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Figure 11. Individual performance over eight days of trials for poor performers. The
graphs above demonstrate the individual performance data for the nine subjects
performing with a mode below 50% correct. The data represents all eight days of
discrimination trials.

The researcher finds that during the trial phase any individual falls into one of
three general categories. First, the data for the majority of the subjects suggests that the
association between the stimulus and food reward is made during the training phase. For
those fish, the trial phase acts merely to reinforce or strengthen the conditioned
association. Zebrafish in this group at the onset of the trial phase present with a
performance above 60%, with a large number of individuals in the group responding to
the stimulus more than 80% of the time. The second, smaller group presents at a
relatively lower performance at the onset of the trial phase, but gradually improves

performance over the eight days of trials. The data for these subjects presents in a manner

that is typically considered a learning curve. During the trial phase, the association
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between stimulus and reward is not only strengthened, but also, in some cases,
developed. The third and smallest group of the three is signified by subjects that present
with low performance when compared to group one and fail to either strengthen or create
the association between stimulus and reward. The variation in the ability of an individual
to make the association between stimulus and reward brings to light an aspect of using
zebrafish in behavioral tasks, which had previously not been characterized. Now that
variation has been identified as a characteristic of the model, the researcher continues to
explore the performance of all thirty two subjects.

When analyzing the data points of individual subjects, the results from the current
study continuously differ from what in observed in traditional learning. Conventionally
when learning a new task animal species normally present with poor performance at the
onset of trials with increasing performance during the learning phase. Conversely, once
the task has been acquired performance becomes consistent. With the exception of a few
subjects, zebrafish do not follow a typical learning curve on the current task.

Though data on individual performance aids in understanding the acquisition
process of individual zebrafish, the second part is to determine how individual
performance reflects the performance of the subjects as a group. A repeated measure
ANOVA is run comparing day one of trials to all subsequent days. The analysis shows a
significant difference between day one of trials compared to days three, four, six, seven,
and eight Figure 9. Day one to three p = 0.008, one to four p =0.011, day one to six p =
0.007, day one to seven p =0.002, and day one to eight p = 0.001. This data provides
evidence that by day three of the trial phase, the subjects have made a correlation

between stimulus and response, and with the exception of the performance lag seen on
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day five, the conditioned response is stronger than the onset of the trial phase. The data
suggests that by day three of the trial phase, an association between stimulus and reward,
which is significantly greater than the association at days one and two, has been

established.
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Figure 12. Trial performance for all n=32 subjects comparing each trial day to day one. A
repeated measures ANOVA showed a significant performance increase between day one
of trials compared to days 3, 4, 6, 7, and 8.

In an effort to characterize task acquisition based on trial performance, the
research categorized the zebrafish into one of two groups. Performance on the final days

of trials is used as the cutoff for group determination, ether above or below 80% correct.

Due to sample distribution, the 80% cutoff is established in order to maintain statistical
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power and provide equal sample size. Figure 10 demonstrates that separating zebrafish by
final trial performance, subjects in the above 80% group show a significant increase in
performance by day three compared to day one. However, individuals in the below 80%
group do not show an increase in performance until day seven compared to day one.
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Figure 13. Trial performance comparing each trial day to day one with subjects being
grouped by performance. A repeated measure ANOVA showed a significant performance
increase between day one of trials compared to days three, four, six, seven, and eight for
the above 80% group. Yet, the below 80% group only display a significant performance
increase on days seven and eight when compared to day one.

While analyzing the data, the question arose whether or not it would be possible
to utilize the habituation or training data as a means to predict performance. The ability to
predict performance early in the experimental procedure would allow researchers to
select a given performance range based off habituation and training data. This would
allow the elimination of subjects that are not expected to perform in that range without
having to complete the eight day long trial phase prior to testing a psychoactive
compound. For example, when testing a compound that is thought to have cognitive

enhancing properties, it would suite the researcher to test subjects that are displaying a

low level of performance on the task. Though one may presume that a zebrafish with low
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activity levels in the habituation and training phase would have a low level of
performance on the task, statistical analysis fails to provide evidence of a reliable
predictor of performance (data not shown). Developing screens based on habituation and
training data may aid in predicting performance; however, the variability observed in the
species prevents this researcher from proposing a screening method at this time.

In the development of this novel association task, the primary focus is on the
reliability of the task as well as establishing an understanding of the acquisition process
of the subjects. Nevertheless, the researcher also acknowledged the potential for the task
to be used as a means of testing the effects of psychoactive compounds. In the current
experiment testing of psychoactive drugs is designed to provide an additional analysis to
demonstrate the potential of the task for drug testing. The researcher chose to test the
effects of acute ethanol exposure on task performance.

Acute Ethanol Exposure

The first set of experiments explored the amount of ethanol which is actually
absorbed into the zebrafish. To achieve this, the researcher measured the blood alcohol
concentration at several doses and time points. Subjects are exposed to all six doses
(0.0%, 0.0625%, 0.125%, 0.25%, 0.5%, 0.75%, and 1.0%) over three time points: 5, 15,

and 30 minutes.
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Figure 14. Ethanol absorption over time. Zebrafish are exposed to variable doses of
ethanol (0.0625%, 0.125%, 0.25%, 0.5%, 0.75%, and 1.0%) for 5, 15, and 30 minute

intervals.

When acute exposure is for five or 15 minutes, all doses (0.0625%, 0.125%,

0.25%, 0.5%, 0.75%, and 1.0%) followed a very similar pattern of absorption, with the

smallest and highest doses for both time points nearly identical Figure 11. This stepwise

pattern of alcohol uptake is expected and took place between the BAC levels of 0.04 and

0.1%. When acute exposure is for 30 minutes, doses 0.0625%, 0.125%, 0.25%, and 0.5%

resulted in a similar absorption pattern compared to the shorter exposure times mentioned

above, which resulted in BAC levels ranging from 0.05% and 0.09%. However, the larger

doses (0.75%, and 1.0%) yielded a higher BAC level after 30 minutes of acute exposure.

Specifically, after 30 minutes the 0.75% dose resulted in a BAC of 0.168% (the highest

BAC of any dose or time point); this is in contrast to the 1.0% dose, which after 30
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minutes resulted in a slightly smaller (but still large) BAC of 0.117%. The most
interesting dose is the 0.75% alcohol and its conceivable effects on adult zebrafish
behavior. It is possible that this drastic increase in BAC may alter a behavior that has not
yet been assessed.

After demonstrating the zebrafish’s ability to absorb ethanol, the researcher
exposed subjects to various doses of ethanol on days nine and eleven of the trial phase of
the novel associative learning task. Each subject received two of the four possible ethanol
doses 0.0625%, 0.25%, 0.50%, and 0.75 of ethanol per volume during discrimination
trials. Ethanol exposure took place on trial days nine and eleven with day ten remaining a
normal trial to control for any possible detrimental effects of the ethanol exposure. A
total of seventeen subjects are exposed to both 0.0625% and 0.50% ethanol by volume
during trials day nine and eleven. Repeated measures ANOVA finds no significant
behavioral effect from exposure to ethanol at the 0.0625% or 0.50% dose Figure 12.
Acute ethanol exposure has no significant effect on trial performance nor does it affect

baseline performance.
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Figure 15. Acute ethanol exposure at the 0.0625% and 0.50% dose. A total of n=17
subjects are exposed to both 0.0625% and 0.50% ethanol by volume during trials day
nine and eleven. Statistical analysis finds no significant behavioral effect from exposure
to ethanol at the 0.0625% or 0.50% dose.

For the 0.25% and 0.75% ethanol doses, the experiment is run identical to the
previous dose with the exception of sample size. Fifteen subjects are exposed to both
0.25% and 0.75% ethanol by volume. Repeated measures ANOVA finds no significant
behavioral effect from exposure to ethanol at the 0.25% and 0.75% dose. Figure 13 as
with the previous doses, there is no significant difference between trial performance prior

neither to nor during ethanol exposure. Also, exposure to ethanol did not have an effect

on trial performance post ethanol exposure.
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Figure 16. Acute ethanol exposure at the 0.25% and 0.75% dose. A total of n=15 subjects
are exposed to both 0.25% and 0.75% ethanol by volume during trials day nine and
eleven. Statistical analysis finds no significant behavioral effect from exposure to ethanol
at the 0.25% and 0.75% dose.
Discussion

The novel associative learning task is developed in an effort to strengthen and
further progress zebrafish as a behavioral model. The initial effort is to replicate the three
choice appetite driven task as described by Bilotta et al. (2005). Though the Bilotta study
is the framework for the current set of experiments, the original study is more a measure
of visual acuity. The initial goal was to replicate the Bilotta study, yet were Bilotta

stopped testing fish as soon as they reached criteria (80% correct) we wanted to test

beyond the day of acquisition. However, after a concerted effort the researcher is unable
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to replicate the task. The image below depicts the journey from attempting to replicate
the three choice appetite discrimination task to the creation of the novel associative

learning task.

Unable to
replicate,
contacted author

Inconsistencies
in data
Variation

of original study
Low levels of among
performance individual fish
Associative
Learning Task
Two choice Utilizing Auto-
Three choice appetite To the basics Shaping

appetite Simplify discrimination
discrimination task

(Bilotta et al. ,
2005 \

“Better”

Variation levels of
among performance
individual fish Elongated
timeline for
Inconsistencies acquisition
Elongated in data
timeline for

acquisition
Figure 17. Origin of the task. A description of behavioral paradigms that influenced the
development of the reported task.

During efforts to replicate the three choice appetite driven task of Bilotta et al.
(2005), the researcher encountered several obstacles including: inability to replicate
despite contacting the original author, inconsistencies in data, comparatively low levels
of performance, and an elongated timeline for task acquisition. Where the Bilotta study
saw performance at 80% correct in three to 23 days, efforts to replicate only reached 50%
correct in approximately 26 days. Hoping to better understand the Bilotta study, the three
choice task is simplified to a two choice task following the same protocol. Unfortunately,
the experimenter observed similar difficulties with the two choice task. In light of the

inability to replicate the Bilotta task, the researcher developed the novel associative
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learning task using a parsimonious approach to understand the capacity for learning of
individual zebrafish. The current task uses a similar apparatus to the three choice
discrimination task, but improvements have been made to the apparatus which aid in
removing any extraneous variables from the experiment. The gate was modified to fit
within the partition to reduce water disruption, and is operated with a pulley system to
prevent the presence of the experimenter over the testing apparatus.

One common factor both in the Bilotta and current study is the variation in
learning between zebrafish. In the current study, variance in performance between
subjects became a factor in assessing the capacity for learning in the zebrafish. Though
performance variance appears to be a function of the capacity of individual zebrafish to
acquire the conditioned response, several hypotheses are discussed to address variance.
One hypothesis could be that the zebrafish were not properly habituated to the apparatus;
yet, insufficient habituation would present as immobility or hyperactivity neither of
which were observed in the study. The temperature and oxygen levels of the water could
also be a source of variation in zebrafish behavior. Reduced oxygen levels would induce
suspended animation, while a significant increase or decrease in water temperature can
lead to a stress response or death (Malek, Sajadi, Abraham, Grundy, & Gerhard, 2004).
To combat these confounds a heater and water circulator is placed in a rear compartment
of the testing apparatus and the water is changed after each testing session. Though the
argument could be made for multiple sources of variation in task performance, variance
in performance may be primarily attributed to the variance in the zebrafish genome. The
variance both between and within stains in the zebrafish genome is much greater than the

variation observed in other vertebrate models (Guryev et al., 2006). The genetic variation
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in zebrafish provides evidence for performance variance not being an adverse
characteristic, but instead being a hallmark of the species as a behavioral model.

In an effort to assess the learning and acquisition capabilities, the researcher
created a novel associative learning task. The task is based off of the Skinner box and
operant conditioning. Through conditioning, subjects develop an association between a
specific action and reward, which reinforces the conditioned operant response. The task
was cultivated in an aim to produce a simplified and replicable visual association task
that is valuable as a behavioral paradigm, and also has the capacity to be further
developed.

The data from the novel associative learning task demonstrates both the ability of
the subjects to learn the task as well as the ability of the task to be replicated. The task is
run in four separate groups with two different researchers, yet there is no significant
difference among trial performance of any group. One component that continued to come
to light is variation among individuals. The researcher finds that during the trial phase, an
individual zebrafish falls into one of three performance categories. The data for the
majority of the subjects suggests that the conditioned response is created during the
training phase. For these fish the trial phase acts merely to reinforce or strengthen the
conditioned association. Zebrafish in this group at the onset of the trial phase present with
a performance level above 60% with a large number of individuals in the group
responding to the stimulus more than 80% of the time. The second smaller group includes
subjects that perform at a lower level at the onset of the trial phase, but performance
gradually improves over the eight days of trials. The data for these subjects represents

what is typically considered as a learning curve. During the trial phase, the association
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between stimulus and reward is not only strengthened, but also advanced in some cases.
The third and smallest group consists of subjects that display low performance when
compared to group one and failed to strengthen the association between stimulus and
reward. The variation in the ability of individuals to make the association between
stimulus and reward brings to light an aspect of using zebrafish in behavioral tasks which
has previously not been characterized. Taking into account the lack of increased activity
during the habituation and training phase, and the lack of increase performance during the
trial phase, it is arguable that trial performance is dependent on the association between
stimulus and reward which is conditioned during the training phase. The consistent level
of trial performance after day two, as well as the lack of significant variation from one
day to the next, provides evidence for the establishment of baseline performance.
Regardless of the specific point at which the association takes place, the difference in
performance levels provides evidence of a conditioned response. Zebrafish performance
on the novel task is analogous to the conditioned response seen in the rodent and avian
literature on similar tasks.

The zebrafish model is relatively new to behavioral research, and only recently
have studies been performed with the goal of understanding capacity of zebrafish for use
in behavioral paradigms. However, developmental and genetic studies have laid the
ground work for pharmacological manipulation of homologous neurochemical and
sensory systems between zebrafish and humans. The eye of the zebrafish is similar to
humans, consisting of both cones and rods (Fadool & Dolwing, 2008). This similarity
conceivably opens the door for comparisons between how zebrafish and humans perceive

visual stimuli. One study demonstrates that the medial zone of the dorsal telencephic
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region and the dorsal nucleus of the ventral telencephic area are involved in choice
behaviors in the zebrafish (Lau et al., 2011). In zebrafish medial zone of the dorsal
telencephic region and the dorsal nucleus of the ventral telencephic area are the
anatomical homologs to the mammalian amygdala and striatum respectively (Lau et al.,
2011). Several neurochemicals such as dopamine, serotonin, and acetylcholine can be
found in both the rodent and zebrafish. However, zebrafish differ from rodents in that
zebrafish cortisol, which is released during the stress response is measured using human
salivary cortisol assays. Rodents on the other hand produce an analogous hormone.

The literature provides evidence for homology between zebrafish, rodents, and
human, as well as the capability of using psychoactive compounds to elicit behavioral
responses similar to what is observed in the rodent model. The effects of several
pharmacological agents including monoamine oxidase inhibitors (MAOISs) and Lysergic
acid diethylamide (LSD) on zebrafish are analogous to the behavioral effects seen in the
rodent literature (Stewart et al., 2012). Zebrafish performance on the novel task is
analogous to the conditioned response seen in the rodent, avian, and human literature on
similar tasks. The simplistic design of the current task allows for the case to be made for
analogy between the conditioned response of the zebrafish with similar conditioned
responses in mammalian species.

Interestingly, acute ethanol exposure had no significant effect on performance
across the four tested doses. Though the lack of effect does undermine the task as a useful
behavioral screen, due to the relatively non-specific nature of ethanol, the researcher is
optimistic that the task would be a useful screen when testing compounds with more

specific neurochemical modulation. The data presented above provides compelling
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evidence that within five minutes, which is the length of the habituation period before the
onset of the discrimination trials, a significant amount of ethanol is being absorbed across
all doses. Acute ethanol exposure for five minutes across doses (0.0625%, 0.125%,
0.25%, 0.5%, 0.75%, and 1.0%) results in corresponding blood alcohol concentrations of
0.045%, 0.05%, 0.058%, 0.065%, 0.096% and 0.1% respectively. Acute ethanol exposure
for 30 minutes across doses (0.0625%, 0.125%, 0.25%, 0.5%, 0.75%, and 1.0%) results
in corresponding blood alcohol concentrations of 0.054%, 0.072%, 0.096%, 0.09%,
0.168% and 0.117% respectively. With an average session lasting approximately 38
minutes, the data shows that within 30 minutes a significant concentration of ethanol is
absorbed by the zebrafish.

The results of the ethanol treatment in the current study suggest that acute ethanol
treatment is not sufficient to disrupt the conditioned response. The lack of effect provides
evidences for: lack of disruption of sensory processing and visual cues, no obvious effect
on locomotion, no appetite effect, and no disruption in learned association. While other
zebrafish models have seen significant effects of acute ethanol exposure, all of these
paradigms were novel tasks, which could explain the difference in observed ethanol
effects (Echevarria et al., 2011). One could argue that the conditioned response is well
learned and the non-specific effects of ethanol are not sufficient to disrupt the association.
A future point of interest would be to expose zebrafish to ethanol during the habituation
or training phases while the association between stimulus and reward is being made. The
lack of effect with acute ethanol exposure does not assess the full capabilities of the task
as a behavioral assay, and the researcher would expect to see a drug effect if a

psychoactive compound with a more specific neurochemical modulation were tested.
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The research presented in this manuscript along with the design of the apparatus
allows researchers to take what has been learned from the current task and develop it into

a more complex paradigm such as go/no-go.

.Two and Three

Choice Visual

. Discrimination
Go/No-Go Task
Task
.Novel
Associative
Learning Task
Utilizing Auto-

Shaping Task

Figure 18. Possible progression of the task. The novel task being reported provides the
opportunity for further development.

As further development of behavioral tasks for the zebrafish model is paramount
for the establishment of the species as a behavioral paradigm, the chart above
demonstrates the capacity of the current task for further expansion. Using what has been
learned from the novel associative learning task, the most logical next step would be to
adjust the protocol, which would effectively create a go/no-go task. Furthermore, other
more ambitious paradigms are currently far from reach, and require additional knowledge

of the behavioral characteristics of the species.
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CHAPTER V
SUMMARY

The novel associative learning task was developed to access the species’ capacity
for learning. The study addresses three major goals. First, to establish a simple operant
task based on a three choice discrimination test previously reported in the literature. The
data presented above provide support for the parsimonious design of the current task as
well as evidence for reliability of task performance based on the lack of variation
between testing group. Second, a better understanding of zebrafish learning was gained
with thorough analyses of all stages of testing: habituation, training, and discrimination
trials. The significant performance increase in comparing day one of trials to days three,
four, six, seven, and eight provides evidence for learning, and acquisition of the
conditioned response. Third, to analyze any observed differences between individuals.
Throughout the literature variability between subjects is sited as being a factor in
zebrafish behavioral paradigms. In an aim to characterize these individual differences the
current study analyzed subjects by grouping them according to performance levels. The
data suggest that subjects with high levels of performance display both quicker rates of
learning as well as more stable performance, while poor performers are not only slower
learners but also present with more variable performance.

The research presented provides support for the novel association task, aids in
gaining a better understanding of the learning processes, and identifies individual
differences. The novel associative learning task differs from any present well established
behavioral model and lends itself to future development. The task provides the zebrafish

community with a high output behavioral task which is readily replicated and allows one



60

researcher to test between eight and ten fish over a period of four weeks with a total of
sixteen days of actual testing. The sixteen day period consists of all three phases of
testing: habitation, training, and discrimination trials. The future growth of behavioral
research in zebrafish relies on the research community to develop new and more
multifaceted behavioral paradigms. Behavioral models found in the rodent and avian

literature can be used as a blue print to realize the full potential of the zebrafish species.
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