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1

The hippocampus and the amygdala are involved in avoidance learning in mammals. The medial and lateral pallia of actinopterygian fish
have been proposed as homologous to the mammalian pallial amygdala and hippocampus, respectively, on the basis of neuroanatomical
findings. This work was aimed at studying the effects of ablation of the medial telencephalic pallia (MP) and lateral telencephalic pallia
(LP) in goldfish on the retention of a conditioned avoidance response previously acquired in two experimental conditions. In the first
experiment, fish were trained in nontrace avoidance conditioning. In the second experiment, fish were trained in trace avoidance
conditioning in which temporal cues were crucial for the learning process. An MP lesion affected the retention of the avoidance response
in both procedures; in contrast, an LP lesion impaired the retention only in the trace-conditioning procedure. These data support the
presence of two different systems of memory in fish, based on discrete telencephalic areas: the MP, involved in an emotional memory
system; and the LP, involved in a spatial, relational, or temporal memory system. Moreover, these differential effects were similar to those
produced by amygdalar and hippocampal lesions in mammals. We conclude that these specialized systems of memory could have
appeared early during phylogenesis and could have been conserved throughout vertebrate evolution.
Key words: amygdala; hippocampus; avoidance learning; memory systems; telencephalon; brain evolution; teleost fish

Introduction
In mammals, the amygdalar and hippocampal systems accomplish an important role in the acquisition and retention of conditioned avoidance response (McIntyre and Stein, 1973; Grossman et al., 1975; Sánchez-Riolobos, 1986; Rawlins et al., 1993;
Winocur, 1997). The amygdala is involved in emotional behaviors and emotional memory (LeDoux, 1995). It is also involved in
avoidance learning because lesions of amygdala nuclei abolish the
acquired conditioned response (Sánchez-Riolobos, 1986;
Ambrogi-Lorenzini et al., 1991). It is known that hippocampal
and septal lesions facilitate avoidance learning in mammals in
some circumstances (O’Keefe and Nadel, 1978; Sara and DavidRemacle, 1981; Gray and McNaughton, 1983; Weiner et al.,
1998). However, these lesions produce harmful effects when the
contextual or time cues are significant for the conditioning process, as in the case of avoidance learning or trace emotional conditioning procedures (Woodruff and Kantor, 1983; Moyer et al.,
1990; Phillips and LeDoux, 1992). Thus, the hippocampus is involved in spatial learning (O’Keefe and Nadel, 1978), in relational
memory (Eichenbaum et al., 1992; Squire, 1992), and in the pro-
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cessing of temporal attributes of events and situations (Kesner
and DiMattia, 1987).
In actinopterygian fish, the lateral telencephalic pallium has
been proposed as homologous to the hippocampus on the basis
of both neuroanatomical evidence (Nieuwenhuys and Meek,
1990; Braford, 1995; Northcutt, 1995; Butler, 2000) and the involvement of this area in place learning by means of allocentric
frames of reference (Rodrı́guez et al., 2002). The medial pallium
has been proposed as homologous to pallial amygdala (MarinoNeto and Sabbatini, 1983; Nieuwenhuys and Meek, 1990;
Braford, 1995; Northcutt, 1995; Butler, 2000).
The behavioral nature of the conditioned avoidance response
in tetrapods has been explained by means of the two-process
theory of Mowrer (1960). Interestingly, complete telencephalic
ablation in fish produces devastating effects on the acquisition
and maintenance of a two-way conditioned avoidance response
(Overmier and Papini, 1985, 1986; Papini, 1985; Overmier and
Hollis, 1990). Flood et al. (1976) proposed, on the basis of Mowrer’s theory, that the function of the fish telencephalon is to use
the emotional states as conditioned reinforcers to produce instrumental responses. Ablation of the telencephalon therefore
disrupts avoidance conditioning because it prevents engagement
between two processes of learning (Pavlovian and instrumental).
Furthermore, it is probable that restricted telencephalic areas will
be directly involved in this function as a part of various specialized systems of memory, as has been proposed in land vertebrates
(Schacter and Tulving, 1994).
The aims of this work were to determine whether medial and
lateral pallium lesions in teleost fish produce differential effects
on the retention of the avoidance response previously acquired in
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two different situations (two-way active avoidance conditioning
and trace two-way active avoidance conditioning), to test
whether these separate pallial areas share functional similarities
with their mammalian brain homologues, and to analyze the
possible presence of multiple telencephalon-based memory systems in fish.
Materials and Methods
Experiment 1: two-way active avoidance conditioning
As described above, the fish medial and lateral pallia have been proposed
as homologous to the mammalian pallial amygdala and hippocampus,
respectively (Nieuwenhuys and Meek, 1990; Braford, 1995; Northcutt,
1995; Butler, 2000). Various experiments have shown that the lateral
pallium has functional implications in spatial learning, similarly to the
hippocampus (Vargas et al., 2000; Rodrı́guez et al., 2002), and others
suggest the presence of a telencephalon-based emotional learning system
in fish (Portavella et al., 2003). The aim of this experiment was to determine whether specific damage to the medial or lateral pallium could
produce differential deficits in two-way avoidance conditioning in goldfish, similar to those caused by damage to pallial amygdala and hippocampus, respectively. An experiment of two-way avoidance conditioning was performed using a previous design of a fish shuttle box
(Horner et al., 1961). The presentation of shock (used as an aversive
stimulus) was completely overlapped with a previous green light presentation (used as a discriminative stimulus) to minimize the interstimulus
temporal factor.

Figure 1. Schematic representation of the shuttle box adapted to fish conditioning. A, Top
view. B, Side view. The system for detecting the fish’s passing across the barrier consisted of two
red lights (24 V cc, 0.3 W) used as photoemitters, and a pair of photoresistors (3 V cc) used as
photoreceptors, all on the barrier. The barrier was made of gray PVC. To deliver the electric shock
(ES) as an unconditioned stimulus (0.39 V/cm, 50 Hz), two stainless steel bars in contact with
four metal plates were used as electrodes. Two green lights [discriminative stimulus (DS)] were
used as a conditioned stimulus (10 W, 220 V AC, 50 Hz), which was presented through the
translucent end walls of the box.

Subjects
Forty experimentally naive goldfish, purchased from a local supplier (in
Seville), served as subjects in this experiment. The animals were between
9 and 11 cm in body length and were housed in small groups in glass
aquaria (200 l) with aerated and filtered water at a constant temperature
of 20°C. The aquarium room was subject to a 14/10 hr light/dark cycle
(lights on from 7 A.M. to 9 P.M.). Pellets of dry food (Tetra-Pond; Ulrich
Baemsch GmbH, Melle, Germany) were provided daily ad libitum during
the experimental period. The experimental manipulations described in
this article were conducted in accordance with Directive 86/609/CEE of
the European Community Council and Spanish Real Decreto 223/1988.

Apparatus
Four similar shuttle boxes were used, following a previously described
design (Horner et al., 1961) (Fig. 1). Each shuttle box consisted of a
water-filled glass tank (50 ⫻ 25 ⫻ 14 cm). Black polyvinyl chloride
(PVC) covered each long side; the floor was covered with white PVC; and
the two box ends were clear and translucent to permit the green light
presentation as a discriminative stimulus (10 W, 220 V AC, 50 Hz). On
each long side, two stainless steel bars attached to metal plates were used
as electrodes to deliver a uniform, mild electric shock as an aversive
stimulus (0.39 V/cm, 50 Hz, pulsed 200 msec on and 800 msec off). A
trapezoidal barrier (7.5 cm high, 10 cm wide at the top, and 18 cm wide at
the bottom) divided the shuttle box into two compartments. On the
barrier, two pairs of photoemitters (red lights, 24 V DC, 0.3 W) and
photoreceptors (photoresistors, 3 V cc) detected the fish shuttle responses across it. The water level over the barrier was kept constant at 2
cm, giving a water level of 9.5 cm in each of the compartments. The water
was aerated continuously. The shuttle boxes were controlled by a computerized system (Letica SL) for rat conditioning, adapted and modified
in our laboratory. The software driving the shuttle boxes (Skinner; Cibertec SA) was also adapted to deliver the stimuli and to record the fish
responses.

Procedure
Preexposure. Before training sessions, fish were preexposed individually
to the experimental apparatus on 3 consecutive days. On the first day, the
animals were placed in the shuttle box with the water level set at 6 cm
above the barrier and were allowed to swim freely through the apparatus
for 30 min without any stimulus presentation. For the following two
sessions, each of 5 min, the water level was dropped to 2 cm above the
barrier; the animals did not receive conditioning stimuli.

Acquisition. All animals were trained using the same procedure. This
consisted of daily sessions of 10 trials separated by an intertrial interval
(ITI) of varying duration, ranging between 1 and 2 min. At the end of the
ITI, the trial began. The discriminative stimulus was turned on for a
maximum duration of 15 sec in the compartment where the fish was
located. If the fish did not respond (swimming across the barrier) within
10 sec of green light onset, the electric shock was turned on for a maximum of 5 sec. Thus, the temporal separation between cue onset and
shock onset was 10 sec. A response during the first 10 sec finished the
warning stimulus (green light), and the shock was not delivered. A response during the 10 –15 sec period canceled both the warning stimulus
and the shock. Before starting and after finishing the daily training session, the subject rested in the shuttle box for 5 min without any stimulus
presentation. The animals were trained until they reached the learning
criterion, to a maximum of 20 sessions. If an animal had not reached the
criterion in this period, it was rejected from the experiment. A learning
criterion was established of at least 70% of avoidance responses in five of
six consecutive training sessions (Overmier and Papini, 1986). All subjects reached the criterion between sessions 8 and 15 and were randomly
assigned to one of five groups: medial pallium (MP) ablation (n ⫽ 8),
lateral pallium (LP) ablation (n ⫽ 8), telencephalon (TEL) ablation (n ⫽
8), sham-operated (n ⫽ 8), and control (n ⫽ 8). The variables recorded
for the criterion sessions were latency of responses and percentage of
avoidance (shuttle responses occurring before shock onset; the latency
was ⬍10 sec) and escape (shuttle responses occurring during the shock;
the latency was between 10 and 15 sec). ANOVA with repeated measurements was used for statistical analysis.
Surgery. After the acquisition phase, fish were anesthetized by immersion in a 1:20,000 solution of tricaine methane sulfonate (Sigma, St.
Louis, MO) with constant flow of aerated water through the gills. The
animal was then placed in the surgical chamber, where it remained fixed
in place by lateral holders and partially bathed in water. An adjustable
tube was inserted into the animal’s mouth and connected to a pump that
provided a constant flow of water with a constant concentration of anesthetic during surgery.
The dorsal skin and skull were carefully removed, and the underlying
fatty tissue was removed by aspiration. The telencephalic tissue was aspirated carefully with a micropipette connected to a manual vacuum
system. Surgery was performed under visual inspection by means of a
binocular microscope. The sulcus ypsiliformis, sulcus lateralis, sulcus
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limitans telencephali, and anterior commissure were used as anatomical
references to determine the location and extent of the neural tissue to be
removed. After the ablation, the piece of skull was replaced in its original
position and fixed with cyanocrylate glue. The fish was returned to its
home tank for a recovery period of 5 d. Sham operations were performed
exactly as described, except that the nervous tissue was not injured. The
control group did not receive any surgical intervention.
At the end of the experiment, the fish with telencephalic lesions and
sham operations were deeply anesthetized (1:5000) and perfused with 50
mL of 0.9% saline solution, followed by 125 mL of fixative solution (10%
formalin in phosphate buffer, 0.1 M, pH 7.4). The brain was removed
from the skull, inspected for a preliminary evaluation of the ablation, and
cut in transversal sections (50 m thick) for histological analysis.
Retention. After the recovery period, the animals were placed in the
shuttle box, following the same procedure, for six additional sessions.
Latency and avoidance and escape responses were recorded. The performance during the sessions in the postsurgical period was analyzed and
compared with the postcriterion sessions before surgery for each group.
The recorded variables were the same as in the presurgical period.
ANOVA with repeated measurements was used for statistical analysis.
Statistical post hoc analysis was performed [honestly significant difference (HSD)-Tukey test]. Student’s t test was used to compare presurgical
and postsurgical intragroup differences.

Experiment 2: trace two-way active avoidance conditioning
Damage to the hippocampus in mammals produces a deficit in trace
conditioning (Thompson et al., 1987; Moyer et al., 1990). The aim of this
experiment was to determine whether a lesion of the lateral pallium of the
fish telencephalon could produce a deficit in trace avoidance conditioning comparable with that produced by a hippocampal lesion in mammals. To this end, the duration and temporal relation between the discriminative stimulus (green light) and aversive stimulus (electric shock)
were modified. The stimuli were not overlapped; a gap of 5 sec between
green light off and electric shock on was introduced. The method performed here had been successfully used in previous studies in fish. Thus,
conditioning of the emotional response in telencephalon-ablated fish
was obtained with the same temporal interstimulus interval (Overmier
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and Savage, 1974); and the cue–shock onset interval (15 sec) allows twoway avoidance conditioning in fish (Davis, 1968; Savage, 1969; Zerbolio
and Royalty, 1983; Portavella et al., 2003).

Subjects
Fifty experimentally naive goldfish, from the same source as and with
characteristics similar to those of the animals of the previous experiment,
served as subjects. The animals were kept under the same conditions of
temperature, light/dark cycle, and food described for Experiment 1.

Apparatus
The experimental apparatus was the same as described for experiment 1.

Procedure
Preexposure. The preexposure procedure was the same as that used in the
previous experiment.
Acquisition. All animals were trained using the same procedure. This
consisted of a daily session of 10 trials separated by an ITI of varying
duration, ranging between 1 and 2 min. At the end of the ITI, the trial
began. The discriminative stimulus was turned on for a maximum duration of 10 sec in the compartment where the fish was located, followed by
a gap period of 5 sec after termination of the discriminative stimulus.
Thus, the temporal separation between cue onset and shock onset was 15
sec. If the fish did not respond (swimming across the barrier) within 15
sec, the electric shock was turned on for a maximum of 5 sec. A response
during the first 15 sec finished the warning stimulus (green light), and the
shock was not delivered. A response during the 15–20 sec period canceled
both the warning stimulus and the shock. Before starting and after finishing the daily training session, the subject rested in the shuttle box for 5
min without any stimulus presentation. The animals were trained until
they reached the learning criterion, to a maximum of 30 sessions. The
learning criterion was the same as described above. The animals reached
the criterion between sessions 12 and 18 and were randomly assigned to
one of five groups: MP ablation (n ⫽ 8), LP ablation (n ⫽ 8), TEL
ablation (n ⫽ 8), sham-operated (n ⫽ 8), and control (n ⫽ 8). The
recorded variables were latency of responses and percentage of avoidance
(shuttle responses occurring before shock onset, when the latency was
⬍15 sec) and escape (shuttle responses occurring during shock, when the
latency was between 15 and 20 sec). ANOVA with repeated measurements was used for statistical analysis.
Surgery. The surgical procedure was the same
as for experiment 1.
Retention. After the recovery period, the animals were placed in the shuttle box, following the
same procedure, for six additional acquisition sessions. Latency and avoidance and escape responses were recorded. The performance during
the sessions in the postsurgical period was analyzed and compared with that for the postcriterion sessions before surgery for each group. The
recorded variables were the same as in the presurgical period. ANOVA with repeated measurements was used for statistical analysis. Statistical
post hoc analysis was performed (HSD-Tukey
test). Student’s t test was used to compare presurgical and postsurgical intragroup differences.

Results

Figure 2. Schematic representation of the location and extent of the lesions in experiment 1: whole TEL, LP, and MP lesions.
Light shading represents the largest extension, and dark shading represents the smallest. ac, Anterior commissure; Nt, nucleus
taenia. Pallium: Dd, Area dorsalis telencephali pars dorsalis. Subpallium: V, Ventral pallium; Vl, area ventralis telencephali pars
lateralis; Vv, area ventralis telencephali pars ventralis. For other abbreviations, see Results. The numbers indicate the distance
(millimeters) from the rostral pole of the telencephalon.

Experiment 1: two-way active
avoidance conditioning
Histological analysis
After visual and histological inspection of the
brain, one animal from each experimental
group showed intracranial hemorrhage, and
their data were excluded from the analysis.
Thus, the groups were control (n ⫽ 8),
sham-operated (n ⫽ 8), TEL ablation
(n ⫽ 7), MP lesion (n ⫽ 7), and LP lesion
(n ⫽ 7).
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Figure 2 shows the largest (pale shading) and the smallest
(dark shading) lesions for each experimental group. The borders
of each telencephalic area follow the nomenclature used elsewhere (Peter and Gill, 1975; Nieuwenhuys and Meek, 1990; Rodrı́guez et al., 2002). The medial pallium lesions affected the area
dorsalis telencephali pars medialis ventralis (Dmv) completely
and part of the area dorsalis telencephali pars medialis dorsalis
(Dmd). Collaterally, in the more extensive lesions, parts of the
area telencephali pars dorsalis centralis (Dc), area telencephali
ventralis pars dorsalis (Vd), and area telencephali ventralis pars
post-commissuralis (Vp) were also affected. Lateral pallium lesions extended to the area dorsalis telencephali pars lateralis ventralis (Dlv) and the area dorsalis telencephali pars lateralis dorsalis (Dld). Major extension included small parts of the Dc and area
dorsalis telencephali pars dorsalis (Dd). The telencephalonablated animals showed complete ablation of the telencephalon,
and the histological analysis showed no damage to the preoptic
area and optic tracts. The optic tectum was also spared. None of
the sham-operated animals exhibited any evidence of damage to
the telencephalon or optic tectum.
Acquisition of conditioned avoidance response
Once the animals reached the criterion of learning, the training
and acquisition period finished. At this time, the latency and
percentage of avoidance for the six sessions of criterion level were
analyzed and compared between the experimental groups. An
ANOVA with repeated measurements was used for statistical
analysis. There were no significant differences between the five
groups in either latency (F(4,32) ⫽ 1.975; p ⬎ 0.19) or avoidance
(F(4,32) ⫽ 1.256; p ⬎ 0.3). Before surgery, the avoidance and
latency values were similar among all groups in this phase (Fig. 3).
Retention of conditioned avoidance response
The results for the retention period, after surgery, showed statistically significant intergroup differences in latency (ANOVA with
repeated measurements, F(4,32) ⫽ 34.237; p ⬍ 0.001) and avoidance response (F(4,32) ⫽ 18.894; p ⬍ 0.001; Fig. 3 A, B). Post hoc
analyses presented differences between the telencephalonablated group and the control, sham-operated, and LP groups in
avoidance (HSD-Tukey, ␣ ⫽ 0.05; p ⬍ 0.001) and latency ( p ⬍
0.001). The MP group showed similar differences with the three
named groups (control, sham-operated, and LP) in avoidance
and latency ( p ⬍ 0.001; Fig. 3A,B). In contrast, the analyses from
the telencephalon-ablated and MP groups did not indicate any
difference in latency ( p ⫽ 1.0) or avoidance response ( p ⬎ 0.91;
Fig. 3A,B). There was no significant difference among control,
sham-operated, and LP groups in either avoidance response ( p ⬎
0.74) or latency ( p ⬎ 0.51; Fig. 3A,B).
The comparison between presurgical (acquisition) and postsurgical (retention) phases indicated considerable impairment in
the retention of the previously acquired avoidance response, produced by whole telencephalon and medial ablations (Fig. 3A).
The two-tailed Student’s t test (last session of acquisition vs first
session of retention) revealed statistical differences in avoidance
in the telencephalon-ablated group (t(6) ⬎ 19.4; p ⬍ 0.001) and
MP group (t(6) ⬎ 17.6; p ⬍ 0.001). The other groups did not show
any statistically significant difference in avoidance (control, t(7) ⬍
0.32; p ⬎ 0.76; sham-operated, t(7) ⬍ 1.35; p ⬎ 0.21; and LP, t(6)
⬍ 1.018; p ⬎ 0.34; Fig. 3A). The latency of sham-operated and
control groups did not present any significant difference (t(7) ⬍
1.82; p ⬎ 0.18; t(7) ⬍ 1.737; p ⬎ 0.12, respectively); the LP group
presented significant differences with the first session of the retention phase (t(6) ⫽ 3.992; p ⬍ 0.007) but maintained a high

Figure 3. Nontrace avoidance conditioning performance of the different groups during the
acquisition and retention phases in experiment 1. A, Mean ⫾ SEM of percentage of avoidance
response during acquisition (6 sessions after reaching learning criterion before surgery) and
retention (6 sessions after surgery) phases. B, Mean ⫾ SEM of response latency (seconds)
during acquisition and retention periods.

level of avoidance response in the following sessions; the
telencephalon-ablated and MP groups showed significant differences (t(6) ⬎ 6.59; p ⬍ 0.001; t(6) ⬎ 7.64; p ⬍ 0.001; Fig. 3B).
These results clearly show that the previously acquired conditioned avoidance response was impaired by medial pallium and
whole telencephalon ablations (Fig. 3A,B). Although the data for
latency showed a progressive decrease of the latency values in all
groups (F(5, 160) ⫽ 11.716; p ⬍ 0.012) along the postsurgical retention period (Fig. 3B), the latency values in the LP, shamoperated, and control groups remained lower than 10 sec (avoidance
latency). In contrast, latency in the telencephalon-ablated and MP
groups latency exceeded 10 sec (escape latencies; Fig. 3B).
Experiment 2: trace two-way active avoidance conditioning
Histological analysis
No vascular accidents were detected by visual and histological
inspection in any of the animals; thus, the experimental groups
were control (n ⫽ 8), sham-operated (n ⫽ 8), TEL ablation (n ⫽
8), MP lesion (n ⫽ 8), and LP lesion (n ⫽ 8).
Figure 4 shows the extent of the lesions in the experimental
groups. The largest (pale shading) and smallest (dark shading)
medial and lateral pallium lesions were reconstructed on standard coronal sections of the same goldfish atlas. The medial pallium lesions affected the Dmv area almost completely and the
Dmd area partially, with minor damage to adjacent areas. Collaterally, in the more extensive lesions, portions of the Dc, Vd, Vp,
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The acquisition and the retention
phase were compared by means of a twotailed Student’s t test (last session of acquisition vs first session of retention). Results
indicated significant differences for the
telencephalon-ablated, MP, and LP
groups in avoidance (t(7) ⬎ 7.04; p ⬍
0.001; t(6) ⬎ 11.310; p ⬍ 0.001; t(7) ⬎
10.247; p ⬍ 0.001, respectively) and latency (t(7) ⬎ 4.959; p ⬍ 0.002; t(6) ⬎ 6.55;
p ⬍ 0.001; t(7) ⬎ 13.69; p ⬍ 0.001, respectively; Fig. 5A,B). The sham-operated and
control groups did not present any differences in either avoidance (t(7) ⬍ 2.03; p ⬎
0.82; t(6) ⬍ 1.68; p ⬎ 0.14, respectively) or
latency (t(7) ⬍ 1.452; p ⬎ 0.19; t(6) ⬍ 1.733;
p ⬎ 0.13, respectively; Fig. 5A,B). Thus,
the results of experiment 2 showed that
when the experimental procedure emphasized the temporal factor, the LP lesion
produced devastating deficits in conditioned avoidance learning (Figs. 3, 5).
Figure 4. Schematic representation of the location and extent of the lesions in experiment 2: whole TEL, LP, and MP lesions.
Light shading represents the largest extension, and dark shading represents the smallest. For abbreviations, see Results and
Figure 2 legend.

and area ventralis telencephali pars supracommissuralis (Vs)
were also affected. Lateral pallium lesions included the Dlv and
Dld, and the major extension lesions included small parts of the
Dc and Dd. The telencephalon ablations were complete and did
not affect the preoptic area, optic tracts, or optic tectum. The
sham-operated animals did not present any damage in the telencephalon or optic tectum.
Acquisition of conditioned avoidance response
As in the previous experiment, the training and the acquisition
period finished when the animals reached the criterion of learning. The latency and avoidance of the acquisition criterion level
sessions were compared and analyzed between the experimental
groups. The ANOVA analysis with repeated measurements
showed no significant differences between the five groups in either latency (F(4, 33) ⫽ 2.3; p ⬎ 0.08) or avoidance (F(4, 33) ⫽
0.833; p ⬎ 0.51; Fig. 3A,B). Before surgery, the avoidance response and the latency values were similar in all groups (Fig. 5).
Retention of conditioned avoidance response
In this phase, statistically significant differences between the experimental groups in avoidance response (ANOVA with repeated
measurements; F(4, 33) ⫽ 21.742; p ⬍ 0.001) and latency (F(4, 33) ⫽
16.58; p ⬍ 0.001) were found (Fig. 4 A,B). Post hoc analyses indicated significant differences between the telencephalon-ablated,
sham-operated, and control groups in avoidance (HSD-Tukey,
␣ ⫽ 0.05; p ⬍ 0.001) and latency ( p ⬍ 0.001; Fig. 5A,B). The MP
group showed significant differences with the sham-operated and
control groups in avoidance and latency ( p ⬍ 0.001; Fig. 5A,B).
Interestingly, in this experiment, the LP group also presented
statistically significant differences with the sham-operated and
control groups in avoidance ( p ⬍ 0.001) and latency ( p ⬍ 0.001;
Fig. 5A,B). The sham-operated and control groups did not
present significant differences in either avoidance ( p ⬎ 0.95) or
latency ( p ⬎ 0.98). Finally, the performance of the three braininjured experimental groups was similar in avoidance ( p ⬎ 0.83)
and latency ( p ⬎ 0.61; Fig. 5).

Discussion

Involvement of the goldfish medial
pallium in avoidance conditioning
The present results show, for the first time,
that damage to the teleost fish medial pallium produces a deficit in the retention of conditioned avoidance
as severe as that after ablation of the whole telencephalon (Savage, 1969; Overmier and Papini, 1985, 1986; Papini, 1985; Overmier and Hollis, 1990). In contrast, the lateral pallium lesion had
no significant effects on the retention of avoidance in the nontrace procedure. Therefore, the present results suggest that the
medial pallium could be the main telencephalic area involved in
this kind of learning.
Although the latency values decreased progressively in the
telencephalon-ablated and MP-lesioned groups along the postsurgical training sessions in the nontrace procedure (experiment
1), latency was consistently ⬎10 sec (escape latency) without
reaching avoidance values during the retention period (Fig. 3).
These data indicate that the telencephalon-ablated and MPlesioned animals were able to improve escape responses along the
postsurgical sessions but not to produce avoidance responses. In
a previous study (Savage, 1969), forebrain-less fish reached, after
surgery, avoidance response levels similar to those of the MP
group in the present experiment (⬃50%), but they did not exceed
this percentage along 26 sessions.
There is good evidence that avoidance learning is based on the
acquisition of a mediational state of fear in goldfish (Gallon,
1972; Overmier and Starkman, 1974; Portavella et al., 2003),
which, in turn, contributes to the development of the instrumental avoidance stimulus–response association because of a reduction in fear after the shuttle response (Mowrer, 1960; Flood et al.,
1976; Overmier and Hollis, 1990; Zhuikov et al., 1994; Portavella
et al., 2003). The deficit caused by the MP lesion in goldfish could
be attributable to a deficit in the retrieval of the anticipatory fear
response to the warning stimulus or could be caused by interfering with the ability of an internal state of fear to induce an avoidance response (Mowrer, 1960; Flood et al., 1976). Thus, the
present results indicate that the fish telencephalon contains an
emotional system that is critical for fear conditioning, and the
MP is an essential element in this specialized system. The MP of
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Figure 5. Trace avoidance conditioning performance of the different groups during acquisition and retention phases in experiment 2. A, Mean ⫾ SEM of percentage of avoidance response
in acquisition (6 sessions after reaching the learning criterion before surgery) and retention (6
sessions after surgery) phases. B, Mean ⫾ SEM of response latency (seconds) in acquisition and
retention periods.

teleost fish has been proposed as anatomically homologous to the
pallial amygdala of mammals (Nieuwenhuys and Meek, 1990;
Braford, 1995; Northcutt, 1995; Butler 2000). In consonance with
this proposal, the present results demonstrate a striking functional similarity between the teleost MP and the pallial amygdala
(Aggleton, 1992, 2001; LeDoux, 1995). In contrast, an MP lesion
does not impair learned motor responses (as indicated by the low
escape latencies of the animals in the MP-lesioned group), spatial
memory (Rodrı́guez et al., 2002), or trace avoidance learning
(present results, experiment 2). Thus, the present results do not
support the proposal of homology between the teleost fish MP
(Dmv) and the land vertebrate basal ganglia or the hippocampus
(Echteler and Saidel, 1981; Murakami et al., 1983; Ito et al., 1986;
Parent, 1986) on the basis of functional features.
Involvement of the goldfish lateral pallium in trace
avoidance conditioning
Unlike in experiment 1, the LP lesion impaired performance in
the trace-conditioning procedure. The main difference between
the behavioral procedures used in experiments 1 and 2 was the
presence of an interstimulus temporal gap of 5 sec (trace avoidance conditioning). Consequently, our results show that the LP
of actinopterygian fish plays a major role in the retention of conditioned avoidance in a trace procedure. The lateral pallium of
teleost fish, like the hippocampus of mammals, is involved in the
analysis of temporal attributes of the task, the maintenance of the
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trace of the warning stimulus for conditioning, or both. The
mammalian hippocampus seems to be involved in the acquisition and retention of conditioned avoidance, conditioned fear,
and trace conditioning when contextual, spatial, and temporal
factors are relevant to establishing associations between stimuli
and responses (O’Keefe and Nadel, 1978; Woodruff and Kantor,
1983; Meck et al., 1984; Olton, 1986; Kesner and DiMattia, 1987;
Thompson et al., 1987; Moyer et al., 1990; Phillips and LeDoux,
1992; Rawlins et al., 1993; Yee and Rawlins, 1994; Cassaday and
Rawlins, 1995; Corodimas and LeDoux, 1995; Winocur, 1997).
More specifically, it has been proposed that the mammalian hippocampus is directly involved in the processing of the duration,
sequence, and temporal order of stimuli (Meck et al., 1984; Olton, 1986; Kesner and DiMattia, 1987). The present results thus
demonstrate a striking functional similarity between the mammalian hippocampal pallium and the LP of teleost fish and support the hypothesis of homology between the fish LP and the
mammalian hippocampus previously proposed on the basis of
morphological features (Nieuwenhuys and Meek, 1990; Braford,
1995; Northcutt, 1995; Butler, 2000) and functional data (Rodrı́guez et al., 2002).
However, the hippocampus has not been related to temporal
processing functions in nonmammalian vertebrates (Macphail,
1987, 1996; Bingman, 1990; Hampton and Shettleworth, 1996;
Macphail, 1987, 1996). Furthermore, some authors have proposed that the nonspatial functions of the mammalian hippocampus may be related to unsought damage to cortical areas
adjacent to the hippocampus (e.g., entorhinal cortex) during the
surgical procedure (O’Keefe, 1993; Nadel, 1995; Guillazo-Blanch
et al., 2002). Thus, these cortical areas (close to the hippocampus)
may be involved in nonspatial functions (i.e., temporal attribute
processing). In our case, the lesions of the LP extended to the Dld,
which has been proposed as homologous to the isocortex of tetrapods (Braford and Northcutt, 1974; Northcutt and Braford,
1980; Northcutt and Davis, 1983; Butler, 1994). Although further
studies on the functional implications of the fish lateral pallium
are necessary, our results present a thought-provoking scene in
which the functional involvement of the teleost fish LP is discussed in functional and theoretical terms similar to those for
hippocampal formation.
Teleost fish medial and lateral telencephalic pallia maintain
functional parallelism with mammalian hippocampus and
amygdala: implications for vertebrate forebrain evolution
The present results demonstrate a striking functional similarity
between the MP and LP of teleost fish and the pallial amygdala
and hippocampal pallium of mammals, respectively. On the basis
of anatomical and developmental evidence, the MP of teleost fish
is considered homologous to the pallial amygdala of mammals,
whereas the LP corresponds to the hippocampal pallium (Northcutt and Braford, 1980; Nieuwenhuys and Meek, 1990; Braford,
1995; Butler, 2000). The forebrain of ray-finned fishes develops
by a process of eversion or outward bending of the prosencephalic walls of the prosencephalic vesicle (Nieuwenhuys, 1963;
Northcutt and Braford, 1980). This eversion process reverses the
pallial to medial-to-lateral topography observed in mammals.
Thus, the developmentally lateral (amygdalar) pallium is predicted as lying medially in ray-finned fishes, whereas the developmentally lateral (hippocampal) pallium is predicted as occupying a medial position. The present functional data provide
additional support for the eversion hypothesis of teleost telencephalon development, with considerable preservation of the
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original topology, and could contribute significantly to clarifying
the identity of the pallial areas in ray-finned fishes.
Furthermore, the close similarity between the function of homologous telencephalic pallial areas suggests that the forebrain of
vertebrates contains a common, conserved pattern of basic organization. Ray-finned fishes and land vertebrates share a common
ancestor that lived some 400 million years ago (Carroll, 1988).
Following a parsimony principle, the present results suggest that
a system of emotional memory (medial pallium based) and another (or others) of spatial, relational, or temporal memory (lateral pallium based) could have appeared early during phylogenesis and could have been conserved throughout vertebrate
evolution.
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