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Abstract

Theory and empirical findings predict that individuals in a negative affective state are
more sensitive to unexpected reward loss and less sensitive to unexpected reward gain
compared to individuals in a neutral or positive affective state. We explore the use of
sensitivity to reward shifts measured during successive contrast tasks as an indicator
of affect in zebrafish (Danio rerio). In line with the assumption that exposure to
rewarding stimuli induces a relatively positive affective state compared to exposure to
stimuli that they do not prefer, we confirmed that zebrafish prefer enriched over
barren environments, suggesting that the enriched environment is associated with
positive affective states. We trained individuals to swim down a channel for food
rewards of differing value and then presented them with unexpected increases or
decreases in reward value. Contrary to our hypothesis, individuals conditioned to a
high-value reward continued swimming at the same speed when reward value was
downshifted, thus showing no successive negative contrast effect and appearing
insensitive to reward loss. Individuals whose rewards were upshifted gradually
increased their speed, but did not display successive positive contrast effects typical
of sensitivity to reward gains. In both cases, housing type did not result in differences
in swim time. One potential explanation is that goal-directed control of behaviour is
necessary for an animal to show a successive contrast response to unexpected reward
gain or loss, and the behaviour of zebrafish in this task was under habitual control,
perhaps due to over-training. If so, refinements to task design and training procedures

will allow further progress with this assay.
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Introduction

Affective states are increasingly being recognised as a fundamental determinant of an
animal’s welfare (Dawkins 1990; Mendl et al. 2009), but are difficult to study
objectively. A recent innovation in the study of animal affect is to use changes in
cognitive function, for example affect-induced ‘cognitive biases’, as proxy measures
of affective states. It is assumed that such states are instantiated in neural activity even
if we cannot be sure that they are accompanied by conscious emotional feelings
(Anderson and Adolphs 2014; LeDoux 2017; Mendl and Paul 2016). Affect-induced
differences in the way individuals make decisions about the valence of an ambiguous
stimulus, commonly known as judgment bias, is the most common type of cognitive

bias studied in animals (Harding et al. 2004).

A related cognitive measure that has received less attention to date is how animals
respond to changes in anticipated reward; their sensitivity to reward shifts. This can
be measured in paradigms designed to test for successive negative or positive contrast
effects. For example, during operant conditioning studies, individuals who have learnt
to make a particular action to obtain a large magnitude reward but then unexpectedly
receive smaller rewards, temporarily perform the learnt action more slowly (or
otherwise with less efficiency) compared to individuals that have learnt to perform the
same action but for the low magnitude reward from the outset (e.g. Capaldi and

Lynch 1967; Crespi 1942; Ehrenfreund 1971; Gonzalez et al. 1962).

This effect has been termed the frustration, depression or successive negative contrast
(SNC) effect (Flaherty 1996). The opposite effect, termed the elation effect or
successive positive contrast (SPC) effect, has also been demonstrated (e.g. Benefield

et al. 1974; Mellgren 1972; Shanab et al. 1969), although somewhat less reliably.
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Individuals appear to vary in their sensitivity to reward shifts, and one factor that may
affect this sensitivity is the individual’s affective state. For instance, in humans we
know that heightened sensitivity to reward loss is associated with anxiety-related
disorders such as obsessive-compulsive disorder (Gehring et al. 2000; Hajcak et al.
2004), depression (Beck 1967; Wenzlaff and Grozier 1988), and reduced
responsiveness to rewarding stimuli (Clark and Watson 1991; Fowles 1994; Leppénen
2006; Naranjo et al. 2001). Further, anxiolytics (antianxiety agents) have been shown
to reduce sensitivity to reward loss (Flaherty et al. 1998; Morales et al. 1992).
Therefore, there is potential for sensitivity to reward shifts to be a useful indicator of

affective state if SNC and SPC effects can also be elicited in other animal species.

However, SNC or SPC effects are not inevitable responses to unexpected shifts in
reward. Amsel (1992) suggested that animals whose behaviour in a SNC task is
controlled by anticipation of the outcome of an action — action-outcome learning or
goal-directed control (Dickinson and Balleine 1994; Dolan and Dayan 2013) — may
experience an affective, frustration-like, response to an unexpected decrease in reward
resulting in a SNC effect. However, if an animal’s behaviour is under habitual control
(for example, due to over-training) resulting in stimulus-response learning with no
explicit representation of the outcome, then frustration-like responses to an

unexpectedly poor outcome and associated SNC effects are unlikely.

Fig. 1 illustrates these differences in predictions. The key point for our purposes is
that an SNC effect needs to be evident in the species of interest before we can go on
to consider whether affective states influence the magnitude of this effect and hence
generate individual differences in sensitivity to reward shifts that can be used as proxy

measures of these states.
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Fig. 1 Predicted effects of a (a) reward downshift, and (b) reward upshift on time taken to complete a
reward-acquisition task. In (a), the group designated by the grey line is routinely rewarded with a
higher-value reward, and takes on average a shorter time to complete the task compared to the group
designated by the black line, which is routinely rewarded with a lower-value reward. When a reward
downshift from the higher-value reward to the lower-value reward (represented by the vertical dashed
line) occurs for the grey group, the effects of the downshift on the mean time taken to complete the task
are illustrated. For individuals whose behaviour is under goal-directed control, an unexpected decrease
in outcome has the potential to induce a frustration-like state resulting in an increase in the mean time
taken, past that of individuals conditioned to the lower-value reward from the outset, before eventually
reaching equilibrium (solid grey line). The difference in mean time taken is designated the SNC or
depression effect. No such effect is predicted for individuals whose behaviour is under stimulus-
response habitual control (dashed grey line). In (b), the opposite scenario (a reward upshift) is

illustrated

Successive negative contrast has been investigated in a number of species. Of these,
studies on mammals such as rats, Rattus norvegicus (e.g. Crespi 1942), mice, Mus
musculus (e.g. Mustaca et al. 2000), opossums, Lutreolina crassicaudata and
Didelphis albiventris (e.g. Papini et al. 1988), domestic dogs, Canis familiaris
(Bentosela et al. 2009), human babies (e.g. Kobre and Lipsitt 1972), and European
starlings, Sturnus vulgaris (Flaherty 1996; Freidin et al. 2009) have demonstrated
SNC effects. Other non-mammalian vertebrates such as pigeons, Columbia livia (e.g.
Papini 1997), toads, Bufo arenarum (e.g. Muzio et al. 1992; Papini et al. 1995), turtles,
Geoclemys reevesii (Papini and Ishida 1994) and goldfish, Carassius auratus (e.g.
Couvillon and Bitterman 1985; Lowes and Bitterman 1967) exhibited a downshift in
performance when rewards were reduced but did not perform below the level of

controls and hence no SNC effect was observed.
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In fish, the majority of early studies were conducted on the goldfish, and all have
failed to demonstrate a SNC effect (Couvillon and Bitterman 1985; Gonzalez et al.
1974; Gonzalez et al. 1972; Lowes and Bitterman 1967; Mackintosh 1971), but all
studies were conducted on one species, the goldfish, Carassius auratus. The authors
of these studies also noted that much of the application of frustration theory to non-
mammalian vertebrates was poorly understood. Further, in mammals, initial
experimental protocols on SPC or elation effects also found it difficult to demonstrate
the effect, and it was later found that a more reliable SPC effect could be
demonstrated if a number of modifications to the protocol were made, including
increasing the difficulty of the task (Mellgren 1971), shifting the reward before the
individuals were performing at their physiological limit (Mellgren 1972), or
performing a downshift in reward before a subsequent upshift (Maxwell et al. 1976).
Thus it seems possible that the scope and execution of previous research on fish could
be further refined. Given that millions of fish are held in captivity for research
purposes (Reed and Jennings 2010), there is an enormous potential benefit to welfare
in developing protocols to understand how husbandry practices influence affect in fish,

thus this deserves further attention.

The most commonly used fish species in research is the zebrafish, Danio rerio.
Zebrafish are used in studies ranging from developmental biology (e.g. Creaser 1934;
Grunwald and Eisen 2002) and genetics (e.g. Amsterdam and Hopkins 2006; Kimmel
1989) to drug research (e.g. Berghmans et al. 2005; Rubenstein 2003; Rubenstein
2006). Behavioural studies using zebrafish are less common, possibly because
knowledge of the natural biology of the species is far from complete (Spence et al.

2008). Indeed, several authors have identified the development of standardised
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protocols for husbandry and welfare as one of the key research priorities for zebrafish

research (Graham et al. 2018; Spence et al. 2008).

Here, we investigated sensitivity to reward shifts in zebrafish. In order to elicit
differences in affective state, we used the presence or absence of environmental
enrichment. Environmental enrichment has been successfully used to generate
differences in affective state in a similar study of sensitivity to reward shifts in rats
(Burman et al. 2008), and it is also known to be an important consideration for
zebrafish when choosing their habitat (Kistler et al. 2011). Following the assumption
that a preferred stimulus is likely to induce a positive affective state (Rolls 2005;
Rolls 2006), we investigated whether zebrafish preferred enriched over barren
conditions, as reported in previous studies (Kistler et al. 2011), with the intention of
then using the preferred condition to induce a relatively positive affective state.
Zebrafish were trained to swim down a channel to obtain either high or lower value
food rewards, and then reward values were unexpectedly switched, and the effect of
this switch on the time taken to complete the action was recorded. We tested the
hypothesis that the preferred housing condition induces relatively positive affect and,
consequently, minimises sensitivity to reward downshift (SNC) and enhances

sensitivity to reward upshift (SPC).
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Materials and Methods

This research was approved by the Faculty of Science Animal Ethics Committee, The

University of Melbourne (AEC Project #1212695.3).
Animals, housing and husbandry

We used 68 naive, wild type Tiibingen (TU) strain zebrafish obtained from the
Australian Regenerative Medicine Institute (ARMI) Monash University, Melbourne,
Australia. Ten fish were used in experiment 1 — these had participated in previous
behavioural experiments but were naive to this experiment. The remaining 58 fish
were naive to experimental testing. Twenty-eight fish were used in experiment 2, and
30 fish were used in experiment 3. Only male fish were used as the experiments
required an extended period of time in individual housing and lack of access to males
can cause female fish to become egg bound (Spence et al. 2008). Fish were obtained

at six months of age and experiments were conducted over the next three months.

On arrival, fish were acclimatised to their new environment for seven days in a
communal glass tank (25L, 480mm length by 250mm width by 240mm height). Each
individual was then transferred into its own tank compartment (henceforth referred to
as its home tank), constructed by dividing a 25L tank in half using a plastic mesh
partition. Each individual was therefore afforded vision of and limited interaction
with at least one other individual through the plastic mesh. Every two home tanks (i.e.
one 25L tank) contained a biological sponge filter with integrated air bubbler, a water
heater, and two sections of PVC pipe to serve as a hide (one in each home tank). This
set up was designated the ‘barren’ housing condition for home tanks. Half of these

tanks were supplemented with an additional three PVC pipes and five plastic plants,
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similar to the enriched chamber of the habitat preference testing tank (Fig. 2b,
described below). Tanks with this set up were designated as the structurally ‘enriched’
housing condition. All tanks were maintained at 26-28°C on a 14:10 day/night light
cycle, using deionised water supplemented with 0.625 gm/L of water conditioning
salts (Aquasonic Tropical water conditioner) to raise General Hardness to 75-150 ppm
and adjusted to a pH of 7-8. Fish were fed two types of food with different nutritional
values: spirulina-enhanced brine shrimp (Hikari Bio-Pure Spirulina Brine Shrimp, the
higher-value food reward, henceforth referred to as shrimp) and generic flake food
(Nutrafin Max Tropical Fish Flakes, the lower value food reward, henceforth referred
to as flake), typically once or twice daily, six to seven days a week. The values of
these rewards were validated in a previous food preference test as part of our larger
study. In this test using the same strain of zebrafish, 28 fish were exposed to two
counterbalanced pipettes, one filled with shrimp and one filled with flake, and the
number of taps on each pipette as well as the time spent around each pipette analysed.
Our preference trials showed a strong preference for shrimp, based on mean number
of taps on the pipette (F(;, 27) = 124.96, P < 0.001) and mean time spent around the
pipette (F(1, 27) = 169.36, P < 0.001), when given a choice between shrimp and flake

(manuscript in preparation).

Experiment 1 — Habitat preference trials

This trial aimed to determine whether zebrafish show a distinct preference for more
structured (enriched) environments over less structured (more barren) environments.
Ten zebrafish naive to this experiment were used. Fish were tested individually in one
of two 25L, 480mm length by 250mm width by 240mm height testing tanks. The
testing tanks were partially separated into three chambers: one structurally complex

section with plastic plants and PVC pipe sections (designated the enriched chamber),
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one empty section nearly identical to the barren home tanks apart from the functional
tank furniture described above (designated the barren chamber), and a small middle
chamber containing a heater and water filter where feeding took place once daily.

Small gaps (20mm diameter) allowed travel between chambers (Fig. 2).

— 180mm —_— 120mm —4— 180mm e ——
(a)

Enriched chamber
(filled with plastic
plants and PVC pipes)

Barren chamber Feeding
(empty) chamber

wwggy ——1

Fig. 2 (a) Diagram of top view, and (b) Photo of front view of the habitat preference trial testing tank.
The testing tank was partially separated into three sections: one structurally complex section with
plastic plants and PVC pipe sections (enriched), one empty section (barren), and a small middle
chamber containing a heater and water filter where feeding took place once daily. Small gaps (20 mm)

allowed travel between sections
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Fish were acclimatised to their barren home tanks for a minimum of two weeks prior
to habitat preference testing. During testing, fish were placed individually into a
testing tank for three consecutive days — the first two days to allow fish to habituate to
the tank set up before the 24-hour trial on the last day. While fish were in the testing
tank, all chambers were accessible and the normal daily feed was delivered only in the
middle chamber to eliminate possible bias towards the barren or enriched chambers
due to the feeding regime. After the two-day habituation period, a 24-hour video
recording was taken from the front of the tank (as seen in Fig. 2b) using an infrared
surveillance camera system (Techview QV-3048 4 channel DVR kit, 0.25” CMOS
colour cameras). Fish were fed in the central chamber at least half an hour prior to the
start of this recording period, and no further food was given until after the completion
of the recording period. The chamber the fish was located in was recorded every 15-

minutes by reviewing the videos.

Preparation of fish for the sensitivity to reward shift experiments

Two groups of 28 fish were used in two separate experiments. In both experiments,
fish were habituated to their home tanks, which were either enriched or barren (as
described in Animals, housing and husbandry), for at least two weeks prior to the start
of the experiment. During this time, fish were fed a mixture of shrimp and flake using
multi-pipettes (Eppendorf Multipette 4780, 10uL dose). After this habituation period,
fish were pseudo-randomly assigned to either higher-value (shrimp) or lower-value
(flake) rewards. Therefore, each experiment had four groups of 7 fish using a 2 x 2

factorial design based on housing environment and reward value:

1. Enriched/shrimp;

2. Enriched/flake;
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3. Barren/shrimp;

4. Barren/flake.

After the initial habituation period, fish were fed only their designated food reward at

all times until the conclusion of the experiments.

In order to habituate fish to the experimental tank, they were individually transferred
to the experimental tank using a plastic container (120mm diameter by 90mm depth),
for five minutes once a day for three consecutive days. Fish readily swam into the
container whenever it was introduced and displayed no signs of distress (apart from
one individual, subsequently removed from the experiment, see Results), thus we

believe it was unlikely that this procedure greatly influenced the fish’s affective state.

The experimental tank was made up of a one metre long, 150mm diameter PVC pipe
cut in half lengthways to form a half-cylindrical channel. Both ends of the PVC pipe

were sealed with additional acrylic boards and the resultant channel filled with water.

Fish were allowed to swim freely and were fed their designated food reward while
habituating in the experimental tank. Feeding helped fish to habituate to the tank more
quickly (e.g. Bilotta et al. 2005; Galhardo et al. 2011) and was presumed to reduce the
likelihood of any stress occurring due to the experimental tank itself, or the act of

transferring individuals for the actual experiment, which might confound the data.

Experiment 2 — Sensitivity to reward loss

After fish were habituated to the experimental tank over three days, trials commenced
the next day. Fish were individually transferred to the holding area at one end of the
experimental tank using the plastic container. A small removable plastic barrier

separated the fish from the rest of the channel. Each trial started when the barrier was
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lifted and the trial ended when the individual crossed the finishing line on the other
end of the channel (Fig. 3). The duration of each trial is henceforth referred to as the
swim time. Trial times were determined by a stationary observer using a stopwatch. A
multi-pipette tip (the same one used to feed fish during the habituation period) was
also attached behind the finishing line as a motivator for fish in learning the task. Fish
were rewarded with their respective reward (one brine shrimp or a small piece of
flake food (approximately 10mg)) typically within half a second of crossing the

finishing line (Fig. 3).

}- 100mm 800mm I 100mm
- T
1
Holding ' Direction fish had to swim in the : 2
area \ channel to reach food reward : / g
1
\ 7
Small removable plastic Reward
barrier to keep fish briefly delivered in this
in holding area at the start area after fish
of each trial crosses the line

Fig. 3 Diagram of sensitivity to reward shift experimental tank (top view). Fish were kept in the
holding area, separated from the rest of the channel by a removable plastic divider. At the start of each
trial, the divider was lifted and the time taken for the fish to swim to the finishing line at the other end
of the channel was recorded. Fish were rewarded with their respective food reward upon crossing the

finishing line

Six trials per day were conducted for each individual. This number was chosen, on the
basis of fish responses in previous experiments, to obtain enough trials but without

posing unnecessary risk of satiation to food rewards. However, once fish were
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returned to their home tanks, additional food was provided up to the usual daily
amount. Trials were conducted for 11 days or until a statistically significant difference
(via general linear mixed model, see Statistical analysis section below) in the times
taken to swim the length of the channel between the shrimp and flake groups was
observed over 4 consecutive days, whichever was shorter. A cut-off was designated
for the pre-reward shift trial period to minimise the risk of over-training, and because

we expected a difference in swim times to manifest readily within a few days.

Once either of these criteria was met, all of the fish originally trained on shrimp (i.e.,
enriched/shrimp and barren/shrimp groups) had their food rewards downshifted from
shrimp to flake. Enriched/flake and barren/flake groups acted as control groups and
continued to be rewarded with flake. Daily trials continued for the next six days to
determine whether this downshift in reward produced any differences in the time

taken to swim the length of the channel to the feeding area.

Experiment 3 — Sensitivity to reward gain

This experiment was conducted on a different group of naive individuals. The
experimental procedure was identical to that of experiment 2, except in this case fish
originally trained on flake (i.e., enriched/flake and barren/flake groups) were
upshifted to the shrimp reward during the reward shift phase. Enriched/shrimp and
barren/shrimp groups now acted as control groups and continued to be rewarded with

shrimp.

In addition, after a further 13 days of testing, all rewards for fish during trials ceased,
and trials continued for another 13 days to determine how quickly behavioural
extinction would occur once the task was no longer rewarded. Behaviours under

habitual control are generally more resistant to behavioural extinction than goal-
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directed behaviours (Bitterman 1969; Gonzalez et al. 1967), so this experiment would

provide useful information on the underlying control of the conditioned behaviour.

Statistical analysis

All data were statistically analysed using IBM SPSS v23. We assessed the normality
and homogeneity of data graphically (Zuur et al. 2010). All data fulfilled the

assumptions of normality and homogeneity of variance.

Habitat preference trials were analysed using a paired #-test with individuals as
replicates to compare the proportions of instances where fish were recorded in the
barren versus enriched chambers of their tank during day, night, and combined
periods. A linear mixed model (LMM) was also used to compare proportions of
recordings within barren and enriched chambers across the day and night periods,
with time period (day or night), habitat type (enriched or barren) and their interaction
as fixed effects, and individuals as a random effect. Instances where fish were

recorded in the middle chamber were excluded from all analyses.

For sensitivity to reward shift trials, prior to any shifts in reward, mean swim times
were analysed each day using a LMM with habitat type (enriched or barren), original
reward (shrimp or flake) and their interaction as fixed effects, and individuals nested
within habitat type by original reward as a random effect, to determine if there was a
significant difference in mean swim times between individuals trained on shrimp and
flake respectively. Swim times for each trial day were aggregated for each individual,
and mean swim times for each reward shift phase, including the day before each shift
(i.e. experiment 1 — days 6-12; experiment 2 — days 11-24 and 24-37, see Results),
were analysed using a LMM, with habitat type (enriched or barren), original reward

(shrimp or flake), trial day and their interactions as fixed effects, and individuals
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Results

Experiment 1 — Habitat preference trials

During each 24-hour habitat preference trial, each fish’s position was observed 96
times. Of these, 56 observations were during the day (14-hours) and 40 observations
were at night (10-hours). Fig. 4 presents the proportions of observations in each

chamber for each individual.

There was a significant preference for the enriched chamber over the barren chamber,
both when the combined day and night observations were used (mean = SE for the
enriched chamber = 0.53 + 0.04 versus 0.10 + 0.01 for the barren chamber, fto=11.73,
P < 0.001), and when only day (mean + SE for the enriched chamber = 0.35 + 0.03
versus 0.17 £ 0.02 for the barren chamber, t9= 5.47, P < 0.001) or night (mean = SE
for the enriched chamber = 0.79 + 0.05 versus 0.01 = 0.01 for the barren chamber, t9=
14.17, P < 0.001) observations were used. In addition, there was a stronger preference
for the enriched chamber at night compared to the day (F(;, 27) = 95.86, P < 0.001, also

see Fig. 4).
Experiment 2 — Sensitivity to reward loss

This experiment lasted 16 days. Within 3 days of the start of training, individuals
trained on shrimp had significantly faster mean swim times than individuals trained
on flake (F(;, 24) = 6.49, P = 0.018), though mean swim times did decrease for both
groups from an initial mean of 14 seconds as individuals learned the task. This effect
persisted for the next 3 days (day 4: F1,2¢4)=7.93, P =0.010; day 5: F1,24)=7.58,P =

0.011; day 6: F(1,24) = 8.98, P = 0.006). There was no effect of habitat type (enriched
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or barren) or interaction effect between food reward and habitat type on mean swim

times during this initial training.

On day 7 onwards, groups trained on shrimp were unexpectedly rewarded with flake
instead (i.e. a reward loss). Analysis of the reward shift phase, including the day
before the reward downshift (i.e. days 6-12) demonstrated that individuals originally
trained on shrimp continued to have significantly faster mean swim times than
individuals trained on flake, despite the fact that both groups were receiving identical
flake rewards during this period (F(;, 24) = 6.67, P = 0.016). Mean swim times also
decreased significantly during this period (Fs, 144) = 4.29, P = 0.001). The difference
in mean swim times between fish originally trained on shrimp and fish trained on
flake persisted during an additional set of trials conducted 4 days after day 12 (day 16:
F1, 24y = 7.85, P = 0.010, Fig. 5). The habitat type did not have an effect on mean
swim times (F(;, 249 = 0.00, P = 0.997). All other interaction effects were not

significant.
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Fig. 4 Proportion of observations in each of the three chambers (M Black: enriched; ® dark grey:
middle; and ™ light grey: barren) for each individual during the (a) day period, (b) night period, and (c)

combined day and night periods of the habitat preference trial
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Fig. 5 (a) Mean time taken for zebrafish to swim the channel on each trial day for shrimp and flake
reward groups in experiment 2 (post-reward downshift phase), and (b) the same data, but with food
reward groups further separated into barren and enriched habitat groups. In both figures, the vertical
dashed line between trial days 6 and 7 marks the day that shrimp reward groups had rewards
downshifted from shrimp to flake, ® black markers represent pre-shift shrimp reward groups, © white
markers represent pre-shift flake reward groups, and error bars denote standard error. In (b), dashed

lines represent barren habitat groups, while solid lines represent enriched habitat groups

Experiment 3 — Sensitivity to reward gain

This experiment was conducted over 37 trial days. At the start of the experiment, one
individual failed to habituate to the experimental tank, displaying erratic behaviour
and symptoms of distress. This fish was replaced after trial day 2. In addition, two
individuals died during the experimental period due to accidents, one on day 4 and
one on day 13. The individual on day 4 was replaced, but the individual that died on
day 13, which belonged to the shrimp/enriched treatment group, was not replaced
because the experiment had already progressed substantially. Therefore, the
shrimp/enriched treatment group had a sample size of 6 compared to 7 in the other

treatment groups from day 13 onwards.

Although the pre-reward shift phase of this experiment was conducted identically to
that of experiment 2, individuals trained on shrimp in this experiment did not have
significantly faster mean swim times than individuals trained on flake after 11 days of
conditioning (day 11: F(;, 24) = 0.12, P = 0.74). There were also no interaction effects
or effect of habitat type during this period. We proceeded with the reward upshift on
day 12, where all individuals trained on flake were unexpectedly rewarded with

shrimp (i.e. a reward gain). Analysis of the first reward shift phase, including the day
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before the reward upshift (i.e. days 11-24) demonstrated that mean swim times
decreased significantly during this period (F(s3 300.72) = 4.15, P < 0.001). Groups
where the reward was upshifted from flake to shrimp appeared to decrease in mean
swim times compared to groups trained on shrimp from the outset (Fig. 6), but this
difference was not significant (trial day x food reward: F{;3 300.72) = 1.51, P =0.111).
The habitat type did not have an effect on mean swim times (F{;, 2457) = 0.04, P =

0.839). All other main and interaction effects were not significant.

From day 25 onwards, all food rewards during the experiment were ceased to
investigate the rate of behavioural extinction. Analysis of the second reward shift
phase, including the day before the reward downshift (i.e. days 24-37) demonstrated
that mean swim times increased significantly during this period (F(;3, 289.31) = 15.65, P
<0.001, Fig. 7). The effect of initial food reward was not significant (F;, 24.36) = 0.13),

and all other main and interaction effects were not significant.
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Fig. 6 (a) Mean time taken for zebrafish to swim the channel on each trial day for shrimp and flake
reward groups in experiment 3 (post-reward upshift phase), and (b) the same data, but with food reward
groups further separated into barren and enriched habitat groups. In both figures, the vertical dashed
line between trial days 11 and 12 marks the day that flake reward groups had rewards upshifted from
flake to shrimp, e black markers represent pre-shift shrimp reward groups, © white markers represent
pre-shift flake reward groups, and error bars denote standard error. In (b), dashed lines represent barren

habitat groups, while solid lines represent enriched habitat groups
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Fig. 7 (a) Mean time taken for zebrafish to swim the channel on each trial day for shrimp and flake
reward groups in experiment 3 (behavioural extinction phase), and (b) the same data, but with food
reward groups further separated into barren and enriched habitat groups. In both figures, the vertical
dashed line between trial days 24 and 25 marks the day that all rewards during trials were ceased, ®
black markers represent pre-shift shrimp reward groups, © white markers represent pre-shift flake
reward groups, and error bars denote standard error. In (b), dashed lines represent barren habitat groups,

while solid lines represent enriched habitat groups
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Discussion

Our aim was to investigate whether assumed positive or negative affective states in
zebrafish generated increased sensitivity to reward (food) gain or loss respectively
using a successive contrast paradigm. We followed the assumption that exposure to
rewarding stimuli, those that animals choose to access, would induce a relatively
positive affective state compared to exposure to stimuli that they do not prefer (Rolls
2005). After having established that zebrafish showed a clear preference for an
enriched over a barren environment, we did not find that zebrafish in barren
environments showed a stronger response to reward loss and a weaker one to reward
gain as predicted. One reason for this may have been that zebrafish behaviour in the
successive contrast task was under habitual control, thus minimising the likelihood of

any influence of affective state.
Experiment 1 — Habitat preference trials

The habitat preference trials showed that when given a choice, zebrafish had a clear
preference for enriched (structured) environments over barren (empty) environments.
This preference was also more pronounced at night. This provides important
empirical evidence for environmental preferences in zebrafish as few studies have
been conducted previously (e.g. Hamilton and Dill 2002; Kistler et al. 2011); much of
the non-empirical information available originates from the non-scientific aquarist
‘grey’ literature, and is generally derived from either anecdotal observations or

assumed based on knowledge of the natural habitat of similar fish species.

Hamilton and Dill (2002) found that zebrafish preferred to forage under overhead

cover, but the presence of vegetation did not affect foraging behaviour. Kistler et al.
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(2011), on the other hand, found a strong preference for structured environments,
which was similar to the results of our study. Our habitat preference test also adopted
some design features from Kistler et al. (2011), with a couple of improvements.
Firstly, fish in our habitat preference test were assessed individually, as opposed to in
groups of 6-9 as used by Kistler ef al. (2011). Zebrafish are a schooling species (Kerr
1963; Spence et al. 2008), thus fish are likely to exhibit more pronounced habitat
preferences when they are not part of the safety of a group. Our design also
eliminated the potential biases in space use exerted by dominant individuals within a
group (e.g. Larson et al. 2006). Secondly, in our study, fish observations were
recorded at regular intervals throughout the full 24-hour period, in contrast to Kistler
et al. (2011) where in total only 16 observations were made over four days, all during
daylight hours. Our design allowed us to identify a stronger preference for enriched
habitats at night, which has not been reported previously. This is consistent with both
the biology of wild zebrafish, which are primarily active diurnally (Baganz et al.
2005; Plaut 2000) and thus are likely to experience a higher risk of predation while
inactive at night, as well as their natural habitat (Engeszer et al. 2007; McClure et al.
2006; Spence et al. 2008). Following the assumption that preferred/worked for stimuli
induce positive affective states, our study therefore provides supportive evidence that
enriched (structured) environments are likely to improve the welfare of captive

zebrafish.

Experiment 2 — Sensitivity to reward loss

In experiment 2, all individuals trained on shrimp were unexpectedly rewarded with
flake instead from day 7 onwards. We predicted that if zebrafish behaviour was under
goal-directed control involving anticipation of outcomes, the reward shift would be

perceived as an unexpected loss, and could cause mean swim times to increase
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beyond that of individuals trained on flake from the outset of the experiment, i.e. a
depression or SNC effect. If so, we also hypothesised that individuals in the barren
treatment group, which were presumed to be in a putatively negative affective state
relative to individuals in the enriched treatment group, would be more sensitive to the

reward loss, resulting in higher mean swim times than the enriched treatment group.

However, no SNC effect was observed. The downshift of reward did not appear to
affect the mean swim times of shrimp-to-flake groups; individuals behaved as if
shrimp was still the food reward, and had significantly faster mean swim times
compared to individuals trained on flake from the outset throughout the remainder of
the experiment, including after a 4-day break. One possible explanation is that
behaviour at the point of reward downshift was under habitual control and hence fish
behaved in a stimulus-response fashion with no expectations of the outcomes of their
actions and thus did not perceive a reward loss. This might occur due to over-training
(Thorndike 1911) and, with time, the value of actions would be expected to slowly
update because the reward associated with them has changed, leading to similar
behaviour in both treatment groups (Dolan and Dayan 2013). The apparent lack of
this effect after 10 days is somewhat surprising, suggesting that the response had
become quite routinised. The sample size of our experiment was similar to both
Burman et al. (2008)’s reward shift study on rats (which detected significant effects of
similar experimental treatments) and previous reward shift studies on goldfish (e.g.

Couvillon and Bitterman 1985).

Our findings corroborate those of previous studies on goldfish. For example, Lowes
and Bitterman (1967) found that goldfish shifted from a large reward (40 worms) to a
small reward (4 worms) continued to perform identically to fish conditioned to the

large reward from the outset, while fish shifted from a small reward to a large reward
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gradually increased in performance to match the level of fish conditioned to the large
reward from the outset, without a SPC effect. This latter result supports the notion
that the behaviour is under habitual control. Other studies on goldfish have shown that
individual performance decreased gradually over a varying number of trial sessions to
that of individuals conditioned to the small reward from the outset, without a SNC
effect (Couvillon and Bitterman 1985; Gonzalez et al. 1962; Mackintosh 1971).
Therefore, our study provides additional empirical evidence that responses to reward

shifts in fish studied in these paradigms may be under habitual control.

The habitual nature of the behaviour exhibited here does not provide a useful
indicator of affective state. This also explains why habitat type did not have any
impact on mean swim times during either of the experiments, despite there being a
clear preference for enriched habitats during the habitat preference trials. If we
assume that control of behaviour shifts from goal-directed to habitual with increasing
repetition of a task, there is scope for further refinement of SNC training protocols, in
particular by shortening the pre-shift training period in an attempt to maintain goal-

directed control and hence the potential for perceived reward loss and SNC.

Experiment 3 — Sensitivity to reward gain

In experiment 3, because shrimp was considered a higher-value reward, we predicted
that this would generate the opposite effect of experiment 1; that is, mean swim times
of flake-to-shrimp groups would decrease, with the enriched treatment group
decreasing to a larger extent compared to the barren treatment group as the enriched

treatment group was presumed to be more sensitive to reward gain.

Surprisingly, in contrast to our findings for experiment 1, individuals trained on

shrimp in experiment 3 did not perform significantly faster than individuals trained on
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flake during the pre-reward upshift phase, despite experimental conditions being
identical in both experiments. We can think of no systematic explanation for this
difference. However, after the reward upshift, mean swim times of flake-to-shrimp
groups did appear to decrease (although this decrease was not statistically significant),
highlighting the fact that the mean swim times during the pre-reward shift phase was
not due to a physiological limitation in swim speed. This mean swim time was also
maintained throughout the remainder of the experimental phase as compared to the
temporary shift predicted. This result again provides more support for a habitual
account as opposed to one assuming goal-directed control accompanied by a
temporary SPC-like affective response to perceived reward gain. Although faster
mean swim times could have been indicative of a SPC effect, it was difficult to
conclude this given that there were no differences in swim speed prior to the reward
shift. Further, the maintenance of this faster mean swim time was uncharacteristic of a

SPC effect, which is often short-lived (Flaherty 1996).

When all rewards were discontinued in experiment 3, individuals continued to
perform the trained task of swimming from one end of the channel to the other end
consistently throughout the extinction trial period of 13 days. At the end of this trial
period, individuals were still swimming, on average, quicker than average times on
day 4 of the trial, even though none of the previous 78 trials were rewarded. This
behavioural extinction period was much longer than what would be expected of goal-
directed behaviours, at least in goldfish (e.g. Gonzalez et al. 1967), and provides
further evidence that the fish were acting habitually during the trials, and in a highly
routinized way. Previous comparative studies on goldfish and mice have also
demonstrated that habitual behaviours are more resistant to behavioural extinction

compared to goal-directed behaviours (Bitterman 1969; Gonzalez et al. 1967).
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Conclusions

The fact that provision or denial of preferred enrichment, assumed to induce relatively
positive and negative affective states respectively, did not influence performance
during the sensitivity to reward shift experiments was likely to be because zebrafish
behaviour in this experiment was driven largely by habit rather than expectation. Our
research adds to accumulating evidence that fish do not generally respond to shifts in
rewards via the same mechanisms as mammals, and therefore responses to shifts in
rewards are unlikely to be a reliable measure of affective state in fish. However,
‘over-training’ during the experiment could have favoured habitual control of
behaviour, and therefore subsequent research should consider minimising the amount
of training done before reward shifts occur, or systematically investigating the effects
of different training durations on contrast effects. Additionally, obstacles may be
introduced within the channel to increase the mean swim time and resolution when
detecting treatment effects. It should also be emphasised that this does not imply the
lack of existence of affective states in fish; rather, it highlights our inability to probe

affective states via this particular experimental protocol.



573

574

575

576

Acknowledgements

We would like to thank John Ahern, Tania Long and Darren Cipolla for assistance
with animal husbandry. We also thank Sharon Koh for assistance with data collection.

This research work was funded by the Margaret Catto Award and K. Handasyde.



577

578

579

580

581

582

583

584

585

586

Compliance with ethical standards

This research was funded by the Margaret Catto Award and K. Handasyde.
The authors declare that they have no conflict of interest.

This article does not contain any studies with human participants performed by any of

the authors.

All applicable international, national, and/or institutional guidelines for the care and
use of animals were followed. All procedures performed in studies involving animals
were in accordance with the ethical standards of the institution or practice at which

the studies were conducted (The University of Melbourne, AEC Project 1212695.3).



587

588

589

590

Data availability statement

The datasets generated during and/or analysed during the current study are available

from the corresponding author on reasonable request.



591

592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637

References

Amsel A (1992) Frustration Theory. Cambridge University Press, New York

Amsterdam A, Hopkins N (2006) Mutagenesis strategies in zebrafish for identifying
genes involved in development and disease. Trends in Genetics 22:473-478

Anderson DJ, Adolphs R (2014) A framework for studying emotions across
phylogeny. Cell 157:187-200 doi:10.1016/j.cell.2014.03.003.

Baganz D, Siegmund R, Staaks G, Pflugmacher S, Steinberg CEW (2005) Temporal
pattern in swimming activity of two fish species (Danio rerio and Leucaspius
delineatus) under chemical stress conditions. Biological Rhythm Research
36:263-276

Beck A (1967) Depression: clinical, experimental and theoretical aspects. Harper
Row, New York

Benefield R, Oscos A, Ehrenfreund D (1974) Role of frustration in successive
positive contrast. Journal of Comparative and Physiological Psychology
86:648-651

Bentosela M, Jakovcevic A, Elgier AM, Mustaca AE, Papini MR (2009) Incentive
contrast in domestic dogs (Canis familiaris). Journal of Comparative
Psychology 123:125-130

Berghmans S, Jette C, Langenau D, Hsu K, Stewart R, Look T, Kanki JP (2005)
Making waves in cancer research: new models in the zebrafish.
BioTechniques 39:227-237

Bilotta J, Risner ML, Davis EC, Haggbloom SJ (2005) Assessing appetitive choice
discrimination learning in zebrafish Zebrafish 2:259-268

Bitterman ME (1969) Thorndike and the problem of animal intelligence American
Psychologist 24:444-453

Burman OH, Parker RM, Paul ES, Mendl M (2008) Sensitivity to reward loss as an
indicator of animal emotion and welfare Biology Letters 4:330-333
doi:10.1098/rsbl.2008.0113

Capaldi EJ, Lynch D (1967) Repeated shifts in reward magnitude: Evidence in favor
of an associational and absolute (non-contextual) interpretation. Journal of
Experimental Psychology 75:467-517

Clark L, Watson D (1991) Tripartite model of anxiety and depression: psychometric
evidence and taxonomic implications. Journal of Abnormal Psychology
100:316-336

Couvillon PA, Bitterman ME (1985) Effect of experience with a preferred food on
consummatory responding for a less preferred food in goldfish. Animal
Learning & Behavior 13:433-438

Creaser CW (1934) The technique of handling the zebrafish (Brachydanio rerio) for
the production of eggs which are favourable for embryological research and
are available at any specified time throughout the year. Copeia 1934:159-161

Crespi LP (1942) Quantitative variations in incentive and performance in the white rat.
American Journal of Psychology 55:467-517

Dawkins MS (1990) From an animal's point of view: motivation, fitness and animal
welfare. Behavioral and Brain Sciences 13:1-61

Dickinson A, Balleine B (1994) Motivational control of goal-directed action. Animal
Learning & Behavior 22:1-18 doi:10.3758/BF03199951

Dolan RJ, Dayan P (2013) Goals and habits in the brain Neuron 80:312-325



638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687

Ehrenfreund D (1971) The effect of drive on successive magnitude shifts in rats.
Journal of Comparative and Physiological Psychology 76:418-423

Engeszer RE, Patterson LB, Rao AA, Parichy DM (2007) Zebrafish in the wild: A
review of natural history and new notes from the field Zebrafish 4:21-40
doi:10.1089/zeb.2006.9997

Flaherty CF (1996) Incentive relativity. Cambridge University Press, Cambridge, UK

Flaherty CF, Greenwood A, Martin J, Leszczuk M (1998) Relationship of negative
contrast to animal models of fear and anxiety. Animal Learning & Behavior
26:397-407

Fowles D (1994) A motivational theory of psychopathology. In: Spaulding WL (ed)
Integrative Views of Motivation, Cognition, and Emotion. University of
Nebraska Press, Nebraska, pp 181-238

Freidin E, Cuello MI, Kacelnik A (2009) Successive negative contrast in a bird:
starlings’ behaviour after unpredictable negative changes in food quality.
Animal Behaviour 77:857-865

Galhardo L, Almeida O, Oliveira RF (2011) Measuring motivation in a cichlid fish:
An adaptation of the push-door paradigm Applied Animal Behaviour Science
130:60-70

Gehring WJ, Himle J, Nisenson LG (2000) Action-monitoring dysfunction in
obsessive-compulsive disorder. Psychological Science 11:1-6

Gonzalez RC, Ferry M, Powers AS (1974) The adjustment of goldfish to reduction of
magnitude of reward in massed trials. Animal Learning & Behavior 2:23-26

Gonzalez RC, Gleitman H, Bitterman ME (1962) Some observations on the
depression effect. Journal of Comparative and Physiological Psychology
55:578-581

Gonzalez RC, Holmes NK, Bitterman ME (1967) Resistance to extinction in the
goldfish as a function of frequency and amount of reward. American Journal
of Psychology 80:269-275

Gonzalez RC, Potts A, Pitcoff K, Bitterman ME (1972) Runway performance of
goldfish as a function of complete and incomplete reduction in amount of
reward. Psychonomic Science 27:305-307

Graham C, von Keyserlingk MA, Franks B (2018) Zebrafish welfare: Natural history,
social motivation and behaviour. Applied Animal Behaviour Science 200:13-
22 doi:10.1016/j.applanim.2017.11.005

Grunwald DJ, Eisen JS (2002) Headwaters of the zebrafish - emergence of a new
model vertebrate. Nature Reviews Genetics 3:717-724

Hajcak G, McDonald N, Simons RF (2004) Error-related psychophysiology and
negative affect. Brain Cognition 56:189-197 doi:10.1016/j.bandc.2003.11.001

Hamilton IM, Dill LM (2002) Monopolization of food by zebrafish (Danio rerio)
increases in risky habitats. Canadian Journal of Zoology 80:2164-2169

Harding EJ, Paul ES, Mendl M (2004) Cognitive bias and affective state Nature
427:312

Kerr JP (1963) Grouping behaviour of the zebrafish as influenced by social isolation.
American Zoologist 2:532-533

Kimmel CB (1989) Genetics and early development of zebrafish. Trends in Genetics
5:283-288

Kistler C, Hegglin D, Wirbel H, Konig B (2011) Preference for structured
environment in zebrafish (Danio rerio) and checker barbs (Puntius oligolepis)
Applied Animal Behaviour Science 135:318-327
doi:10.1016/j.applanim.2011.10.014



688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737

Kobre KR, Lipsitt LP (1972) A negative contrast effect in newborns. Journal of
Experimental Child Psychology 14:81-91

Larson ET, O'Malley DM, Melloni RHJ (2006) Aggression and vasotocin are
associated with dominant-subordinate relationships in zebrafish. Behavioural
Brain Research 167:94-102

LeDoux JE (2017) Semantics, Surplus Meaning, and the Science of Fear. Trends in
Cognitive Sciences 21:303-306 doi:10.1016/j.tics.2017.02.004

Leppinen J (2006) Emotional information processing in mood disorders: a review of
behavioral and neuroimaging findings. Current Opinions in Psychiatry 19:34-
39

Lowes G, Bitterman ME (1967) Reward and learning in the goldfish. Science
157:455-457

Mackintosh NJ (1971) Reward and aftereffects of reward in the learning of goldfish.
Journal of Comparative & Physiological Psychology 76:225-232

Maxwell FR, Calef RS, Murray DW, Shepart FC, Norville RA (1976) Positive and
negative contrast following multiple shifts in reward magnitude under high
drive and immediate reinforcement. Animal Learning & Behavior 4:480-484

McClure MM, Mclntyre PB, McCune AR (2006) Notes on the natural diet and habitat
of eight danionin fishes, including the zebrafish Danio rerio Journal of Fish
Biology 69:553-570 doi:10.1111/5.1095-8649.2006.01125.x

Mellgren RL (1971) Positive contrast in the rat as a function of number of preshift
trials in the runway. Journal of Comparative and Physiological Psychology
77:329-333

Mellgren RL (1972) Positive and negative contrast effects using delayed
reinforcement. Learning and Motivation 3:185-193

Mendl M, Burman OHP, Parker RMA, Paul ES (2009) Cognitive bias as an indicator
of animal emotion and welfare: Emerging evidence and underlying
mechanisms Applied Animal Behaviour Science 118:161-181

Mendl MT, Paul ES (2016) Bee happy: Bumblebees show decision-making that
reflects emotion-like states. Science 353:1499-1500
doi:10.1126/science.aai9375

Morales A, Torres MC, Megias JL, Candido A, Maldonado A (1992) Effect of
diazepam on successive negative contrast in one-way avoidance learning.
Pharmacology, Biochemistry & Behavior 43:153-157

Mustaca AE, Bentosela M, Papini MR (2000) Consummatory successive negative
contrast in mice. Learning and Motivation 31:272-282

Muzio RN, Segura ET, Papini MR (1992) Effect of schedule and magnitude of
reinforcement on instrumental learning in the toad, Bufo arenarum. Learning
and Motivation 23:406-429

Naranjo C, Tremblay L, Busto U (2001) The role of the brain reward system in
depression. Progress in Neuro-Psychopharmacology & Biological Psychiatry
25:781-823

Papini MR (1997) Role of reinforcement in spaced-trial operant learning in pigeons
(Columba livia). Journal of Comparative Psychology 111:275-285

Papini MR, Ishida M (1994) Role of magnitude of reinforcement in spaced-trial
instrumental learning in turtles (Geoclemys reevesii). Quarterly Journal of
Experimental Psychology 47B:1-13

Papini MR, Mustaca AE, Bitterman ME (1988) Successive negative contrast in the
consummatory responding of didelphid marsupials. Animal Learning &
Behavior 16:53-57



738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763

764

Papini MR, Muzio RN, Segura ET (1995) Instrumental learning in toads (Bufo
arenarum): reinforcer magnitude and the medial pallium. Brain, Behavior and
Evolution 46:61-71 doi:000113259

Plaut I (2000) Effects of fin size on swimming performance, swimming behaviour and
routine activity of zebrafish Danio rerio. Journal of Experimental Biology
203:813-820

Reed B, Jennings M (2010) Guidance on the housing and care of zebrafish, Danio
rerio. RSPCA UK, West Sussex

Rolls ET (2005) Emotion Explained. Oxford University Press, New York

Rolls ET (2006) Brain mechanisms of emotion and decision-making International
Congress Series 1291:3-13

Rubenstein AL (2003) Zebrafish: from disease modelling to drug discovery. Current
Opinion in Drug Discovery Development 6:218-223

Rubenstein AL (2006) Zebrafish assays for drug toxicity screening. Expert Opinion
on Drug Metabolism & Toxicology 2:231-240

Shanab ME, Sanders R, Premack D (1969) Positive contrast in the runway obtained
with delay of reward. Science 164:724-725

Spence R, Gerlach G, Lawrence C, Smith C (2008) The behaviour and ecology of the
zebrafish, Danio rerio Biological Reviews 83:13-34

Thorndike E (1911) Animal Intelligence: Experimental Studies. MacMillan, New
York

Wenzlaff RM, Grozier SA (1988) Depression and the magnification of failure.
Journal of Abnormal Psychology 97:90-93 do1:10.1037/0021-843X.97.1.90

Zuur AF, leno EN, Elphick CS (2010) A protocol for data exploration to avoid
common statistical problems Methods in Ecology and Evolution 1:3-14
doi:10.1111/.2041-210X.2009.00001.x



