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Brain Modularity in Arthropods: Individual Neurons That
Support “What” But Not “Where” Memories
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Experiments with insects and crabs have demonstrated their remarkable capacity to learn and memorize complex visual features (Giurfa
et al., 2001; Pedreira and Maldonado, 2003; Chittka and Niven, 2009). Such abilities are thought to require modular brain processing
similar to that occurring in vertebrates (Menzel and Giurfa, 2001). Yet, physiological evidence for this type of functioning in the small
brains of arthropods is still scarce (Liu et al., 1999, 2006; Menzel and Giurfa, 2001). In the crab Chasmagnathus granulatus, the learning
rate as well as the long-term memory of a visual stimulus has been found to be reflected in the performance of identified lobula giant
neurons (LGs) (Tomsic et al., 2003). The memory can only be evoked in the training context, indicating that animals store two compo-
nents of the learned experience, one related to the visual stimulus and one related to the visual context (Tomsic et al., 1998; Hermitte et al.,
1999). By performing intracellular recordings in the intact animal, we show that the ability of crabs to generalize the learned stimulus into
new space positions and to distinguish it from a similar but unlearned stimulus, two of the main attributes of stimulus memory, is
reflected by the performance of the LGs. Conversely, we found that LGs do not support the visual context memory component. Our results

provide physiological evidence that the memory traces regarding “what” and “where” are stored separately in the arthropod brain.

Introduction

Historically, arthropod behavior has been considered a collec-
tion of simple, automata-like routines commanded by domain-
specific brain modules working independently. However, it is
now evident that the cognitive abilities of these animals are far
more complex than originally assumed (Giurfa et al., 1996, 2001;
Tibbetts and Dale, 2004; Chittka and Niven, 2009). In fact, Men-
zel and Giurfa (2001) recognized that to explain some of the
complex behaviors seen in honeybees it was necessary to assume
a modular organization of the brain where horizontal integration
of diverse modules takes place in central sites. This organization
would account for the ability of arthropods to perform new adap-
tive behaviors like displaying diverse types of generalization of
learned stimuli and storing context-specific memories. Although
there is some evidence supporting a modular organization of the
brain in insects (Mizunami et al., 1998; Liu et al., 1999, 2006;
Menzel, 2001), corroboration by electrophysiological studies in
single neurons is missing.
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The semiterrestrial crab Chasmagnathus granulatus is preyed
upon by gulls; hence, an object moving overhead elicits the ani-
mal’s escape. In the laboratory, a spaced training using a visual
danger stimulus (VDS) moving over the crab causes a learning-
induced reduction of the escape response that is retained for
several days (Hermitte et al., 1999; Pedreira and Maldonado,
2003). Although at the beginning we termed this phenomenon
“habituation” (Lozada et al., 1990; Tomsic et al., 1993), later
investigations demonstrated that it was a more complex form of
memory. The long-term modification of the escape response is
exhibited only if the animal is tested in the same environment
where it was trained (Tomsic et al., 1998). This and other results
(Pedreira et al., 2002; Pedreira and Maldonado, 2003) indicate
that the memory produced by spaced training is determined by
an association between the VDS and the context, so we call this
associative memory the “context-signal memory” (CSM). The
CSM then entails an association between two visual memories, a
memory of the context (CM) and a memory of the signal (SM),
each of which can be acquired independently (Tomsic etal., 1993,
1998; Hermitte et al., 1999).

The escape behavior of the crab to the VDS was found to be
accounted for by the activity of a small number of lobula giant
neurons (LGs) (Oliva et al., 2007; Sztarker and Tomsic, 2008). A
crucial finding was that the response of the LGs to the VDS strik-
ingly reflects the behavioral changes observed during learning
and during long-term memory (Tomsic et al., 2003).

Here, we investigate the relationship between the LGs and
some major attributes of the CSM. The first two experiments
were aimed at assessing the processing of information regarding
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the stimulus (i.e., the memory about the “what”), while the third
experiment was intended to assess the role of the LGs in the
storage of the visual context information (i.e., the memory about
the “where”). Results indicate that fundamental attributes of the
stimulus memory can be accounted for by the performance of the
LG neurons, while the visual context memory cannot.

Materials and Methods

Animals. Animals were adult male C. granulatus crabs collected in the
coastal inlets of San Clemente del Tuyd, Argentina, and transported to
the laboratory, where they were maintained as described previously
(Tomsic et al., 2003). Experiments were performed within the first 2
weeks after the animal’s arrival, throughout the entire year. Each crab was
used in only one experiment.

Visual stimulus and recording procedures. The general methods for be-
havioral and electrophysiological experiments have been described in
detail previously (Tomsic et al., 2003). Briefly, they were performed in-
side a Faraday cage completely covered to prevent outside visual stimuli
from reaching the animal. The VDS (Fig. 1 A) consisted of the horizontal
displacement of a black rectangular screen (7 X 25 cm) located 25 cm
above the crab. It was driven by a motor at an angular velocity of 82°/s
and was controlled from outside the cage. The motion cycle, which con-
sisted of a 90° clockwise and counterclockwise excursion from the start-
ing position and back, was completed in 2.2 s. Each recording trial lasted
9 s and was composed of two cycles separated by 2 s.

Behavioral experiments were conducted in an actometer consisting of
a bowl-shaped container with a steep concave wall covered to a depth of
0.5 cm with marine water. It was connected to a transducer device that
converted the crab’s locomotion into voltage changes. These signals were
digitized and recorded in a computer. For intracellular recording, the
crab was firmly held in an adjustable clamp that allowed free movements
of the walking legs but reduced movements of the chelae. The eyestalks
were cemented to the carapace at an angle of ~70° from the horizontal
line. With a tangential cut, we removed a small piece of cuticle from the
tip of the right eyestalk without damaging the ommatidial area. The glass
microelectrode was then positioned and advanced through the opening.
Microelectrodes (borosilicate glass; outer diameter, 1.2 mm; inner diam-
eter, 0.68 mm) yielded tip resistances of 40—60 M{) when filled with 3 m
KCL Experiments were all performed at membrane resting potential.

Experiments began after a black curtain was lowered in the front part
of the Faraday cage and the animal remained visually undisturbed for 10
min. In electrophysiological experiments, the adaptation period began
after one LG had been impaled. Such a neuron was usually encoun-
tered within a few minutes of probing. Only one neuron per animal
was recorded.

Experimental protocol. The study was organized in three sections, each
of which included behavioral and electrophysiological experiments. The
first two sections were aimed at gathering information regarding the
stimulus component of the CSM, whereas the third section was directed
at investigating the contextual component. We applied the classic spaced
training used for the formation of the crab’s CSM, consisting of 15 trials
presented once every 3 min. In parallel with the acquisition of CSM, the
repeated presentation of the VDS (a stressful stimulus) during training
induces a transient opioid-mediated analgesia (Valeggia et al., 1989; Ro-
mano etal., 1991). In mice and rats, this kind of stress-induced analgesia
increases immobility and, hence, impairs the animal performance in
behavioral tests (Kelly, 1986; McLaughlin et al., 2003). In the crab, the
analgesia induced during training with the VDS causes a general reduc-
tion of the behavioral performance to different stimuli, including actual
painful stimuli such as an electrical shock (Valeggia et al., 1989). This
stimulus-nonspecific reduction was found to be transient, lasting up to
90 min following training (Romano et al., 1991). Consequently, despite
the fact that enduring memory attributes such as stimulus specificity are
acquired during training, the induced analgesia prevents their disclosure
in behavioral tests performed shortly after training (Romano et al.,
1991). The transitory inability to display stimulus specificity could be
confounded with generalization. In addition, recent experiments in
mammals have shown that stimulus specificity can increase with time

Sztarker and Tomsic @ Brain Modularity in Arthropods

A B Behavior
VDS VDS . r—
e Ul L
i1 i1 § 6000
g
]
© 4000
Q
(1]
@
M & 2000
0

@ Control (n=30)
B Same (n=30)
[ Different (n=30)

C D Neuronal response

‘ ' *k%
Control W“Mw M ok
W'H «"WJ " ) )]3 o 1
f— § 08
S
h ‘ 10mV| go.e
-l
i, (0
S 02
z

pierent ”w l)“ D 0 H Control (n=15)
il Vb ontrol (n=
Sl ”’Mwm “‘\‘l Vhma M Same (n=15)

[ Different (n=15)

Figure1.  The crab’s ability for generalization of stimulus position is supported by the LGs. 4,
Two VDSs located 25 cm above the crab were used independently to stimulate animals. The two
VDSs were separated by 37 cm, which represents an angular separation of 73° for the crab. The
VDS moved from 1 to 2 and back. Training consisted of 15 trials with fixed intertrial intervals of
3 min. Behavioral experiments included a control and two trained groups, one tested with the
same VDS as in the training and the other with a different one. B, Mean escape responses of the
three groups at a testing session 24 h after training. €, Representative example of the responses
of one LG to the VDS at the control trial (first training trial) and at test trials performed at the end
of training with the same or the different VDS. The triangles below the traces represent the two
cycles of stimulus movement comprising a trial (triangle base: 2.2 s). D, Mean neuronal re-
sponses of experiments as exemplified in €. Bars show mean == SE. *p << 0.05; ***p < 0.005.
In B, n represents the number of crabs in each group. In D, n represents the number of neurons
(one per animal) evaluated before training (control) and at the two test trials. See Materials and
Methods for further details.

after training (Weinberger et al., 2009). For these reasons, in the present
study the attributes of the behavioral memory were evaluated in test trials
performed 24 h after training. The results obtained in these behavioral
tests were then used to guide our search for the neural substrate that
might reflect such memory abilities.

Even when some memory properties cannot properly be assessed
through behavioral testing shortly after training, at the end of training
there must be already changes in some neurons that provide support to
their later behavioral expression. We previously found that changes in
the response of the LGs measured right after training remain for at least
24 h and reflect the long-term behavioral expression of CSM (Tomsic et
al., 2003). These results were obtained testing the animal’s memory with
exactly the same stimulus used to train them. By assessing the response of
the LGs to slightly different stimuli immediately after training, in the first
two series of experiments of this study we investigated whether the
learning-induced changes that occurred in these neurons reflect the abil-
ity for stimulus generalization and stimulus recognition displayed by the
animals 24 h after training. These experiments involved the use of two
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Figure2.  Stimulus-specific learning is accounted for by LGs. A, Two VDSs located above the

crab with inverted motion cycles were used independently to stimulate crabs. They moved from
110 2 and back. Behavioral experiments included a control and two trained groups, one tested
with the same VDS as in training and the other with a different VDS. B, Mean escape responses
of the three groups at the testing session. C, Representative example of responses ofan LG to the
VDS at a control trial and at test trials performed with the same or the different VDS. D, Mean
neuronal responses of experiments as exemplified in C. Further details and references are as in
Figure 1.

stimuli (Figs. 1A, 2A). Behavioral experiments included the following
three groups of animals: (1) those trained and tested with the same VDS
(same group); (2) those trained with one VDS and tested with the other
(different group); and (3) those exposed to context without training and
tested with one of the two VDS (control group). In the electrophysiolog-
ical experiments, neurons were recorded during training and at two tests
performed 3 and 6 min after training. In classic experiments using a
single VDS, responses obtained at these two testing times were not sig-
nificantly different. In the present experiments, the first test was done
with the same VDS used for training, and the second test with a different
one. There are important variations in the number of VDS-evoked spikes
among LGs recorded from different animals (Sztarker and Tomsic,
2004). Therefore, a baseline trial with each one of the two VDSs was
performed 10 min before training and used to normalize the responses in
subsequent trials. For each individual neuron, the baseline responses to
one or the other VDS were very similar (Sztarker and Tomsic, 2004). A
balanced number of crabs were trained with each VDS. Test responses
were compared with that obtained at the first training trial (control).
The third section involved contextual changes between training and
testing. Extensive research demonstrates that the crab’s ability for mem-
orizing the contextual environment is based on visual information
(Tomsic et al., 1998; Hermitte el al., 1999) but not on other kinds of
sensory information, such as ground texture, water level, water salinity,
or water flavor (Frenkel et al., 2002; our unpublished results). Therefore,
in the present study we used two different visual contexts created by
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surrounding the actometer with a cylinder of striped or white walls (Fig.
3A). Methodologically, the electrophysiological experiments of the first
two sections involved changes in the stimulus (same vs different) that
could be done from a switch command located outside the Faraday cage
without raising the curtain at the front of the cage. This allowed us to test
the neuronal capacity for generalization and stimulus specificity right
after training without distressing the animal. Conversely, the change of
the contextual visual environment in the last experiment requires rear-
rangements within the cage that cannot be done without disturbing the
animal and losing the impaled cell. Therefore, in this experiment the
responses of the LGs were recorded 24 h after training. Unlike experi-
ments 1 and 2, in this experiment the within-group neuronal variability
could not be reduced by normalizing the data. Due to this and to the fact
that the response of the LGs had to be evaluated in three separate exper-
imental groups of crabs (control, same, and different), this experiment
required recording from a larger number of neurons than the first two
experiments. Both behavioral and electrophysiological experiments in-
cluded the following three groups of animals: (1) trained and tested in the
white context (same context group); (2) trained in the striped context
and tested in the white one (different context group); and (3) exposed
without training to either the white or the striped context and tested in
the white one (control group). The responses of the LGs were recorded
only at the testing session (24 h after training). Only one presentation of
the VDS was used, and only one neuron per animal was recorded. Exper-
iments were performed in a blind fashion, with the experimenter un-
aware of the treatment received by the animal on the training day.

Data analysis. The escape response was transduced and recorded as a
train of voltage changes, with peaks corresponding to running steps of
the escape reaction (Tomsic et al., 2003). Hence, the behavioral response
in a trial was estimated by integrating the area of the voltage signals
recorded during the periods of visual motion stimulation (cycles 1 + 2).
The data are represented in an arbitrary scale. The neuronal response in
a trial was estimated by the number of spikes recorded during the VDS
stimulation (cycles 1 + 2). Data reported in the figures are mean *
SEMs. Statistical analyses were performed with ANOVAs followed by
LSD post hoc comparisons.

Results

Generalization to new spatial positions

Like humans, arthropods easily recognize learned objects over
large changes in retinal position, a property commonly referred
to as “position invariance” (Tang et al., 2004; Li et al., 2009).
When a crab attempts to escape from the VDS inside the actom-
eter, the stimulus position continuously changes over its retina.
Even in these circumstances animals are able to acquire a
strong memory, hinting at a rather flexible type of learning.
But are crabs able to recognize the learned stimulus when it
appears in a new spatial position 24 h after training? To test
this possibility, we used two VDSs located in different posi-
tions above the crab (Fig. 1 A). Animals were trained with one
ofthe two VDSs and, 24 h later, they were tested with either the
same or the different VDS. An equal number of crabs was
trained with each one of the two VDSs. Results in Figure 1B
show that the responses of animals tested with the same or
with the different VDS were similar, and both were signifi-
cantly lower than the control group (memory expression is
operationally defined by the statistical difference between a
trained and an untrained control group). Therefore, 1 d after
training crabs were able to transfer the learned response to a
VDS located in a different position.

In Drosophila, a small group of neurons in the central complex
that houses visual memory traces was proposed as a candidate to
mediate position invariance (Liu et al., 2006). These neurons
possess extensive parallel branches and are located in a brain
region where visual information from both hemispheres con-
verges, all of which make them suitable for the task. In the crab,
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these properties are already present in A
the optic lobes in the LGs. In fact, these
neurons possess branches that extend
horizontally throughout the retinotopic
mosaic of the lobula (Fig. 3C), their recep-
tive field extends over the entire crab vi-
sual field (Sztarker et al., 2005; Medan et
al., 2007), and they process binocular in-
formation (Sztarker and Tomsic, 2004).
Therefore, we investigated whether LGs
can support the crab’s ability to general-
ize the stimulus position. Neuronal re-
sponses were recorded throughout the
training session with one of the two VDSs.
Tests trials were performed with the same
and then with the different VDS used for
the training. Traces in Figure 1C illustrate
the responses of an LG neuron to the first
VDS presentation at training and to the
same and different VDSs in the test ses-
sion. Figure 1 D shows the mean responses
of 15 neurons. The LG responses to the
same and the different VDSs were similar,
and they were both significantly lower
than the control values. This result shows
that the LGs reflect the ability of crabs to
generalize the learned stimulus into new
spatial positions.

Striped
context

Stimulus-specific memory
Learning to reduce the escape response to
a stimulus that proved to be harmless is
advantageous, as it saves time and energy
by preventing running away from risk-
free stimuli. Being able to generalize the
learned response to similar stimuli is also
adaptive. However, animals need to keep
reacting to unknown danger stimuli, re-
quiring that the learning-induced reduc-
tion of the escape response should be
stimulus specific. These two opposite arguments make the actual
behavior a tradeoff between stimulus generalization and stimulus
specificity. The final decision is based on the similarity between
the new stimulus and the trained one. This similarity is evaluated
along one or multiple perceptual dimensions that are relevant for
each animal species. In the previous section, we showed that crabs
are able to generalize when the new stimulus is presented in a
different part of the visual space. Here, we investigate whether
they are still able to generalize when an additional stimulus di-
mension, such as the sequence of motion direction, is altered. To
test this, we used the two VDSs of the previous experiment, but
inverted the motion cycle of one of them: starting from the cen-
ter, each stimulus moved to one or to the other side of the crab
(Fig. 2A). The experimental procedure was identical to the pre-
vious experiment. Results in Figure 2 B show that animals tested
with the same VDS used on the training responded significantly
less than control animals. On the contrary, animals tested with
the different VDS responded like controls and significantly more
than those tested with the same VDS. This indicates that crabs did
not generalize between VDSs that differ in their sequence of mo-
tion. In this case, they showed a stimulus-specific memory.

We then investigated whether this stimulus-specific learning
is reflected in the responses of the LGs. The electrophysiological

Figure3.

Sztarker and Tomsic @ Brain Modularity in Arthropods

B Behavior
PF Kk
8000 *xk
h (]
\_/ 2
] 6000
. o
White @
context ; 4000/
=%
<
o
?
W 2000

o

@ Control (n=80)

Il Same context (n=40)
[ Different context (n=40)

Neuronal response

m

*

1004 ,*7

754

50

25+

Response (a.p. number)

0
@ Control (n=48)
B Same context (n=29)
[ Different context (n=29)

LGs house the trace for the signal but not for the visual context component of CSM. 4, The two visual contexts used for
training and testing the crab in behavioral and electrophysiological experiments. Experiments included a control and two trained
groups, one tested in the same context used during training and the other in a different context. Both behavioral and electrophys-
iological tests were performed 24 h following training. B, Mean escape responses of the three groups at the testing session. C,
Reconstruction of an intracellularly stained LG. The truncated axon projects to the midbrain. Lo, Lobula; PcL, lateral protocerebrum;
M, Medial; L, lateral; D, dorsal; V, ventral. D, Representative examples of LG responses to the VDS during testing from animals
belonging to the three groups. E, Mean neuronal responses of the three groups as exemplified in D. In B, n represents the number
of crabs in each group. In E, n represents the number of neurons (one per animal) in each group. Other references are as in Figure
1. See Materials and Methods for further details.

procedures used were the same as those cited in the previous
section. Traces in Figure 2C illustrate the responses of an LG to
the first VDS presentation of a training session and, after training,
to the same or to the different VDS. Figure 2 D shows the mean
responses of 15 LGs recorded in different animals. As expected,
when tested with the same VDS used for training the response of
the LGs was significantly lower than the control values. On the
contrary, the response to the different VDS was similar to the
controls, and significantly stronger than that obtained with
the training stimulus. Therefore, LGs reflect the crab’s stimulus
specificity (i.e., they can distinguish a trained stimulus from a
similar but unlearned stimulus).

Context and signal memories

As already mentioned, the CSM can only be evoked in the train-
ing context, implying an association between CM and SM. It has
been shown that these two components can be acquired indepen-
dently: CM by allowing the animal to simply explore a new con-
text (Tomsic et al., 1993, 1998); and context-independent SM by
performing a massed training (intertrial interval: 2 s) with the
VDS (Hermitte et al., 1999). Therefore, animals seem to store two
visual components of the learned experience, one related to the
stimulus (SM) and one related to the context (CM). Until now,
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the response of the LGs from trained crabs was assessed by keep-
ing the contextual environment constant between training and
testing. Hence, an important question that remained is whether
the effect of changing the context in the testing session would be
reflected by the performance of the LGs. In other words, do these
neurons store the entire CSM trace or only the SM component?
To test this, we evaluated the response of LGs to the VDS in
animals located in the same or in a different visual context com-
pared with where the memory had been acquired (Fig. 3A). Fig-
ure 3B shows that 24 h after training crabs tested in the same
context were able to express CSM, but those tested in a different
visual context were not. Confirming previous results, the re-
sponse of the LGs from animals tested in the training context was
significantly lower than that in controls. The crucial result is that
the LGs from animals that were tested in the different context also
showed a response that was significantly lower than that of con-
trols (Fig. 3D, E). These results show that whereas the learning-
induced behavioral changes are context dependent, the neuronal
changes induced in the LGs are independent of the visual context.
In other words, the memory trace identified in the LGs only
stands for the SM component of the CSM. Consequently, the
traces corresponding to the contextual visual information and
the context—signal association (the CM and the associative com-
ponents of the CSM) must be stored in different places.

Discussion

Until recently, the predominant view on how arthropods learn
and recognize visual patterns was that of a retinotopic template
(“snapshot”), where the recognition of an object depended on the
degree of overlapping between a memorized template and the
perceived stimulus (Wehner, 1974). This theory, however, can-
not account for flexible aspects of behavior such as the different
types of generalization (Benard et al., 2006). In the present study,
we show that crabs can achieve spatial generalization, which im-
plies that they can recognize the learned stimulus independently
of its retinal position (position-invariant object recognition). Li
et al. (2009) proposed that, to do this, the visual system must
transform the pixel-like image acquired by the retina into a neu-
ronal representation that is unaffected by identity-preserving
changes in the image such as those derived from variations in, for
example, position, pose, size, and illumination. In primates, this
transformation culminates in the inferior temporal cortex (Li et
al., 2009). In the crab, the anatomical and physiological proper-
ties of the LG neurons present in the optic lobes fulfill the requi-
sites to perform this kind of neural computation (see Results).
Our experiments show that the LGs reflect the ability of crabs to
generalize the learned stimulus into new retinal positions. This
means that LGs can hold a nonretinotopic representation of the
learned stimulus that allows the identification of the VDS inde-
pendently of its position. It is noteworthy that these results were
obtained by using spaced training, which renders long-term
memory. Conversely, an equal number of massed training trials
renders only transient behavioral and neuronal changes (Tomsic
etal., 2003), which are both retinotopic specific (our unpublished
data). Thus, generalization, as well as true stimulus recognition,
appears to emerge only with training protocols capable of gener-
ating enduring memory.

Generalization is less likely to occur when the mismatch be-
tween the learned stimulus and the new stimulus involves multi-
ple dimensions (Benard et al., 2006). When we concurrently
varied the position and the sequence of stimulus motion between
training and testing, crabs were no longer able to generalize (Fig.
2). This means they recognized the new stimulus as being differ-
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ent from the learned one. We found that the LGs are capable of
mediating this kind of object discrimination. Together, the re-
sults show that the LGs are involved in processing different attri-
butes that allow the animal to remember the stimulus identity.
These neurons then seem to house the memory trace related to
what the learned stimulus is (stimulus recognition). On the other
hand, the LGs are not involved in processing contextual visual
information since their response was not affected by the contex-
tual changes that prevent the retrieval of the CSM in the crabs
(Fig. 3). We cannot exclude that contextual information other
than visual, which might be relevant for the memory formation,
could be processed by the LGs. However, we have never found an
effect for nonvisual contextual changes on the expression of the
crab’s memory (see Materials and Methods). We can therefore
conclude that the LGs do not hold the memory trace related to
where the stimulus was learned (context recognition).

In the present study, the behavioral ability for remembering
the attributes of the learned stimulus was evaluated 24 h after
training, while the capacity of the neurons to reflect such ability
was assessed immediately following training. Reasons for adopt-
ing this experimental design were explained in Materials and
Methods. Because of this design, we cannot be certain that the
performance of LGs would also match the behavior when mea-
sured 24 h after training. However, there is evidence supporting
this view. Our previous studies show that spaced training induces
immediate changes in the response of the LGs that last for at least
24 h (Tomsic et al., 2003). Thus, it is tenable to think that the
reduced response of the LGs to the stimulus presented in a dif-
ferent spatial position recorded just after training (Fig. 1 D, white
bar) will remain reduced for 24 h. Similarly, it is reasonable to
expect that the high response of the LGs to the different stimulus
(Fig. 2, white bar) will remain high on the following day. To
confirm this, however, further experiments are required. At pres-
ent, we can conclude that immediately after training the perfor-
mance of the LGs already reflects the enduring ability of crabs to
generalize the learned stimulus into new space positions and to
distinguish it from a similar but novel one.

A remarkable outcome of these experiments is that immedi-
ately after training the response of the LGs allows prediction of
the long-term response of the animals in a way that could not be
predicted by assessing the behavioral performance. In fact, orig-
inally we performed these experiments at both behavioral and
neurophysiological levels with testing sessions performed 3 min
after training. The LGs reflected a capacity for generalization in
the stimuli configuration of experiment 1 but not in that of ex-
periment 2 (Figs. 1 D, 2D). At variance, the behavioral responses
(data not shown) to the training stimulus and to the other stim-
ulus were equally low in both test configurations. As explained
before, this is because, shortly after training, the stimulus-
nonspecific effect caused by stress-induced analgesia (see Mate-
rials and Methods) precludes the crab from exhibiting stimulus
specificity, thus giving the appearance of a capacity for general-
ization that extends even to stimuli of different sensory modali-
ties (Valeggia et al., 1989; Romano et al., 1991). The fact that in
the second experiment the response of the LGs to the different
stimulus was identical to that of the controls, and significantly
stronger than that obtained with the training stimulus (Fig. 2D,
white bar), indicates that the stress-induced analgesia that tran-
sitorily affects the behavioral performance acts downstream of
the LGs. This is further supported by the fact that the analgesia
induced during training also affects the escape performance to an
electrical shock (i.e., to a stimulus that is not processed in the
visual pathway) (Valeggia et al., 1989; Romano et al., 1991). At
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present, we do not know where in the crab’s nervous system the
opioids released by stress exert their analgesic effects, but given
that they affect responses elicited by stimuli of different sensory
modalities, their action is likely to occur at the level of multisen-
sory integrative centers.

The waning of the escape response to repeated presentations
of a VDS and the ability to distinguish this stimulus from a
slightly different one, described in our laboratory studies with
Chasmagnathus, has been recently found to be present in the
natural environment of the fiddler crab Uca vomeris (Hemmi and
Merkle, 2009). As with Chasmagnathus, fiddler crabs were found
to reduce their escape response to the repeated approach of a
dummy predator, and the behavioral change proved to be stim-
ulus specific and not retinotopic. Given the ecological differences
between the two species, it would be interesting to see whether
other features of the CSM of Chasmagnathus, like the endurance
of the behavioral change, the capacity for stimulus generalization,
and the context—stimulus association, can also be identified in
fiddler crabs.

In Drosophila, as in the crab, important aspects of visual mem-
ory traces seem to be confined to a relatively small number of
neurons (Liu et al., 2006). Nevertheless, stimulus cues and con-
text information appear to be processed in separate neural cir-
cuits (Liu et al., 1999, 2006). For example, mutant flies with
miniature mushroom bodies showed similar abilities to normal
flies in being able to learn a visual discrimination task but were
unable to process contextual information (Liu et al., 1999). This
and other experiments in insects point to the mushroom bodies
as the candidate site for the processing of contextual information
(Liuetal., 1999, 2006; Menzel and Giurfa, 2001). There are many
functional similarities between the hemiellipsoid bodies of crus-
taceans and the mushroom bodies of insects (McKinzie et al.,
2003). There is then a possibility that the hemiellipsoid bodies
could be involved in processing contextual cues in crabs. Further
experiments will be needed to establish whether this is correct.

The experiments in flies and crabs involved different memory
paradigms, methodologies (mutant flies and GAL4/UAS expres-
sion system following learning vs in vivo intracellular recording
and staining), and temporal memory phases (short term vs long
term), yet the results lead to the same conclusion: the small brains
of arthropods share the capacity of modular processing with the
big brains of vertebrates.
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