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HIGHLIGHTS

® Passive avoidance learning (PAL) is shown in toads using aversive saline solutions.

® PAL neural basis in toads is explored with a comparative approach.

e Amygdala and striatum displayed higher activation than other brain areas.

® Thus, these areas could be key components of the brain circuit of PAL in amphibians.
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The present study explores passive avoidance learning and its neural basis in toads (Rhinella arenarum). In
Experiment 1, two groups of toads learned to move from a lighted compartment into a dark compartment.
After responding, animals in the experimental condition were exposed to an 800-mM strongly hypertonic
NaCl solution that leads to weight loss. Control animals received exposure to a 300-mM slightly hyper-
tonic NaCl solution that leads to neither weight gain nor loss. After 10 daily acquisition trials, animals in
the experimental group showed significantly longer latency to enter the dark compartment. Additionally,

Key Words; . . 10 daily trials in which both groups received the 300-mM NaCl solution after responding eliminated this
Passive avoidance learning K . . L . .

Telencephalon group effect. Thus, experimental animals showed gradual acquisition and extinction of a passive avoid-
AgNOR technique ance respond. Experiment 2 replicated the gradual acquisition effect, but, after the last trial, animals were
Amygdala sacrificed and neural activation was assessed in five brain regions using AgNOR staining for nucleoli—an
Striatum index of brain activity. Higher activation in the experimental animals, relative to controls, was observed

Toads in the amygdala and striatum. Group differences in two other regions, lateral pallium and septum, were
borderline, but nonsignificant, whereas group differences in the medial pallium were nonsignificant.
These preliminary results suggest that a striatal-amygdala activation could be a key component of the
brain circuit controlling passive avoidance learning in amphibians. The results are discussed in relation
to the results of analogous experiments with other vertebrates.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Aversive conditioning in amphibians is poorly understood
mainly due to difficulties finding suitable conditions to motivate
defensive behavior in these animals [29,38,39,51,59]. In mammals,
aversive conditioning typically involves peripheral pain induced
by the administration of electric shocks [1,6,32,36]. In amphibians,
however, experiments using shock-induced pain have produced
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inconsistent results. For example McGill [31], observed an increase
in escape latency of leopard frogs (Rana pipiens) trained in a shuttle
box, instead of the typical decrease in latency, and a high mortal-
ity. Crawford and Langdon [8] did observe a decrease in latency,
but only within training sessions; retention between sessions was
not observed. Using four anuran species, Boice [4] reported no evi-
dence of avoidance learning in two of them (Scaphiopus hammondi
and Rana pipiens) and modest levels of avoidance in the other two
species (Rana clamitans and Bufo woodhousei, responses in 20 and
100 trials out of a total of 200 trials). Karplus et al. [24] trained
aquatic frogs (Xenopus laevis) in a passive avoidance situation. Ani-
mals placed in a square aquatic tank were shocked whenever they
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entered the dark side of the tank. Animals successfully avoided the
dark side after a few training trials. By contrast, Dicke et al. [11]
using a terrestrial toad (Bombina orientalis), reported limited suc-
cess in their attempt at punishing the prey-capture response by
shocking their animals on a leg contingent with tongue extension.

The failure of extrapolating training techniques from mammals
to amphibians has led more recently to alternative procedures. For
example, Bilbo et al. [3] used warm water to elicit escape behavior
in frogs. In anuran amphibians, another option is to exploit their
skin sensitivity to hypertonic saline solutions. In toads and frogs,
rehydration occurs mostly through a pelvic patch of highly vascu-
larized skin, rather than by drinking [2]. The properties of this pelvic
patch have been studied in detail in the terrestrial toad Rhinella are-
narum (formely Bufo arenarum).This previous studies have shown
that toads have a plasma concentration that is approximately 245
mOsm/kg, which is isotonic to a 115mM NaCl solution [13,54].
Thus, these toads are capable of rehydrating from saline NaCl solu-
tions with a concentration lower than 250 mM [28]. Thus, toads can
rehydrate exposed both to hypotonic saline solutions (0-115 mM)
as to slightly hypertonic saline solutions (115-250 mM), wherein
are also able to actively rehydrate. By contrast, concentrations
highly hypertonic (above 350 mM) result in dehydration and elicit
escape behavior [10,40]. Exposure to a 300-mM solution leads to
no net weight gain or loss; therefore, this solution is assumed to be
neutral [28]. This suggests that a single continuum of salinity may
yield appetitive (below 250 mM), neutral (300 mM), or aversive
(above 350 mM) reinforcers [10,28].

Experiments based on this continuum show that, when used
as a reinforcer, an 800 mM NacCl solution supports aversive heart-
rate conditioning and active avoidance learning [ 10]. Moreover, the
runway performance of toads improved when reinforced with dis-
tilled water, but did not change when reinforced with the neutral
300 mM solution, and deteriorated when reinforced with the aver-
sive 800 mM solution [40]. The present experiments were aimed
at (1) extending this training protocol to the passive avoidance sit-
uation, which requires animals to learn to suppress a dominant
response after pairings with an aversive reinforce, and (2) exploring
the neural basis of passive avoidance learning by assessing neural
activity in several brain regions.

2. Experiment 1

Two groups of animals were trained in a passive avoidance
situation using a two-compartment shuttle box, one of them illumi-
nated and the other not (dark). As toads normally tend to seek and
stay in the dark part of an enclosure (Muzio, unpublished observa-
tion), animals were placed in the illuminated compartment and the
time to enter the dark compartment was recorded. Entrance into
the dark compartment was paired with forced immersion in an
aversive 800-mM Nacl solution in experimental animals, but with
forced immersion in a neutral 300-mM NacCl solution in controls.
It was expected that animals in the experimental condition would
acquire areluctance to enter the dark compartment, as measured in
terms of response latency. After 10 daily trials, all animals received
another 10 daily trials in which crossing to the dark compartment
resulted in immersion in the 300-mM NaCl solution. This mea-
sured the extent of extinction of passive avoidance in experimental
animals.

2.1. Method

2.1.1. Subjects

Twenty naive adult male terrestrial toads (R. arenarum, previ-
ously Bufo arenarum) collected in pounds around Buenos Aires,
Argentina, served as subjects. This species is not listed as threat-

ened [21]. Animals were maintained according to the NIH Guide
for Care and Use of Laboratory Animals. Upon arrival, toads were
treated for a week with antibiotics and anthelmintics to control
bacterial and parasitic infections, and kept in group cages with
running water during at least two weeks. Before the start of the
experiment, animals were fed once a week with dog chow and were
subjected to a morphological examination to assess body symmetry
and reflexes. Standard weights (weight of the hydrated animal with
its urinary bladder empty; [57]) were obtained the day before the
start of pre-training. The mean standard weight for this sample was
90.4 g (range: 72.7-123.0 g). The vivarium was kept at 24-25 °Cand
40-50% humidity, and subjected to 16:8 h light:dark cycle (lights
on at 04:00 h). Toads were trained between 8:00-13:00 h. Animals
were kept at 80% of their standard weight during the entire exper-
iment. This procedure successfully results in toads motivated to
search for water [41,52].

2.1.2. Apparatus

We used a one-way shuttle box built with black Plexiglas and
divided into two compartments separated by a guillotine door
(Fig. 1). The shuttle box was covered with translucent Plexiglas
lids that allowed constant observation of the animals through a
mirror. One of the compartments (8 x 9 x 16 cm, LxWxH) was illu-
minated by a 40-W bulb over the translucent lid, had white walls,
and a plastic grid in the floor. The other compartment was larger
(14.5 x 14.5 x 19 cm, LxWxH), had no illumination (dark compart-
ment), and had black walls. The dark compartment was connected
through a cannula to a bottle containing NaCl solutions. Thus, this
compartment could be rapidly flooded with the appropriate saline
solution by simply rising the bottle.

2.1.3. Training procedure

Toads were randomly assigned to one of two groups: Group
800 (n=10, exposed to an aversive 800 mM highly hypertonic NaCl
solution, leading to weight loss) and Group 300 (n=10, exposed to
a neutral/nonaversive 300 mM slightly hypertonic NaCl solution,
leading to no net weight gain or loss).

Animals received two pretraining trials, one per day, in which
they were placed in the illuminated compartment with the guillo-
tine door closed for 30 s. Then, the door was opened and they could
freely move about the shuttle box for 10 min. During these two tri-
als, the box was dry, but animals were still weighted before and
after each trial.

Training involved 10 acquisition trials, followed by 10 extinc-
tion trials, at a rate of one trial per day. In each trial, toads were
gently placed in the illuminated compartment for 30 s and then the
guillotine door was raised. Two dependent variables were regis-
tered: (1) Response latency (in seconds): Time from the moment in
which the animal was placed in the illuminated compartment to
the moment it entered the dark compartment with its four legs. (2)
Weight variation: The weight of each animal (in grams) was reg-
istered before and after each trial to estimate water consumption.
The difference between these two weights was divided by the stan-
dard weight and multiplied by 100 to provide a relative measure of
water uptake corrected for individual differences in body weight.

During acquisition trials, the goal compartment was flooded
with the appropriated saline solution (800 or 300 mM of Nacl,
depending on the group) as soon as the toad entered the compart-
ment. Extinction trials were identical to acquisition trials, except
that all animals were exposed to the neutral 300-mM NaCl solu-
tion in the goal compartment. In acquisition trials, if an animal did
not enter into the dark compartment within 10 min of trial onset,
it was removed and a latency of 600s was recorded for that ani-
mal on that trial. In extinction trials, animals that did not respond
after 10 min were guided to the dark compartment, the guillotine
door was closed, and a latency of 600 s was recorded. This guidance
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Fig. 1. Left. Schematic of one-shuttle box used to train toads.

procedure in extinction trials was implemented to allow animals
to experience the lack of aversive consequences for moving into
the dark compartment when exposed to the neutral 300-mM NaCl
solution. In all trials, exposure to the solutions was inescapable and
lasted 120s. At the end of this period, toads were gently taken out
of the shuttle box, their skin was dried with a cloth, and they were
transferred to dry cages where they remained until the next day. At
least 30 min after each daily trial, animals that had lost weight dur-
ing the trial were supplemented with deionized water until they
reached their target weight, whereas those that had gained weight
during the trial were dehydrated before the next trial. This proce-
dure ensured that animals would be at 79-81% of their standard
weight at the start of each trial.

Analysis of the data was made by an analysis of variance with
trials as a repeated-measure factor whenever applicable, followed
by LSD pairwise comparisons derived from the main analysis. The
alpha value was set to less than 0.05 for all tests. All statistics were
computed with the IBM SPSS Statistics 21 package.

2.2. Results

During the two pretraining trials, the average (+SEM) running
latencies for each trial were 113.9 (£22.4) and 208.3 s (£+48.5) for
Group 800 and 136.8 (£49.0) and 184.8s (+36.6) for Group 300.
An analysis of these pretraining scores indicated no differences
between groups, trials, or their interaction, Fs <2.97, ps > 0.10. Thus,
there was no detectable pretraining bias across groups in terms
of their behavior. Fig. 2 (top) shows the response latency of each
group during acquisition and extinction trials. Response latencies
increased during acquisition and decreased during extinction in
Group 800, whereas no major changes in latency were observed in
Group 300. These conclusions were supported by statistical analy-
ses. A Group (800, 300) x Trial (1-10) analysis of acquisition data
showed significant effects for groups, F(1, 18)=6.10, p<0.03, tri-
als, F(9, 162)=2.43, p<0.02, and their interaction, F(9, 162)=4.18,
p<0.001. Pairwise LSD comparisons indicated that the source of the
interaction was group differences on trials 3, 4, 6, 8, and 10, Fs(1,
18)>5.07, ps<0.04. Complete avoidance performance (i.e., trials
with the maximum latency possible) was observed in five animals

. Right: Photograph from the upper side of the dark compartment.
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Fig. 2. Top: Mean (+SEM) of response latencies (s) during 10 daily acquisition tri-
als and 10 daily extinction trials for both groups. Bottom: Mean (+SEM) of weight
variation (g/100 g) between measurements taken before and after each daily trial,
for both groups.

(in a total eight trials) in Group 800, but in one animal (two trials)
in Group 300. A similar analysis of the last five acquisition trials
showed only significant differences between groups, F(1, 18)=8.92,
p<0.009, but no trial or interaction effects, Fs <2.24, ps > 0.07. Thus,
instrumental behavior was asymptotic during the second half of
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acquisition. Separate analyses of latencies across acquisition trials
indicated that whereas there was a significant acquisition effect
in Group 800, F(9, 81)=4.47, p<0.001, there was no detectable
acquisition effect in Group 300, F(9, 81)=1.42, p>0.19.

Fig. 2 (top) also shows that latencies decreased during extinc-
tion trials in Group 800, but continued without much change in
Group 300. A Group x Trial (11-20) analysis showed a signifi-
cantinteraction, F(9,162)=1.94,p <0.05), but nonsignificant effects
for groups or trials, Fs<2.80, ps>0.05. Pairwise LSD comparisons
revealed that Group 800 scored above Group 300 on trials 1 and
4, Fs(1, 18)>4.50, ps < 0.05. Separate analyses of individual groups
indicated that there was a significant extinction effect in Group 800,
F(9,81)=3.09, p<0.004, but no appreciable extinction in Group 300,
F<1.

Fig. 2 (bottom) shows weight variation data during the course
of acquisition and extinction for each group. The reinforcer manip-
ulations produced the expected results, that is, a reduction in body
weight in the toads exposed to an inescapable 800 mM Nacl solu-
tion, but not much change in body weight in animals exposed to a
300 mM NacCl solution. An analysis of acquisition data confirms that
there was a significant difference between groups, F(1, 18)=81.45,
p<0.001, but no trial or interaction effect, Fs<1.27, ps > 0.26. These
group differences dissipated during extinction, when none of the
effects was significant, Fs <1.75, ps >0.08. The mean weight vari-
ation of each group, in each phase and over the entire ten trials,
was also contrasted against zero with a one-sample, two-tailed T-
test. In acquisition, both groups differed from zero, ts(9)>—3.09,
ps<0.02, whereas in extinction none of the groups differed from
zero, ts(9) > —1.64, ps > 0.13. The mild, but significant, loss of weight
observed in the acquisition of the Group 300 may reflect the slightly
hypertonic effect of a 300 mM NacCl solution in these animals dur-
ing this first phase of the training. Notice that this effect was not
present during extinction trials, when access to 300 mM NaCl solu-
tion was given to all the animals. Thus, factors common to both
phases (e.g., evaporation due to heat in the lighted compartment)
cannot account for the acquisition effect in Group 300.

3. Experiment 2

The procedure used in Experiment 1 proved effective to induce
passive avoidance learning in toads using inescapable immersion in
a hypertonic NaCl solution that causes dehydration. These results
extended previous research using a similar procedure [10,40] to the
passive avoidance situation. In Experiment 2 we trained toads in the
same situation with the goal of identifying regions in the amphib-
ian telencephalon functionally activated during the performance of
the passive avoidance task. At the end of acquisition training equal
to that of Experiment 1, toads were sacrificed and their brains were
prepared for histological analysis. We used the AgNOR technique
to determine quantitatively the level of neuronal activity after
asymptotic performance in the passive avoidance task. The nucle-
olus organizer region (NOR) is a compartment of the cell nucleus
which main function is the rRNA synthesis and biogenesis of ribo-
somal subunits [7]. Nucleolus is formed by loops of DNA containing
ribosomal coding sequences, and most of all proteins and ribonu-
cleoprotein complexes with high affinity for silver ions. Nucleoli
stained with silver nitrate are called AgNORs [60]. AgNOR is a his-
tochemical procedure used to study cellular activity by comparing
the size of the NOR to the size of the cell’s nucleus. Since NOR’s vol-
ume increases in relative size when there is an increase in protein
synthesis [53], NOR’s size could be used as a marker of protein syn-
thesis activity. For example, AgNOR has been extensively used to
assess tumoral cells, and has proved to be a predictor of treatment
outcome [47]. As many brain functions, such as learning, require
protein synthesis [44], therefore, AgNOR has also been used to study

brain structures activity. In other aspect, AgNORis also a convenient
technique for studies in comparative psychology because, unlike
immunohistochemical techniques, it does not require the conser-
vation of specific peptide sequences and, therefore, it can be applied
to distantly related species, such as mammals [15,17] and teleost
fish [5,61]. Particularly interesting is the fact that this technique
has been extensively used in fish, another heterothermic group,
where has given strong evidence linking increased neural activ-
ity to increased AgNOR labeling after training animals in operant
procedures [5,61].

Most studies of the neural basis of learning in amphibians
involve telencephalic lesions and appetitive tasks [9,42,43,45]. In
mammals, the amygdala has long been identified as one of the
main structures implicated in aversive learning [12,46], including
passive avoidance [20,22]. Homologous regions of the fish telen-
cephalon have also been implicated in active avoidance learning
[49,50], a finding suggesting substantial evolutionary conservation
ofbrain function in aversive learning across vertebrates. In amphib-
ians, several histochemical-morphological studies have proposed
the ventral part of the lateral pallium of the telencephalon as
homologous to the mammalian amygdalar complex [27,34,35,37].
However, there are few behavioral studies testing the functions of
these regions [18,19,26].

3.1. Method

3.1.1. Subjects and apparatus

The subjects were 24 experimentally naive, adult, male toads
(R. arenarum). They were obtained and maintained as described
in Experiment 1. The training apparatus was the same described in
Experiment 1. The standard weight of these animals varied between
59.6-159.5g (Mean=99.1g, SEM+5.7).

3.1.2. Training procedure

The pretraining and acquisition training procedures were iden-
tical to the groups included in Experiment 1 (Group 800, n=12; and
Group 300, n=12).

3.1.3. Staining procedure and AgNOR quantification

We followed the staining and quantification protocols employed
previously in similar operant procedures in fish [5,61]. Twenty four
hours after the last training trial toads were deeply anesthetized
with tricaine methanesulfonate (MS222, Sigma USA) and perfused
transcardially with saline solution followed by 10% formalin in
0.1 M phosphate buffer solution (pH 7.4). Brains were removed,
immersed for at least a week in the same solution used for per-
fusion, and then embedded in paraffin wax. Telencephalons were
cut in series of 12-pm thick coronal sections with a microtome.
One of each three sections at medial level of the telencephalon was
silver stained following the staining procedure described in [48].

NORs were quantified in five telencephalic regions selected
according to Moreno and Gonzalez [33-35] and Marin et al. [30], as
shown in Fig. 3A: The medial zone of the dorsal region (medial pal-
lium), the medial zone of ventral region (septum), the lateral zone
of the subdorsal region (lateral pallium), the lateral zone of the
ventral region (striatum), and the lateral zone of the medial region
between the lateral pallium and the striatum (amygdala). The latter
region, what we call amygdala, according to some authors refers to
a subdivision of the amphibian amygdaloid complex, corresponds
to the lateral and anterior amygdala [33-35].

The sections were observed with a light microscope Leica
DM500 (Leica Microsystems, Buffalo Grove, IL, USA) using an oil
immersion lens (1000x magnification). NORs were visualized as
black or black-brown intranuclear dots, in contrast with the nuclei
of neurons that appeared weakly stained in brown-golden color;
these structures are shown in Fig. 3B and C. Glial cells were dis-
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Fig. 3. A. Diagram (left) and representative AgNOR-stained coronal section (x40, right) at the medial telecephalic level of the anterior-posterior axis in the toad Rhinella
arenarum showing the five regions where the analysis was conducted (MP: medial pallium; LP: lateral pallium; Sep: septum; Str: striatum; Am: amygdala). B. Examples of
AgNOR staining in neurons of the striatum and amygdala (x1000). C. Enlargement of striatum image showing a nucleus (black arrow) and a nucleolus (white arrow).

tinguished from neurons on the basis of their smaller size and
the clearly visible nuclear border. A computer-assisted interactive
image analyzer (Leica, Application Suite version 2.0.0) and software
(Adobe Photoshop CS5) were used to measure cellular parameters
in each selected region. The parameters evaluated were the num-
ber of NORs per neuron, the total nuclear area, the absolute NOR
area, and the relative NOR area, defined as (absolute NOR area/total
nuclear area)*100.

Quantifications were made in 3-5 consecutive sections selected
from the total of serial sections which contained the relevant
regions. A total of 80 nuclei were sampled in each region. To obtain
an unbiased sampling, we performed a systematic scanning of each
telencephalic region using four microscopical fields within each
section, avoiding repetition of the measures. About 20 cells were
chosen from each brain region and section. Multiple focal planes
were evaluated to avoid erroneous measurements of counting of
overlapping nuclei. The sections were analyzed by an observer blind
to the animal’s training condition.

3.2. Results

3.2.1. Behavioural performance

The mean (+SEM) running latencies for each pretraining trial
were 149.8 (+43.7) and 198.0s (+41.2) for Group 800 and 179.8
(£49.0) and 202.3 s (£34.0) for Group 300. An analysis of these
pretraining scores indicated no differences between groups, trials,
or their interaction before the start of training, Fs <1.49, ps>0.23.
Fig. 4 (top) shows the running latency for each group during acqui-
sition trials. Animals showed a learning profile similar to that
observed in the previous experiment. Running latencies increased
across acquisition trials in Group 800, but showed little change
in Group 300. A Group x Trial analysis yielded a significant group

effect, F(1, 22)=7.38, p<0.02) and a significant acquisition effect,
F(9198)=5.42, p<0.001, but the interaction failed to reach signif-
icance, F(9198)=1.83, p>0.06. Five toads in Group 800 received
the maximum latency in a total of eleven trials, whereas two ani-
mals in Group 300 failed to enter into the dark compartment
in a total of three trials. Avoidance performance was asymptotic
during the second half of training (trials 6-10), as inferred from
nonsignificant trial or interaction effects, Fs <2.25, ps>0.07, com-
bined with a significant group difference, F(1, 22)=8.95, p<0.008.
Separate analyses for each group confirmed that whereas Group
800 exhibit a significant increase in latencies across trials, F(9,
99)=5.30, p<0.001, the performance of Group 300 did not vary
significantly across trials, F(9, 99)=1.09, p>0.37.

Weight variation data during the course of acquisition are
shown in Fig. 4 (bottom) for each group. The two reinforcers used
had the intended effects, with the 800 mM NacCl solution resulting
in weight loss and the 300 mM solution in lower, but still noticeable
weight loss. However, unlike in Experiment 1 (see Fig. 2, bottom),
there was greater variability in these values. Still, an analysis of the
weight variation during acquisition indicated a highly significant
difference between the groups, F(1, 22)=32.13, p<0.001. The trial
and interaction effects were nonsignificant, Fs < 1. The overall per-
formance of each group averaged across the ten acquisition trials
was also compared to zero using a one-sample t-test. Group 800
was clearly different from zero, t(11)=-9.05, p<0.001, but Group
300’'s weight variation was not different from zero, {(11)=-1.49,
p>0.16.

3.2.2. AgNOR assessment

No differences between groups were found in terms of absolute
NOR area, absolute nucleus area, or number of NORs per nucleus for
any of the five telencephalic regions studied, ts(22) < 1.90, ps > 0.14.
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Variation in nucleus and NORs areas were in opposite directions
with treatment, but this tendency never reached significant dif-
ferences. Group differences were observed only in terms of a
measure of NOR area relative to nucleus area and only in two
of the brain regions. Fig. 5 shows these results for both groups
in the five telencephalic regions studied: medial pallium, lateral
pallium, septum, amygdala, and striatum. In general terms, all of
the five telencephalic studied regions exhibited a tendency to a
major relative AgNOR area in animals from Group 800 than in
toads from Group 300. However, statistical analyses only showed
between groups differences for the ventrolateral regions of the
telencephalon: amygdala, F(1,22)=8.13,p<0.01, and striatum, F(1,
22)=7.59, p<0.02. For two other regions, lateral pallium and sep-

tum, the results were nonsignificant, but borderline, Fs(1,22) < 4.03,
ps>0.056. Finally, there was no difference in relative NOR area
between groups in the medial pallium, F<1.

4. Discussion

Toads exposed to an aversive hypertonic saline solution
(800 mM Nac(l) showed an increased latency of response in both
experiments. This change in behavior was fast, as it started after
the first or second acquisition trial, and significant differences in
responses compared to the control group developed from the third
trial. To the best of our knowledge, our study is the first to describe
the presence of passive avoidance learning in amphibians using a
highly hypertonic saline solution as reinforcer. These results con-
firm a previous observation that hypertonic NaCl solutions can be
used to motivate aversive responses in anurans [ 10,40]. By contrast,
toads exposed to a slightly hypertonic saline solution (300 mM
NaCl) exhibited a stable behavior with minimal signs of aversive
learning. The 300 mM solution provides an appropriate control
condition because it involves an analogous immersion in the solu-
tion without inducing either an appetitive or an aversive response
[28,40]. Therefore, behavioral differences during training can be
safely attributed to the degree of aversiveness induced by each solu-
tion. The avoidance response developing during acquisition trials
was reversed during the extinction trials of Experiment 1. Such a
gradual reduction in response latencies is consistent with the con-
clusion that the hypertonic solution induced a process of aversive
associative learning.

One reason why these saline solutions are effective reinforcers
lies in some adaptations present in the skin of toads. Previous stud-
ies in our laboratory showed that the skin of the terrestrial toad
Rhinella arenarum is sensitive to electrolytes in solution [55]; in
particular to saline solutions, being reported escape behaviors from
highly hypertonic NaCl solutions (400 mM or more). Thus, toads
might have evolved sensory mechanisms in the skin capable of
detecting hypertonic environments. Such ability would help toads
to prevent dehydration by water loss through the skin, a major
selective pressure for animals dependent on daily access to water
for survival [58]. However, although the hypertonic, 800 mM NaCl
solution supported passive avoidance, it did not completely prevent
animals from entering into the goal compartment, except in some
isolated trials. Unsystematic observations of these animals during
training trials suggest a possible explanation. The toads in Group
300 stayed still in the illuminated compartment for a variable
amount of time and then moved slowly to the dark compartment
to sit on the solution. By contrast, after a few trials, the toads in
Group 800 were agitated and reared against the walls of the illumi-
nated box, even before the guillotine door was raised (see Fig. 1).
In some trials, a toad engaged in what appeared to be attempts to
exit the apparatus would fall into the dark compartment, therefore
fulfilling the criterion for ending the latency measure.

Experiment 2 is a preliminary attempt at understanding the
neural basis of passive avoidance in toads using the AgNOR tech-
nique. This technique assesses cell activation in terms of nucleolus
area and number. The data presented here suggests that passive
avoidance learning induces a relative increase in nucleolus area rel-
ative to nucleus area in the amygdala and the striatum, but not in
other telencephalic regions. Thus, that increased relative NOR area
might reflects previous changes in brain activity occurred in the
amygdala and in the striatum. In anuran amphibians, the amygdala
occupies the ventrolateral quadrant of the caudal telencephalon
and extends rostrally into the ventral part of the dorsolateral pal-
lium. Therefore, the amygdala region assessed in Experiment 2
corresponds to the lateral and anterior amygdala [33]. In mammals,
the basolateral amygdala has been postulated to be the storage
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site for Pavlovian fear conditioning [46]. Significant protein syn-
thesis occurs in the basolateral amygdala during fear conditioning,
a process that seems to be regulated by monoamine input [23]. The
striatum, part of the dopaminergic system, has been proposed to
mediate conditioned motor responses in mammals [25]. For exam-
ple, during fear conditioning in rats, freezing is impaired by lesions
of the dorsal striatum [14], but cardiovascular responses are not
affected by similar lesions [56]. The present results suggest that the
importance of striatal-amygdala connections may be a conserved
pathway regulating fear conditioning in vertebrates.

Although interesting, there are several limitations of these neu-
ral results. First, the procedure used in Experiment 2 involved
exposing animals to the solutions during the last training trial,
before the animals were sacrificed for AgNOR assessment. It is pos-
sible that the observed activation is more related to the degree
of aversiveness experienced in the dark compartment than to
the degree of passive avoidance learning. An indirect test of this
possibility would be to look for a correlation between response
latencies during the final trial and relative AgNOR area. This does
not directly speaks to the relationship between immersion in the
solution (whether 800 or 300 mM NaCl) and relative AgNOR area
in the amygdala and striatum, but it is a way of assessing a possi-
ble relationship between the degree of aversiveness (albeit only
anticipatory in terms of response latency) and relative AgNOR
area. Pearson’s coefficients of correlation were calculated for each
group separately and also for all the animals pooled, and for the
striatum and the amygdala. The correlations were all rather low,
25 <0.14, and nonsignificant, providing no evidence for a relation-
ship between aversiveness and relative AgNOR area in either the
striatum or the amygdala. Second, the observed changes in neu-
ral activity were only observed in a relative measure, but failed
to occur when absolute values of the structures involved in the
relative transformation were used. One interpretation, of course,
suggests that individual differences masked the effects on abso-
lute values. Additional research would be valuable to determine
the replicability of the current findings under similar conditions
and with alternative techniques assessing neural activity. Finally,
thata telencephalic region shows changes during conditioning does
not necessarily imply that its functional integrity is necessary for
learning to occur. For example, fear conditioning induces cortical
changes associated to the presentation of the conditioned stimu-
lus in rats, and yet complete decortication does not eliminate their
ability to exhibit such conditioning [16].

With these cautions in mind, we suggest that striatal-amygdala
activation is a key component of the brain circuit controlling pas-
sive avoidance learning in amphibians. This hypothesis implies a
substantial degree of evolutionary conservation in brain circuitry
underlying fear conditioning among vertebrates.
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