked-
control groups (R) as previously designated by Goldsmith et al. (1978). P
insects received a shock whenever they extended their metathoracic leg and
contacted a salt solution. The R insect received a shock with the P insect
regardless of its leg position. The total number of shocks was recorded over
a 15-min period. Following this, the insects were left unstimulated for one
hour and retested (retest P, retest R groups) for 15 min in order to assess
their retention (see Fig. 5). The results are shown in Fig. 5. This species is
clearly capable of avoidance learning? as reflected in the significant decrease
in number of shocks.

Other experiments evaluated the magnitude of some of the important
neurochemical changes associated with shock avoidance learning in the
brains of S. americana (Punzo 1980b) as well as the mud crab, Eurypano-
peus depressus (Crustacea: Decapoda) (Punzo 1983a). Of primary interest
were changes in the concentrations of RNA and protein as well as changes
in cholinesterase activity (ChE).?

A summary of these neurochemical correlates of learning is shown in
Table 1. It is evident from these data that learning in both decapod crus-
taceans and insects is correlated with significant increases in the synthesis
of brain RNA and protein and a decrease in ChE activity. The observed
increases in RNA and protein further support the importance of macro-
molecular synthesis to the overall learning process (see Hyden 1973, Glass-
man 1975) and is consistent with what little information is available for
insects (Kerkut et al. 1972, Jaffe 1980, Maldonado 1980). The correlation
between brain ChE activity and learning is not clearly understood in verte-
brates (Glassman 1975) and poorly documented at best in invertebrates
(Oliver et al. 1971, Kerkut et al. 1972, Willner and Mellanby 1974). The
decrease in ChE activity exhibited by S. americana and E. depressus (Table
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Fig. 4. Diagrammatic representation of the metathoracic legs of an ex-
perimental (P) and yoked-control (R) insect pair during training. The P
leg receives a shock when it contacts the salt solution (stipled area) and
completes a circuit so that the R leg also receives a shock. Power is supplied
by a stimulator (S) and the number of shocks during training is recorded
on an automatic counter (C). This procedure was adopted from Goldsmith
et al. (1978).
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Fig. 5. Shock-avoidance learning for experimental (P), and experimental
retest (retest P) and yoked-control retest (retest R) Schistocerca americana
adults. Data points represent the mean number of shocks for 10 insects over
a 15-min training period. Vertical lines represent & 1.0 S.E.M. No significant
difference was found between the performance of R insects during their
initial training period with that exhibited during their retest period and
only the retest R group is shown in the figure (Data from Punzo 1980b).

1) lends support to the notion that depressed ChE activity may increase
synaptic efficiency in those neuronal pathways involved in the learning
process (see Hyden 1973, Ewert 1980).

The importance of RNA and protein synthesis to the overall ability of
an animal to modify its behavior based on past experience is also supported
by studies showing that inhibition of protein synthesis within the CNS can
significantly impair learning and retention capabilities. Cycloheximide—in
duced inhibition of protein synthesis resulted in a significant impairment of
the learning process in praying mantids, grasshoppers and decapod erus-
taceans (see Jaffe 1980, Punzo 1980b, 1983a). In addition to the effect of
protein synthesis inhibition on learned behaviors, recent studies have also
demonstrated that macromolecular synthesis is important for the expression
of innate responses as well. A fundamental question that has been asked
metaphorically and never tested experimentally, concerns the functional
relationship (if any) between instinet and the retrieval of learned informa-
tion. Molecular mechanisms that could serve as models for the storage of
information in nervous systems should also be involved in experiential
learning and instinctive behavior and thus have access to the genome.?
Punzo and Jellies (1980) showed that cycloheximide induced protein syn-
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TABLE 1. NEUROCHEMICAL CORRELATES OF LEARNING IN THE BRAINS OF
Schistocerca americana (INSECTA) AND Eurypanopeus depressus
(DECAPODA). VALUES FOR INCORPORATION OF H3-LABELED URIDINE
(RNA) AND LEUCINE (PROTEIN) ARE EXPRESSED AS COUNTS/MIN/
ug. CHOLINESTERASE (ChE) ACTIVITY EXPRESSED AS umol ACETATE
RELEASED/HR/100 pg PROTEIN (DATA REVISED FROM PUNZ0 1980b,

1983a).
ChE
Species RNA-~ Protein activity p®
S. americana
Nontrained controls 370 = 7 79+ 3 4.30 = 0.12 NS
Yoked-controls (R) 391 = 10 83£6 4,10 = 0.06 0.01
Experimental (P) 441 + 9 99 = 4 3.21 + 0.14 )
E. depressus
Nontrained controls 429 £ 4 91+ 7 7.63 = 0.03 NS
Yoked-controls (R) 437 = 2 97 £ 3 7.51 £ 0.14 0.01
Experimental (P) 519 = 8 123 = 4 4.87 + 0.07 ’

2All values represent means for 10 animals plus or minus standard error.
bLevel of significance computed using a Student t test. NS = not significant.

thesis inhibition resulted in a significant impairment of the innate photo-
tactic responses of the beetles Tenebrio molitor and Popilius disjunctus,
though other behaviors (motility and feeding) and metabolism appeared
normal. Davis (1976) suggested that the neural circuitry of nervous systems
is determined by the genotype and that an individual organism has certain
behavioral limits as well as predispositions. However, there is evidence that
synaptic connections for many neural pathways are not completley funec-
tional or “soldered” at birth (Hyden 1973). That is, though not all neural
(synaptic) connections are specified, those responsible for mediating innate
behaviors may be. The neuronal circuitry must be persistent enough to ac-
count for the encoding of phylogenetic memory (instinct) and the resultant
behaviors elicited toward specific stimuli without previous experience. The
mechanism of protein synthesis provides a tenable hypothesis for the solder-
ing of such synaptic connections. If informational macromolecules can deter-
mine the dynamics of pre- and post-synaptic membrane relationships, then it
is possible that the continued manifestation of certain behavioral responses
(including innate behaviors) is dependent upon the periodic synthesis of
such molecules.

LOCALIZATION OF BRAIN FUNCTION

The analysis of macromolecular synthesis associated with learning pro-
vides an excellent method to study localization of brain funection. There is
little known about the localization of brain function in arthropods, though
there have been studies on behavioral deficits resulting from brain lesions
or the elicitation of specific behaviors via electrical brain stimulation
(Vowles 1964, Krasne 1973, Punzo 1983a). :

Following the shock-avoidance technique discussed above, levels of in-
corporation of H3—labeled uridine into RNA in specific brain regions of
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S. americana and E. depressus were determined.’0 The results obtained for
S. americana (Fig. 6), show that significant increases in RNA synthesis
associated with learning are localized in the protocerebrum!l, especially in
the corpora pedunculata and protocerebral bridge. No significant increases
in RNA were found in the central body of the protocerebrum or in the
deutocerebral or tritocerebral brain regions. In similar studies on the de-
capod brain (Punzo 1983a), which is characterized by the absence of
corpora pedunculata, significant increases in RNA synthesis were found in
the protocerebral bridge and central body. This suggests that the function
of the central body in the decapod brain may be served by the corpora
pedunculata in the more advanced Insecta. In any event, these studies
represent the first analysis of localized brain regions associated specifically
with learning in arthropods, and demonstrate the importance of the proto-
cerebrum in the learning process.

2.7
.

Fig. 6. Effects of shock-avoidance learning on the incorporation of Hs3-
labeled uridine into RN A in several brain regions of Schistocerca americana.
Each pair of values represents the mean for uridine incorporation for 10
insects expressed as counts/min x 10,000. The lower value of each pair re-
fers to RNA activity in nontrained controls, and the upper value refers to
RNA activity for that brain region in insects exposed to the learning pro-
cedure. P (protocerebrum); D (deutocerebrum): T (tritocerebrum); cp
(corpus pedunculatum) ; Pb (protocerebral bridge) ; cb (central body).
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CONCLUSIONS

The demonstration of avoidance learning in L. saccharina, S. americana
and E. depressus, and the important neurochemical parameters involved,
although valuable in and of themselves, also provide a basis for further
studies on learning and memory in arthropods. To understand the learning
capacities of any species, it is necessary to understand the ways in which it
uses learning during its life. Closed, rigid and innate Fixed Action Patterns
characteristic of arthropods in general may be adaptive especially for
organisms inhabiting relatively stable and homogeneous environments
(Davies and Krebs 1978). Factors favoring such closed behavioral systems
have been previously listed by Alcock (1979) as follows:

1. short life spans

2. strong selective pressures and circumstances that favor correct
initial responses to particular stimuli (such as responses to preda-
tors, courtship sequences, etc.)

3. situations in which the costs of an initial “behavioral mistake” are
too high (resulting in decreased survivorship)

4. constancy in the structural and/or biotic features of the environ-
ment

However, learning can be adaptive if: 1) the organism is able to survive
the consequences of initial “mistakes”; 2) there is a sufficient life span to
allow for behavioral plasticity; 3) the organism inhabits an unpredictable
and heterogeneous environment; and 4) the benefits of such an open be-
havioral system outweigh the increased metabolic costs of a more complex
neural template. The dichotomy between the “advantages” of closed versus
open systems has been expressed by Mayr (1974) as follows:

“Under what circumstance is a closed genetic program favored and
under what others an open one? . ... ... to state it more generally,
selection should favor the evolution of a closed program when there is
a reliable relationship between a stimulus and only one correct re-
SpONSE .« . v . v v v u . On the other hand, noncommunicative behavior
leading to an exploitation of natural resources should be flexible, per-
mitting an opportunistic adjustment to rapid changes in the environ-
ment.”

A key word in the above quotation is “opportunistic”. It is evident that
behavioral evolutionary pathways have led to an “opening of the genetic
program” (Mayr 1974) which have allowed an increased role for the use of
information acquired by experience. The advantages to any organism capable
of learning more efficient foraging and/or escape routes, structural features
of its environment that can be utilized to ensure optimal choice of habitat,
as well as possible shifts in food preferences based on changes in the avail-
ability of certain food items and conspecific recognition, are obvious, and
have been documented elsewhere (see Eibl-Eibesfeldt 1970, Dyal and Corning
1973, Mayr 1974, Alcock 1979, Lloyd 1981). I hope that future investigations
on the adaptive significance of learning and memory in arthropods will
bridge the individual contributions of neurobiologists, behavioral ecologists
and psychologists and begin to construct a unified theme with respect to the
adaptive significance of closed versus open behavioral systems.
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APPENDIX

10Qver the years, there have been numerous philosophical arguments be-
tween comparative psychologists, ethologists and neurobiologists concerning
acceptable formal definitions of learning. These arguments are intensified by
the fact that it is frequently difficult (if at all possible) to reconcile formal
learning theories developed primarily by experimental psychologists such as
E. L. Thorndike (1932), B. F. Skinner (1938), C. L. Hull (1943), and H. F.
Harlow (1949) (for a thorough discussion of these and other learning
theorists, see Bitterman 1960, Hilgard and Bower 1966), who based their
ideas primarily on laboratory experiments utilizing white rats, and stochas-
tic models for learning, with the rather complex and adaptive behavioral
interactions exhibited by invertebrates toward their environments under
natural conditions. Frequently, debates have centered around what Dyal
and Corning (1973) refer to as the search for “grade A certified”’ learning.
While formal definitions of learning can vary (see Hilgard and Bower 1966,
Lorenz 1969), one of those most frequently cited by biologists is the defini-
tion given by Thorpe (1963) :

“We can define learning as that process which manifests itself by

adaptive changes in individual behavior as a result of experience”

(p. 27).
This definition incorporates the adaptive significance and nature of the
learning process and is the one that will be implied throughout this paper.

2Fixed action patterns (FAP) represent genetically based and species-
specific behaviors or motor patterns that are elicited by specific sign stimuli
(S8) or releasers in the environment. They develop without the benefit of
learning and are generally attributed to fixed neuronal circuits within the
CNS referred to as innate releasing mechanisms (IRM). The reader is
referred to Eibl-Eibesfeldt (1970) and Alcock (1979) for further discussion
of the concept of FAPs, IRMs and their relationship to theories of instine-
tive behavior.

3The maze was modified according to an earlier model originally designed
by Turner (1913) for studies on roaches and which has subsequently been
used by numerous investigators. It was constructed of aluminum and con-
sisted of 6 blind alleys. The top of the maze was covered by a transparent
glass plate. A light source consisting of a 15-watt cool fluorescent lamp was
placed directly over the center of the maze at a height of 12 em (Punzo
1980a).

4Tn addition to the compound eyes (principle photoreceptors), Lepisma
saccharina possesses prominent cephalic antennae (olfactory and mechano-
receptors), posterior abdominal cerci and a well-developed median caudal
filament (mechanoreceptors).

5Tn order to ascertain the maze-learning capacity for this species (ac-
quisition), each insect was placed in the maze starti chamber for a period
of one minute. A restraining panel between the start chamber and the main
body of the maze was then removed, enabling the insect to enter the maze.
The insect was allowed to traverse the maze in order to reach the darkened
goal chamber and thereby avoid the aversive light stimulus. Records were
kept of the total number of blind-alley errors made by each insect for all
experimental groups. An error was defined as such if more than one-half of
the body entered a blind alley (Schneirla 1953). The insect remained in the
goal chamber for one min, retrieved and returned to the start chamber for
the next trial. Each insect received 10 trials per day until the criterion for
learning (two days of 5 consecutive trials of 10 errors or less) was achieved.

The procedure for extinction trials was identical to that described above
for acquisition except that the cover on the goal chamber was removed so
that the insect could no longer avoid the light. Extinction procedures were
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conducted in order to asess the retention capacity of this insect (memory)
and were continued until the behavior of Group 1 insects approached the
random behavior exhibited by them on the first day of acquisition trials.

The floor and walls of the maze were treated with a 19 acetone solution
following each trial for all insects in order to eliminate any possible utiliza-
tion of odor cues.

6Analysis of variance showed a highly significant difference between
Groups 4 and 5, and among Groups 1, 2 and 8 (F = 265.27, df = 2/27,p <
.0001).

7A wire lead placed anterior to one metathoracic leg allowed free flexion
for training. The other metathoracic leg was tethered to a support rod and
prevented from moving. A piece of fine copper wire was placed around the
metathoracic tibia of the free leg and extended below the tibia so that the
end of the wire made contact with a 0.9% NaCl solution positioned below
the insect when the leg was not flexed. Contact with the salt solution re-
sulted in a shock of square wave pulses of 20V amplitude and 30 msec dura-
tion at a frequency of 6 Hz. The power source was a Thornton AGC stimula-
tor (Fig. 4, S). The measurement for shock-avoidance learning was the
change in the number of shocks received over a 15-min training period (see
Goldsmith et al. 1978, Punzo, 1983a). The number of shocks received was
automatically recorded on a Simpson Model 87R counter (Fig. 4, C).

8Analysis of variance indicated that the improved performance exhibited
by the P group was highly significant (F = 34.22, df = 1/14, p < .01). In
addition, retention of the learned response was clearly demonstrated by the
retest P insects following a one hr intertrial period. Retest P insects aver-
aged only 13.8 shocks during the first minute of retesting as opposed to the
51.2 shocks received during the first minute of the initial training period.
This improvement in performance was shown to be significant by a direct-
difference Student t test (t = 8.24, df = 9, p < .01). Analysis of variance
also indicated a significant difference between the performance of the P
group and retest R group (F = 29.73, df = 1/14, p < .01).

oIt is well documented that neurons are characterized by significantly
higher rates of RNA synthesis than are other somatic cell types (Maldonado
1980). RNA is essential to the expression of gene function. External factors
such as hormones are known to activate genes resulting in protein synthesis.
It has been suggested that environmental and behavioral factors could
activate genes as well (Hyden 1973, Davis 1976). Behavioral events, either
learned or instinctive, could trigger conformational changes in neuronal
proteins directly or through differential gene activation.

10Neurochemical changes were assayed using radioisotope H3. H3-labeled
uridine (for RNA) and leucine (for protein) were diluted with insect saline
and injected into experimental animals through the cervical region before
training procedures as described previously by Kerkut et al. (1972) and
Punzo (1980b). For a discussion of the radioassay procedures, see Oliver
et al. (1971) and Punzo (1980b). Protein determinations were conducted
according to the method of Lowry et al. (1951). Brain ChE activity was
determined by the method of Willner and Mellanby (1974) and expressed
as micromoles of acetate released per hr per 100 pug of protein.

11The arthropod brain (cerebral ganglion) is generally divided into three
major anatomical regions: the protocerebrum (concerned primarily with the
innervation of the compound eyes and ocelli, and the control of higher
associative functions); deutocerebrum (innervation of the antennae); and
tritocerebrum (innervation of the mouthparts). In insects the protocerebrum
contains: paired corpora pedunculata, a central body, protocerebral bridge
and optic lobes. Corpora pedunculata are absent in the decapod brain. For a
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comparative treatment of brain anatomy in the major arthropod groups the
reader is referred to Bullock and Horridge (1965).
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