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a b s t r a c t
The zebraﬁsh may represent an excellent compromise between system complexity and practical simplicity for behavioral brain research. It may be particularly appropriate for large scale screening studies
whose aim is to identify mutants with altered phenotypes or novel compounds with particular efﬁcacy.
For example, the zebraﬁsh may have utility in the analysis of the biological mechanisms of learning
and memory. Although learning and memory have been extensively studied and hundreds of underlying molecular mechanisms have been identiﬁed, this number may represent only the fraction of genes
involved in these complex brain functions. Thus large scale mutagenesis screens may have utility. In order
for such screens to succeed, appropriate screening paradigms must be developed. The ﬁrst step in this
research is the characterization of learning and memory capabilities of zebraﬁsh and the development of
automatable tasks. Here we show that zebraﬁsh is capable of latent learning, i.e. can acquire memory of
their environment after being allowed to explore it. For example, we found experimental zebraﬁsh that
experienced an open left tunnel or an open right tunnel of a maze during the unrewarded exploration
phase of the test to show the appropriate side bias during a probe trial when they had to swim to a
group of conspeciﬁcs (the reward). Given that exploration of the maze does not require the presence of
the experimenter and the probe trial, during which the subjects are video-recorded and their memory is
tested, is short, we argue that the paradigm has utility in high-throughput screening.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
The zebraﬁsh has been one of the favored model organisms of
embryology [48] and, due to the numerous and extensive developmental studies using genetic approaches conducted with this
species, by now zebraﬁsh is one of the most frequently employed
animal model organisms of genetics too [27]. As a result of the
accumulated genetic knowledge and the large number of genetics tools developed for this species, the zebraﬁsh has been gaining
popularity in behavioral brain research as well [42]. Research using
genetic methods has been successful in the analysis of the biological mechanisms of brain function [13]. Thus, zebraﬁsh with its
strong genetics toolset may also have utility in behavioral brain
research in addition to the classical laboratory rodents, mice and
rats, and to the lower order organisms such as the nematode or the
fruit ﬂy.
Furthermore, when comparing these evolutionarily highly
diverse laboratory study species, the zebraﬁsh appears to enjoy
some advantages. Although it is a vertebrate that possesses a
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complex brain whose major anatomical layout [47,38] and neurochemistry [12,22,34,35] are similar to those of mammals including
our own species, it is almost as easy to keep in the laboratory and is also almost as proliﬁc as non-vertebrate laboratory
organisms. Thus, the zebraﬁsh appears to strike an optimal compromise between system complexity (brain function in this case)
and practical simplicity (pragmatic considerations including cost).
Particularly useful this species may be when one considers that
a small zebraﬁsh rack (150 cm tall, 120 cm wide, 30 cm deep)
can house as much as 4000 fully mature adult zebraﬁsh. This
feat is accomplishable due to the small size (maximum length
is 4 cm) and social nature (shoaling) of zebraﬁsh. Shoaling is
a typical aggregation behavior whereby conspeciﬁcs stay close
to each other, usually within an inter-individual distance of
3–4 body lengths, and form a group (e.g. [32,33]). If one also
considers that mutagenesis methods, including chemical (ethylnitroso-urea, ENU) [29], viral vector mediated (insertional) [2], and
other (e.g. transposon induced gene breaking) mutagenesis techniques [44] have been worked out for the zebraﬁsh, it becomes
clear that this species is an excellent choice for forward genetics
[10,3].
But what is the merit of conducting random mutagenesis with
the need to screen thousands of mutants for their phenotypical
alterations in learning and memory when we already know a couple
of hundreds of molecular players [45] involved in these processes?
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Perhaps instead, one should conduct a thorough analysis of the
already known molecular players using, for example, reverse genetics. Indeed, numerous laboratories have taken this latter route and
seminal studies have been published on the functional characterization of what is believed to be the key players of learning and
memory (e.g. Ref. [26]). However, according to some estimates as
many as 40–50% of all genes in the genome of vertebrate species
are expressed in the brain of these species [15], which represents
a staggering number (about 12–15 thousand genes) compared to
the couple of hundred genes with already proven roles in learning
and memory. A systematic analysis of the potential involvement
of the rest of the genome is thus of high relevance. Discovery of
potentially large number of genes involved in learning and memory may be possible using large scale forward genetic screens, but
only if proper screening tools, i.e. behavioral testing paradigms
are available [25]. The goal of the current paper is to advance our
knowledge in this direction by testing zebraﬁsh in a learning task
that is easy to administer and one which may be employed for large
scale screening.
Although the zebraﬁsh is relatively new in the study of learning and memory as compared to other classical laboratory model
organisms [43], by now several studies have shown that this
small vertebrate is also capable of performing well in a range
of learning tasks. For example, zebraﬁsh showed acquisition of a
one trial avoidance learning task [6], performed well in olfactory
conditioning [11], shuttle box active appetitive conditioning [36],
place conditioning [17], appetitive choice discrimination [5], active
avoidance conditioning [51], alternation memory task [50], and
most recently in a plus-maze non-spatial and spatial associative
learning task [1,42]. While these results clearly demonstrate the
cognitive and mnemonic capabilities of zebraﬁsh, the tasks have
not been used in high-throughput screening because they often
required extensive and labor intensive training. The possibility of
automation, and thus high throughput, however, also appears to be
within reach for zebraﬁsh as demonstrated by two recent studies
[28,36]. In the current paper, we introduce a simple learning task
based upon spatial exploration, which we argue may also be made
high throughput. In this task zebraﬁsh are repeatedly exposed to a
maze (Fig. 1) with particular tunnels (left side, right side or both
sides) open. This training phase does not require monitoring of
behavioral activity and thus can be performed without the presence
of the experimenter. The training phase is followed by a short probe
trial during which the swim tunnel choice (spatial bias) of the ﬁsh
is quantiﬁed. We call this task a “latent learning” paradigm [8,46]
because the training phase of the test involves no experimenter
controlled delivery of reinforcers. Here, we show that zebraﬁsh
develop a signiﬁcant spatial bias in this task and argue that the
paradigm will be appropriate for high-throughput screening.
2. Methods
2.1. Animals and housing
Wild-type short-ﬁn zebraﬁsh were obtained from a local pet store (Big Al’s
Aquarium Services Inc., Mississauga, ON, Canada) and were bred in the Vivarium
(University of Toronto Mississauga). Subjects used in the current study were from
the ﬁrst ﬁlial generation raised and housed in the same vivarium room under identical conditions. The experimental ﬁsh were housed (5 ﬁsh per tank) in 3 l transparent
acrylic tanks (a trapezoid tank with a bottom measuring 22 cm × 9 cm, top measuring 26 cm × 9 cm and height 15 cm) that were part of a zebraﬁsh rack system
(Aquaneering Inc., San Diego CA, USA) with multistage ﬁltration that contained a
mechanical ﬁlter, a ﬂuidized glass bed biological ﬁlter, and an activated carbon ﬁlter, as well as a ﬂuorescent UV light sterilizing unit. In addition to the experimental
ﬁsh, we also used a group of ﬁsh that served as a social stimulus (stimulus ﬁsh).
These stimulus ﬁsh came from the same population as our experimental ﬁsh and
thus were of the same size. The stimulus ﬁsh were also kept in a manner identical
to the housing and feeding conditions of the experimental ﬁsh. Every day 10% of
the water was replaced with fresh system water (deionized water supplemented
with 60 mg/l Instant Ocean Sea Salt [Big Al’s Pet Store, Mississauga, Ontario, CA]) in
the zebraﬁsh racks housing the experimental and stimulus ﬁsh. The water temper-

Fig. 1. The maze. The start box, the reward chamber and the left and right tunnels
are indicated. The numbers show the dimensions of the maze in cm. The walls of
the maze were 10 cm tall and the maze was ﬁlled to 5 cm water depth. Note that the
removable guillotine doors leading to the reward chamber are also indicated (thick
dotted lines).

ature was maintained at 27 ◦ C by a thermostat controlled heater. Illumination was
provided by ﬂuorescent light tubes from the ceiling of the room with lights turned
on at 0800 h and off at 2000 h. Fish were fed a mixture of ground freeze-dried krill
and ﬂake food (Tetramin Tropical Flakes, Tetra USA) twice a day at approximately
10:00 a.m. and 4:00 p.m. The ﬁsh were young sexually mature adults, between 4 and
6 months old, at the time of the experiment. The gender ratio of the population used
in the experiment was approximately 50–50%.
2.2. Test apparatus
The maze (Fig. 1) consisted of a square start box where the ﬁsh were placed for
a 2 min acclimation period at the beginning of each training trial and the probe trial.
From the start box a connecting tunnel led to a 4 way intersection from where the
ﬁsh could turn left, right, or swim straight or turn back. The left, right, and straight
forward tunnels led to the reward chamber, which contained stimulus ﬁsh only
during the probe trial. The maze was 10 cm high and was ﬁlled with system water
of the same salt composition and temperature as in the holding tanks to half the
height of the maze. The maze was constructed from 2 mm thin transparent Plexiglas
allowing the ﬁsh to see all parts of the maze, including the reward chamber, from
all locations in the maze. The start box and the reward chamber had ﬂoor drains to
allow removal of water from the maze. The three entrances to the reward chamber
were equipped with transparent Plexiglas guillotine doors that could be operated
from a distance via thin nylon strings attached to them. Importantly, the central gate
was closed for the duration of training and only the left and/or right gate was open
depending on experimental condition.
2.3. Procedure
2.3.1. Training
Five experimental zebraﬁsh groups were used. Fish were assigned to these
groups randomly. Group 1 was the ‘both tunnels open group’ (n = 10). In this group,
all ﬁsh were repeatedly exposed to the maze with both the right and left tunnels
open (guillotine doors raised). Group 2: was the ‘left tunnel open’ group (n = 10).
In this group ﬁsh were repeatedly exposed to the maze with left tunnel open (the
guillotine door raised on the left but kept lowered on the right side). Group 3 was the
‘right tunnel open’ group (n = 10) in which ﬁsh were repeatedly exposed to the maze
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with right tunnel open (right side guillotine door raised but left side kept lowered).
Group 4 was the ‘other tank trained’ group (n = 10) in which ﬁsh received the same
handling procedure associated with training in the above 3 groups but these ﬁsh
were exposed only to a rectangular tank similar in total volume and water depth
to the maze (50 cm × 30 cm × 5 cm length × width × height). Group 5 was the ‘naïve’
group (n = 10) in which ﬁsh received no training or handling before the probe trial.
Fish of the 5 groups were exposed to their corresponding experimental condition
in a randomized order in the same experimental room during the middle of the light
phase of their light cycle once a day for 16 days (except the naïve ﬁsh, which were
not trained), the training trials. Each trial lasted for 50 min and the 10 ﬁsh of each
group were exposed at a time to the maze during each trial.
2.3.2. Probe trial
At the conclusion of training, all ﬁsh received a probe trial in a randomized order
with respect to their group designation. The experimenter was blind to the group
designation of the ﬁsh. Each ﬁsh was tested singly and once. During the probe trial
5 zebraﬁsh (stimulus ﬁsh) were present in the reward chamber. The tunnel directly
leading to the reward chamber was blocked. The experimental ﬁsh were released
from the start box after the acclimation period by raising a transparent guillotine
door remotely as in the training trials, but now the guillotine doors to the left and
right tunnels were open and the experimental ﬁsh was allowed to explore the maze
for 10 min. Given the strong shoaling response shown in zebraﬁsh [41,32,33] and
the demonstrated rewarding aspect of the sight of conspeciﬁcs [1], we expected all
experimental subjects to try to swim close to the reward chamber. Furthermore, we
expected the left arm open and the right arm open trained ﬁsh to choose their swim
path according to their prior experience.
The behavior of the ﬁsh was recorded using a Canon mini DV camcorder (Optura
30, Canon Corporation, Japan). The recordings were later replayed and quantiﬁed
using the Noldus Observer Color Pro 5.0 event recording software (Noldus Info Tech.,
Wageningen, The Netherlands). The variables measured included the time spent in
the left and the right tunnel leading to the reward chamber, the ﬁrst path taken (the
number of ﬁsh choosing the left or right tunnel), the latency to leave the start box,
the latency to enter the reward chamber measured after the ﬁsh left the start box,
the number of entries to the reward chamber, and the duration of time spent in the
reward chamber.
2.4. Statistical analysis
Data were analyzed using SPSS (version 14) written for the PC. Univariate Analysis of Variance (ANOVA) was performed to investigate group differences (the effect
of training condition). In case of a signiﬁcant main effect (p ≤ 0.05), Tukey Honestly
Signiﬁcant Difference (HSD) post hoc multiple comparison test was performed. These
parametric statistical procedures are insensitive to the violation of variance inhomogeneity and/or normality of distribution criteria when the groups compared have
equal or similar sample sizes. Although our sample size was 10 for each experimental group, we performed logarithm transformation, as noted in the results section,
where signiﬁcant inhomogeneity of variances was found and performed the statistical analysis after this scale transformation. In addition, to analyze the effect of
training condition on the number of ﬁsh choosing the left versus the right tunnel,
we performed a binomial test.

Fig. 2. The difference between the time spent in the right vs. the left tunnel of the
maze during the probe trial is training condition dependent. Mean ± SEM are shown.
Sample sizes (n) = 10 for each training condition (different shading and pattern of
graphs as indicated by the legend). Note that bars that share at least one letter
designation are not signiﬁcantly (p > 0.05) different from each other (Tukey HSD
post hoc multiple comparison test).

df = 9, p < 0.001) whereas the difference score for the left tunnel
open group was not statistically below random chance but the p
value bordered signiﬁcance (t = −1.570, df = 9, p = 0.075). The other
groups were statistically indistinguishable from random chance
(|t| < 0.103, df = 9, p > 0.45).
In addition to the amount of time the ﬁsh spent in the right
versus the left tunnels leading to the reward chamber during the
probe trial, we have also analyzed the ﬁrst path they took, i.e.
whether they swam into the left or the right tunnel the ﬁrst time
they made a choice. We counted the number of ﬁsh taking the
right versus the left tunnel (Fig. 3) and analyzed the results using
the binomial test. This test conﬁrmed that signiﬁcantly (p = 0.05)
more ﬁsh chose the right tunnel from the right tunnel open group
and signiﬁcantly more ﬁsh chose the left tunnel from the left tunnel open group as compared to random chance (50%). Conversely,
ﬁsh that were not trained (naïve), or those that were trained in a
regular rectangular tank, or in the maze with both tunnels open

3. Results
Zebraﬁsh are social ﬁsh that swim in shoals in nature [19] as
well as in captivity [41,32,33]. The fact that we ran 10 ﬁsh at a
time during each training trial, made the novel test environment
less aversive and allowed the ﬁsh to properly habituate to this
environment. As a result, experimental ﬁsh actively explored the
maze throughout training and signs of fear, e.g. freezing, erratic
movement or jumping, [4,37,23] were not observed. Similarly, fear
responses were absent during the probe trial by which time the
experimental ﬁsh that were probed singly in the maze had been to
this same maze environment 16 times. Fish in the right tunnel open
and left tunnel open groups appeared to choose the respective route
during the probe trial as predicted. In order to quantify the route
bias we calculated the difference between the time spent in the
right and the left tunnel (Fig. 2). ANOVA demonstrated a signiﬁcant
training condition effect (F(4, 45) = 3.702, p < 0.05) and the Tukey
HSD post hoc multiple comparison test conﬁrmed that ﬁsh in the
right tunnel open group signiﬁcantly (p < 0.05) differed from ﬁsh in
the left tunnel open group and also from ﬁsh in all other groups,
but the other groups did not differ from each other. One sample one
tailed t-tests conﬁrmed that the difference score for the right tunnel
open group was signiﬁcantly above chance (chance = 0 s; t = 4.326,

Fig. 3. The number of ﬁsh choosing the right tunnel the ﬁrst time they encounter
this choice point during the probe trial is dependent upon their training condition.
Random chance level, i.e. 5 out of 10 ﬁsh, is shown by the broken line. The asterisk
indicates signiﬁcant (p = 0.05) departure from random chance (binomial test).
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Fig. 4. The latency to leave the start box during the probe trial is affected by the training the experimental ﬁsh received. Mean ± SEM are shown. Sample sizes (n) = 10 for
each training condition (different shading and pattern of graphs as indicated by the
legend). Note that bars that share at least one letter designation are not signiﬁcantly (p > 0.05) different from each other (Tukey HSD post hoc multiple comparison
test), i.e. only the group (‘Other tank’) marked by ‘b’ is different from the groups
marked by ‘a’ (‘Both tunnels open’ and ‘Left tunnel open’) but the other differences
are non-signiﬁcant.

did not signiﬁcantly (p > 0.05) differ from chance. In summary,
the above results suggest that in the probe trial ﬁsh swam to the
reward chamber using the path they were allowed to explore during training or chose randomly if the training did not include a
side bias.
Fig. 4 depicts our results for the latency to leave the start box.
This measure reﬂects the motivation of the experimental ﬁsh to
explore as opposed to the tendency to stay in one place due to handling induced fear. ANOVA revealed a signiﬁcant training condition
effect (F(4, 45) = 3.896, p < 0.01, logarithm transformed data) and
Tukey HSD post hoc analysis showed that ﬁsh in the both tunnels
open and left tunnel open groups signiﬁcantly (p < 0.05) differed
from ﬁsh that were trained in the regular rectangular tank but the
other groups did not differ from each other. These results suggest
that all the ﬁsh that were trained in the maze, irrespective of their
group designation, exited the start box within a period of time that
did not signiﬁcantly differ among them.
A somewhat similar ﬁnding was obtained for the latency to enter
the reward chamber (Fig. 5). This latency measures the period of
time between the time point when the experimental ﬁsh exited the
start box and the time point when it entered the reward chamber.
Fig. 5 demonstrates that all ﬁsh that were trained in the maze (irrespective of under what conditions), i.e. ﬁsh in the left tunnel open,
the right tunnel open and the both tunnels open groups, reached
the reward chamber the fastest. ANOVA showed a signiﬁcant training condition effect F(4, 45) = 4.922, p < 0.01 (logarithm transformed
data) and Tukey HSD post hoc multiple comparisons revealed that
only ﬁsh in the naïve condition differed signiﬁcantly (p < 0.05) from
those ﬁsh that were trained in the maze while differences between
any other groups were non-signiﬁcant.
The number of entries to the reward chamber may represent
a compromise: on the one hand it may reﬂect the motivation to
explore the environment and to join a shoal (leading to higher values), and on the other it may also reﬂect novelty or experimenter
handling induced fear (leading to lower values). Fig. 6 shows our
results for this measure. ANOVA showed a signiﬁcant training condition effect (F(4, 45) = 10.615, p < 0.001, logarithm transformed

Fig. 5. Latency to enter the reward chamber after leaving the start box during the
probe trial is affected by the training condition of zebraﬁsh. Mean ± SEM are shown.
Sample sizes (n) = 10 for each training condition (different shading and pattern of
graphs as indicated by the legend). Note that bars that share at least one letter
designation are not signiﬁcantly (p > 0.05) different from each other (Tukey HSD
post hoc multiple comparison test), for example, the group marked by ‘ab’ (‘Other
tank’) does not differ from any other group.

data) and Tukey HSD demonstrated that ﬁsh in the naïve condition signiﬁcantly (p < 0.05) differed from all other ﬁsh but the other
groups did not differ from each other.
Last, we also measured the duration of time our experimental
ﬁsh spent in the reward chamber (Fig. 7), which we argue is the
measure of their shoaling tendency, i.e. their motivation to stay
close to conspeciﬁcs. ANOVA revealed no signiﬁcant differences
among training groups (F(4, 45) = 0.472, p > 0.75).

Fig. 6. Number of entries to the reward chamber during the probe trial is affected by
the training condition. Mean ± SEM are shown. Sample sizes (n) = 10 for each training
condition (different shading and pattern of graphs as indicated by the legend). Note
that bars that share at least one letter designation are not signiﬁcantly (p > 0.05)
different from each other (Tukey HSD post hoc multiple comparison test).
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Fig. 7. Duration of time spent in the reward chamber is unaffected by training condition. Mean ± SEM are shown. Sample sizes (n) = 10 for each training condition
(different shading and pattern of graphs as indicated by the legend).

4. Discussion
The question this study attempted to answer was whether ﬁsh
exposed to the maze without any reward could learn about the
maze and could behave differently as a result of acquiring memory of the maze in a subsequent test, the probe trial. Our results
suggest that the answer to this question is yes. Zebraﬁsh exposed
to a particular tunnel open during the free exploration (training)
phase of the maze showed a side preference in the probe trial
that corresponded to this prior exploratory experience. The prior
experience (exploration) dependent side bias of our experimental zebraﬁsh during the probe trial is evident from the difference
between the times the ﬁsh spent in the right versus the left tunnel and also from the number of ﬁsh choosing the right versus
the left tunnel when they swam to the choice point the ﬁrst time.
Brieﬂy, ﬁsh that were trained with the right tunnel open tended
to prefer swimming via the right tunnel route and ﬁsh that were
trained with the left tunnel open tended to prefer the left tunnel, whereas those that were trained with both tunnels chose
randomly.
We call this learning latent learning as it resembles the well
known phenomenon termed “latent inhibition” [30]. In the latter study, prior experience with an unreinforced stimulus altered
the ability of the subject to associate this stimulus with reinforcement. In our case, prior experience with the unreinforced
maze environment altered the ability of our experimental zebraﬁsh
to navigate the maze environment and led to a side bias. In
other words, learning, i.e. modiﬁcation of behavioral responses
as a result of prior experience, has occurred without any experimenter controlled delivery of reinforcement. This type of learning
may seem paradoxical from the viewpoint of classical associative learning paradigms in which an unconditioned stimulus (US
or reinforcer) must accompany (must be temporally contiguous
and contingent with) the conditioned stimulus (CS, a previously
neutral stimulus) in order for the association between US and
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CS to be acquired [9]. However, despite the apparent paradox,
latent learning is not principally different from classical conditioning, at least as far as the presence of reinforcement is
concerned.
Numerous behavior genetic studies have shown that novelty induced exploration is adaptive and intermediate levels of
exploratory activity has been selected for during the evolutionary
past of a range of species including mammalian (e.g. the mouse
[14]) and ﬁsh species (e.g. Paradise ﬁsh [24]). In other words, being
curious is adaptive as it may allow the individual to discover food,
mates, escape routes, hiding places, etc. Indeed, preference for
novelty has been demonstrated in a range of paradigms including T-maze spontaneous alternation tasks [21], object recognition
tasks [18], and novel place recognition tasks [16]. Brieﬂy, novelty
itself acts as a reinforcer and thus exposing zebraﬁsh to the novel
maze environment is not principally different from other associative learning tasks that deploy particular experimentally controlled
reinforcers such as food or electric shock.
Although the side bias of our experimental zebraﬁsh did correspond to their training condition, an asymmetric response pattern
is apparent on Fig. 2. Brieﬂy, while the right tunnel trained ﬁsh
showed a robust right bias, the left tunnel trained ﬁsh showed only
a marginal left side bias (but note that the ﬁrst choice of the ﬁsh,
Fig. 3 showed an equally strong response). This apparent asymmetry may be due to random stochastic variation, i.e. sampling error in
our relatively modest sample size study. Alternatively, it may reﬂect
a true lateralization of behavioral responses, a working hypothesis
whose validity will be ascertained in the future. Notably, zebraﬁsh
have been found to preferentially respond to the stimulus on their
right [31] and we also found the right tunnel response to be more
robust.
Our results also showed that in addition to learning about
the maze environment, our experimental ﬁsh have also been
affected by the training procedure itself, i.e. procedural learning
has also occurred. This is best demonstrated by the robust differences between the naïve, non-trained non-handled, and the other
zebraﬁsh. For example, ﬁsh in the former group showed a dramatically reduced frequency of visits to the reward chamber compared
to all other ﬁsh (Fig. 6). This result is interesting especially if one
considers that all ﬁsh spent about the same length of time in the
reward chamber, suggesting that the motivation of the naïve ﬁsh
to shoal (stay close to conspeciﬁcs) was not altered. It appears
that the motivation to explore the maze, i.e. the ability to leave
and rejoin the group, was reduced in the naïve ﬁsh. This reduction we argue is likely to be the result of enhanced fear, i.e. lack of
habituation to the handling procedure. This conclusion is plausible considering that ﬁsh exposed to another tank, and thus to the
same handling procedure as the maze trained ﬁsh were exposed
to, did not reduce the frequency of entries to the reward chamber.
Thus, it appears that the novelty of the maze environment alone
does not explain the behavior of the naïve ﬁsh. In summary, our
results demonstrate that both the maze environment and also some
aspects of the training procedure were learned and remembered by
zebraﬁsh.
Zebraﬁsh may learn numerous aspects of their maze environment. They also may employ different strategies to navigate the
maze. For example, they may utilize spatial learning (relational
memory), single cue-based learning (landmark), ego-centric learning [40,20,49], or perhaps a combination of any of these strategies.
To answer these questions a series of follow up studies will be
conducted. It is notable, however, that the guillotine doors blocking access to the reward chamber during training were positioned
right at the entrance to the reward chamber and far away from
the choice point of the four way intersection in front of the start
box (Fig. 1). This arrangement arguably biased the navigation strategy of experimental ﬁsh towards spatial (relational) learning as the
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ﬁsh had to make several maneuvers before they could get to the
reward chamber and thus a single associative cue (extra- or intramaze landmark) or a simple ego-centric (turn left or turn right)
response could not be easily associated with accessing the reward
chamber. Furthermore, other studies have shown that cyprinids,
e.g. the goldﬁsh [39] as well as the zebraﬁsh [42], are capable of
solving spatial learning tasks. Thus, it is possible that our experimental zebraﬁsh have also developed a spatial map and navigated
through the maze based upon their memory of the constellation of
extra- and intra-maze cues, a hypothesis that will be tested in the
future.
The last point to discuss is the applicability of the current work
to future forward genetic and drug screens. Such screens require
the testing of a large number of subjects and therefore they must
employ simple and fast, i.e. high throughput, phenotypical tests.
The current paradigm was not fast; training of 50 ﬁsh took 16 days,
for example. However, it must be noted that this training did not
require the presence of an experimenter and could, in principle,
be run in a massively parallel manner: to increase throughput all
is needed is to set up multiple identical mazes. It is also important to realize that the probe test, the only phase during which the
behavior of the experimental subject was recorded and analyzed,
was very short. Quantiﬁcation of behavior during this phase was
done manually [7], i.e. by observing the behavior of the ﬁsh, but
the behavioral measures recorded, i.e. parameters of the location
and swim path patterns of the ﬁsh, have been shown to be easy to
quantify in zebraﬁsh using computer automated methods such as
video-tracking [22]. Brieﬂy, it appears that the current latent learning task has the characteristics that will make it potentially useful
for high-throughput screening.
In summary, the current as well as other already published
promising zebraﬁsh learning tasks may have utility in highthroughput mutation and drug screens. Such paradigms will
facilitate the discovery of novel molecular mechanisms of vertebrate learning and memory and thus will contribute to a more
complete understanding of the biology of these complex brain functions.
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