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SUMMARY
Operant learning requires multiple cognitive processes, such as learning, prediction of potential outcomes,
and decision-making. It is less clear how interactions of these processes lead to the behavioral adaptations
that allow animals to cope with a changing environment. We show that juvenile zebrafish can perform condi-
tioned place avoidance learning, with improving performance across development. Ablation of the dorsolat-
eral habenula (dlHb), a brain region involved in associative learning and prediction of outcomes, leads to an
unexpected improvement in performance and delayed memory extinction. Interestingly, the control animals
exhibit rapid adaptation to a changing learning rule, whereas dlHb-ablated animals fail to adapt. Altogether,
our results show that the dlHb plays a central role in switching animals’ strategies while integrating new
evidence with prior experience.
INTRODUCTION

The ability to predict threats or rewards and to shape behavior in

response to a changing environment is essential for survival

(Skinner, 1984). Operant learning requires a continuous moni-

toring of the animal’s own actions, a real-time estimation of its

consequences, and an update of the relationship between the

behavior and its outcome (Skinner, 1981). The constant update

of this relationship is essential because, in real life, rules and con-

ditions frequently change. Therefore, a high degree of behavioral

flexibility is required to maximize survival chances. Reversal

learning has been extensively used to evaluate behavioral

flexibility (Izquierdo et al., 2017; Hadar and Menzel, 2010). Not

surprisingly, the impairment of this behavioral flexibility leads

to neuropsychiatric conditions (Baker et al., 2015), such as

obsessive-compulsive behaviors (Remijnse et al., 2009), sub-

stance abuse (Bechard et al., 2018), post-traumatic stress

(George et al., 2015), and mood disorders (Remijnse et al.,

2009). Understanding the neural basis of operant learning and

the associated behavioral flexibility is essential to provide solu-

tions to these disorders.

The habenula (Hb) plays an important role in operant learning.

Mammalian lateral Hb (lHb) receives inputs from various fore-

brain and midbrain regions and project to the ventral tegmental

area (VTA) and raphe nuclei (Bianco andWilson, 2009; Namboo-

diri et al., 2016; Fore et al., 2018; Stamatakis and Stuber, 2012;

Matsumoto and Hikosaka, 2007, 2009; Lazaridis et al., 2019;

Trusel et al., 2019; Brinschwitz et al., 2010; Proulx et al., 2014).

lHb was shown to encode aversive experiences (Matsumoto

and Hikosaka, 2007; Lazaridis et al., 2019) and prediction errors

(Trusel et al., 2019; Kawai et al., 2015). Instead, the medial Hb
This is an open access article under the CC BY-N
(mHb) receives inputs from supracommissural septum, VTA,

and locus coeruleus and projects to interpeduncular nucleus

(IPN) that is connected with the raphe nuclei (Fore et al., 2018;

Bianco and Wilson, 2009; Namboodiri et al., 2016; Hentall and

Budhrani, 1990; Groenewegen et al., 1986). Most studies on

mHb focus on its role in depression, anxiety, fear, addiction,

and anhedonia (Yamaguchi et al., 2013; Shih et al., 2015; Frahm

et al., 2011). Yet, little is known about the role mHb plays in op-

erant learning.

Consistent with that of mammals, zebrafish studies highlight

the role of Hb in learning and emotional behaviors. Based on

neural connectivity and molecular characteristics, the zebrafish

ventral Hb (vHb) and dorsal Hb (dHb) are homologous to

mammalian lHb (Amo et al., 2010) and mHb (Agetsuma et al.,

2010), respectively. Similar to taht of mammals, zebrafish Hb

receives inputs from the hypothalamus (Turner et al., 2016), en-

topeduncular nucleus (vEN) (Amo et al., 2014), andmedian raphe

(MR) (Turner et al., 2016). Zebrafish dHb projects to IPN,

whereas vHb projects to the MR (Agetsuma et al., 2010; Amo

et al., 2010, 2014; Chou et al., 2016). Ablating zebrafish vHb im-

pairs active avoidance learning, without affecting the defensive

behavior induced by classical fear conditioning (Amo et al.,

2014). Alternatively, ablation of zebrafish dHb disrupts the

execution of experience-dependent fear response (Lee et al.,

2010; Agetsuma et al., 2010). Two sub-regions of dHb, the

dorsolateral Hb (dlHb) and the mediodorsal Hb (mdHb), regulate

behavioral flexibility during social conflict by differentially influ-

encing animals’ probability to win or lose. This regulation was

proposed to be mediated through specific targeting of the IPN,

which projects to the griseum centrale (Chou et al., 2016).

Recent studies suggest further roles for dHb and vHb in
Cell Reports 32, 108054, August 25, 2020 ª 2020 The Author(s). 1
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Figure 1. Juvenile Zebrafish Can Perform Conditioned Place Avoidance Learning with Increased Performance across Development

(A) The top row shows a schematic representation of the protocol. B, baseline; C1, conditioning 1; T1, test 1; C2, conditioning 2; T2, test 2. Consecutive rows

show the heatmaps depicting the average density of zebrafish position for each experimental group: 1-week-old (n = 36), 2-week-old (n = 24), 3-week-old (n = 24),

and 4-week-old (n = 18) zebrafish.

(B) Relative time spent in the conditioned zone (CZ).

(C) Relative distance of swimming in the CZ.

(D) Average distance of the animals away from the CZ. Dashed line indicates the midline.

(E) Average swim velocity.

(B–E)Linecolor andstyle indicatedifferentagegroups.Datadisplayed in2-minbins;mean±SEM;#, indicate statistical comparisonsdetailed inFiguresS1EandS1F.

(F) Histograms of CPA learning indices during the two test sessions. The darker colors represent the animals classified as learners. The percentage of learners is in

the pie chart. See also Figures S1 and S2.
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behavioral flexibility, for recovering from (Duboué et al., 2017) or

for coping with aversive experiences (Andalman et al., 2019). All

these studies emphasize the involvement of the Hb in coordi-

nating multiple neural processes, evaluating outcomes, and

selecting optimal behaviors in response to experienced changes

in the environment. However, it is less clear how changes in

learned rules in cognitively demanding tasks are integrated in

the brain and what role the Hb plays in this behavioral flexibility.

Investigation of such cognitively demanding behaviors in trans-

parent juvenile zebrafish would open new avenues for studying

the neural basis of behavioral flexibility across widely dispersed

brain regions.

RESULTS

Juvenile Zebrafish Can Perform Conditioned Place
Avoidance with Increasing Performance across
Development
To investigate the ontogeny of CPA learning, we focus on the first

4 weeks of development, during which zebrafish (i.e., nacre
2 Cell Reports 32, 108054, August 25, 2020
mutants with reduced pigmentation) (Lister et al., 1999) are rela-

tively translucent and amenable for functional imaging of dorsal

brain regions (Jetti et al., 2014; Fore et al., 2019; Vendrell-Llopis

and Yaksi, 2015). During these first 4 weeks, we observed that

the size of zebrafish increased significantly from the larval to ju-

venile stage (Figure S1B). The juvenile zebrafish at 3–4 weeks

exhibit noticeable variability, compared to younger animals,

both in size (Figure S1B) and swim velocity (Figure S1C). Using

a custom-built behavioral setup (Figure S1A), we trained zebra-

fish in a CPA protocol, for which they received mildly aversive

electric stimuli only when they entered the conditioned zone of

the arena, marked by a red color presented from the bottom.

The training was composed of a baseline session followed by

two blocks of conditioning and test sessions (Figure 1A; Fig-

ure S1A). During the baseline, we observed no exploration bias

of the arena (Figures 1A, 1B, and 1D). We quantified learning per-

formance by using multiple measures, such as the reduction of

the relative time spent (Figure 1B) and the relative distance of

swim (Figure 1C) in the conditioned zone, as well as the average

distance from the boundary between the conditioned and safe
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zones (Figure 1D), which were used in previous studies (Millot

et al., 2014, Valente et al., 2012). During conditioning sessions

C1 and C2, zebrafish exhibited a significant decrease of time

spent in the conditioned zone, at all developmental stages (Fig-

ures 1A and 1B; Figures S1E and S1F). However, only 3 and

4-week-old zebrafish retained a significant avoidance behavior

during the test sessions, with 4-week-old animals performing

significantly better than 3-week-old ones (Figures 1A and 1B;

Figures S1E and S1F). These results were confirmed by all other

complementary measures of learning (Figures 1C and 1D; Fig-

ures S1E and S1F). Consistent with previous studies (M€uller

and van Leeuwen, 2004), we observed a relationship between

the swim velocity and the size of zebrafish (Figure S1C). All

groups decreased their swimming velocity during the condition-

ing protocol (Figure 1E) and responded to the aversive stimuli

with a transient speed increase (Figure S1D). We did not observe

any significant difference between the CPA performance of wild-

type zebrafish and nacre mutants with reduced pigmentation

(Lister et al., 1999; Figures S2A–S2G). Finally, we showed that

up to 70% of juvenile zebrafish at the third and fourth week of

development exhibit learning indices significantly greater than

chance levels (Figure 1F). To address a potential source of vari-

ability in performance, we investigated the relationship between

CPA performance and animal size. Our results demonstrated

that larger zebrafish exhibit better learning performance (Fig-

ure S1H). Altogether, these results show that juvenile zebrafish

can perform CPA learning with increasing performance across

development.

Comparing Operant Learning with Defensive Behaviors
Elicited by Aversive Stimuli
To compare the defensive behaviors or potential stress elicited

by aversive electric stimuli with the operant learning behavior,

we designed a sham training protocol for 3- to 4-week-old,

size-matched, juvenile zebrafish. To do this, we trained half of

the animals with the CPA protocol, while in parallel a sham group

was simultaneously exposed to the same aversive stimuli. To

match the aversive experience in both groups, the mild electric

stimuli of the sham group were precisely timed and dictated by

the actions of their CPA-trained siblings in a neighboring behav-

ioral arena with the same features (color, shape, and tempera-

ture). Because the sham animals’ aversive experiences were

independent of their behavior and solely controlled by the

actions of their CPA-trained siblings, the sham group experi-

enced the same aversive stimuli in a similar arena without the

opportunity to learn (Figure 2A). As expected, the trained

zebrafish learned the CPA task and avoided the conditioned

zone successfully in all measures of learning (black traces, Fig-

ures 2B–2D). However, sham animals had no opportunity to learn

(red traces, Figures 2B–2D). We observed that trained animals

exhibited a lower swimming velocity than the sham group (Fig-

ure 2E). Hence, the reduction in speed was not merely due to

the response of the animals to aversive stimuli but due to a

change in behavioral strategy upon CPA learning. Both trained

and sham animals exhibited freezing behavior (i.e., swimming

less than 2 mm during 2 s) on average less than 0.5% of the

time (Figure 2F), and both groups responded to the aversive

shock with a transient increase in swim velocity (Figure 2G).
Next, we investigated the animals’ behavior as zebrafish

swam toward the visual boundary between the safe and condi-

tioned zones, during sessions C2 and T2. We observed that

most CPA-trained zebrafish took evasive action at the visual

boundary and successfully avoided to enter into the condi-

tioned zone (Figures 2H and 2I, black dots on the right hemi-

sphere) or never approached the boundary (Figures 2H and

2I, black dots outside the right hemisphere). Conversely, the

sham group did not perceive the visual boundary as relevant

features of the environment and did not take evasive action

(Figures 2H and 2I, red circles on the left hemisphere). The

avoidance behaviors of trained and sham groups were signifi-

cantly different for all iterations of various distances from the

boundary (Figure S3A). Moreover, we confirmed that sham

group exhibit significant differences in additional measures of

learning, such as the reduction of swimming duration (Figure 2J)

and distance (Figure S3B) in the conditioned zone upon each

entry, as well as the total number of entries into the conditioned

zone (Figure S3C). Altogether, these results highlight that juve-

nile zebrafish exhibit substantially different behaviors during

CPA learning compared to defensive behaviors or potential

stress elicited by aversive electric stimulation and that CPA

learning behavior can be separated from defensive behaviors

or stress.

CPA Performance and Memory Recall Improve across
Multiple Training Sessions
Next, we asked whether zebrafish improve their performance

across multiple training days and whether such training facili-

tates long-term learning and memory consolidation. To achieve

this, we trained 4-week-old juvenile zebrafish across 4 consec-

utive days (Figure 3A). In line with our hypothesis, multi-day

training improved the performance in all measurements of

learning (Figures 3A–3D and 3F; Figures S4A–S4D), especially

compared to training day 1 (Figure 1; Figures S4A–S4D). The

percentage of animals classified as learners increased from

67% in day 1 up to 89% in the consecutive training days (Fig-

ure 3F). This increased learning index was also accompanied

by a reduction in inter-individual variability of CPA perfor-

mances (Figure 3F). Next, we investigated the memory recall

after multi-day CPA training. To do this, we analyzed and

compared the 10-min time windows during the switch from

blank to the presentation of the recall pattern (boxes labeled

B’ and R’ in Figures 3B and 3C). From the third day of training

onward, we observed a transient but significant memory recall

when CPA color cues were presented directly after the blank

session. This was quantified by a reduced time spent (Fig-

ure 3G) and a reduced distance swim (Figure 3H) in the condi-

tioned zone. We also observed that during the recall period, the

zebrafish perceived the boundary between the color cues and

took evasive action as they approached the boundary of the

conditioned zone (Figure 3I, black arrow). The ratio of success-

ful avoidance during recall significantly increased (Figure 3I)

across multi-day training. We observed freezing on average

less than 1% of the time, during multi-day training (Figure S4E).

Our results demonstrated that the CPA performance of zebra-

fish improves across multiple training days and that zebrafish

form long-term CPA memories.
Cell Reports 32, 108054, August 25, 2020 3
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Figure 2. Comparing Operant Learning with Defensive Behaviors Elicited by Aversive Stimuli

(A) The top row shows a schematic representation of the protocol. Consecutive rows show the heatmaps depicting the average density of zebrafish position for

trained (n = 25) and sham (n = 25) groups.

(B) Relative time spent in the CZ.

(C) Relative distance of swimming in the CZ.

(D) Average distance of the animals away from the CZ. Dashed line indicates the midline.

(E) Average swimming velocity of the zebrafish.

(B–E) Line colors indicate control (black) and sham (red) groups, 3- to 4-weeks old. Data are displayed in 2-min bins; mean ± SEM.

(F) Percentage of time that the zebrafish exhibit no swimming less than 2-mm during 2 s. Solid lines represent median, and shaded areas represent first and third

quartiles.

(G) Average swimming velocity of the zebrafish, 1 sec before (b) and after (a) the delivery of aversive unconditioned stimuli (US).

(H)Zebrafish swimmingdirectionnear theboundaryofCZandsafe zone (SZ), during the last5minofC2 (left) andfirst 5minofT2 (right), inCPA-trained (top, black) and

sham (bottom, red) groups. Each dot on the polar plot depicts the average swimming direction of one zebrafish during the 5 secs after encountering the CZ/SZ

boundary. For each dot, the distance from the center encodes the average swimming velocity of the animal. Filled dots represent successful avoidance of zebrafish,

and empty dots represent unsuccessful ones. Dots outside the polar plots represent animals that never entered the CZ (filled) or that never left the CZ (empty).

(I) Average ratio of successful avoidance over the protocol, divided in 5-min time bins (mean ± SEM).

(J) Average swim duration up on each entry to CZ; data displayed in 5-min time bins; mean ±SEM. ***p% 0.001, **p% 0.01, *p% 0.05.Wilcoxon signed-rank test.

See also Figure S3.
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dlHbAblation Leads to anApparent Improvement of CPA
Performance
dlHb ablation in adult zebrafish was shown to interfere with the

execution of experience-dependent fear responses (Agetsuma

et al., 2010). We hypothesized that dlHb ablation might also

interfere with CPA learning. We achieved chemogenetic ablation

of the dlHb by incubating 3 to 4-week-old juvenile pigmented

zebrafish Tg(narp:GAL4VP16; UAS-E1b:NTR-mCherry) (Aget-
4 Cell Reports 32, 108054, August 25, 2020
suma et al., 2010) with 10 mM metronidazole (MTZ) (Figures

4A and 4B). Similar to adult zebrafish (Agetsuma et al., 2010),

narp:Gal4 is expressed in dlHb neurons of juvenile zebrafish

(Figures S5A–S5F; Video S1). More lateral narp:Gal4 expression

in adults is due to sequential habenular neurogenesis across

development (Fore et al., 2019). Next, we compared dlHb-abla-

ted juvenile zebrafish with the control group in multi-day

CPA training. To our surprise, we observed that dlHb-ablated
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Figure 3. CPA Performance and Memory Recall Improve across Multi-day Training

(A) The top row shows a schematic representation of the protocol. Blank, baseline with no color cues; R, recall. The next rows show the heatmaps depicting the

average density of zebrafish position during multiple training days (n = 18).

(B) Relative time spent in the CZ.

(C) Relative distance of swim in the CZ.

(D) Average distance of the animals away from the CZ. Dashed line indicates the animal being on the midline.

(E) Average swimming velocity of the zebrafish.

(B–E) Line colors and style indicate zebrafish performance duringmultiple training days in 4-week-old zebrafish. Data are displayed in 2-min bins; mean ± SEM; #,

indicates significance comparisons, detailed in Figure S4A.

(F) Histograms of the learning indices during the test session, across multiple days of training. The darker colors represent the animals classified as learners. The

percentage of learners is in the pie chart.

(G) Average time spent by the animal in the CZ during the last 10 min of the blank session (B’) and in the first 10 min of the recall session (R’).

(H) Relative distance of swim in the during B’ and in R’. B’ and R’ periods are marked with the gray box in (B) and (C).

(I) Average ratio of successful avoidance over the course of the protocol, divided in 5-min time bins; mean ± SEM. ***p% 0.001, **p% 0.01, *p% 0.05. (G, H, and

K) Wilcoxon signed-rank test. See also Figure S4.
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Figure 4. Dorsolateral Habenula Ablation Improves CPA Performance and Delays Memory Extinction

(A and B) Confocal microscopy images of Tg(narp:Gal4;UAS-E1b:NTR-mCherry) zebrafsh before (A) and after (B) metrodiniazole (MTZ) treatment. Dorsal (top)

and coronal (bottom) views. Scale bars are 25 mm.

(C, F, I, and L) The top row shows a schematic representation of the protocol. The next rows show the heatmaps depicting the average density of zebrafish

position for dlHb-ablated (n = 11) and control (n = 12) groups. (C) First day of training. (F) Second day of training. (I) Third day of training. (L) Fourth day of training.

(D, G, J, and M) Relative time spent in the CZ.

(E, H, K, and N) Average distance of the animals from the CZ. Dashed line indicates the midline.

(D, E, G, H, J, K, M, and N) Line colors indicate control (black) and dlHb-ablated (red) groups of 3- to 4-week-old zebrafish. Data are displayed in 2-min bins;

mean ± SEM.

(O) Relative time spent by the dlHb-ablated zebrafish in the CZ during the last 10 min of the B’ and in the first 10 min of the R’.

(P) Relative distance swam in the CZ during B’ and R’. ***p% 0.001, **p% 0.01, *p% 0.05. (D, E, G, H, J, K, M, and N)Wilcoxon rank-sum test; (O and P)Wilcoxon

signed-rank test. See also Figure S5.
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animals outperformed controls at the first training day and that

their CPA performance remained higher than the control group

over the consecutive training days (Figures 4C–4N). From the

third training day onward, we also observed that dlHb-ablated

animals exhibited robust CPA recall behavior (Figures 4O and

4P). Importantly, we did not observe freezing behavior in

dlHb-ablated animals, more than 1% of the time, even after

several days of CPA training (Figure S5G). These results suggest

that dlHb ablation leads to an apparent improvement of CPA
6 Cell Reports 32, 108054, August 25, 2020
performance and a better memory recall, across multi-day

training sessions.

The dlHb Is Important for Behavioral Flexibility during
Reversal Learning
We hypothesized that one reason dlHb-ablated zebrafish per-

formed better than control animals is an impairment in memory

extinction. To test this, we introduced an extended extinction

session (T3) after the CPA training. Consistent with our
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Figure 5. The Dorsolateral Habenula Is Important for Behavioral Flexibility during Reversal Learning
(A) The top row shows a schematic representation of the protocol. T3, test 3 (extinction test); C3, conditioning 3 (reversal learning); T4, test 4 (reversal learning

test); C4, conditioning 4 (reversal learning); T5, test 5(reversal learning test); T6, test 6(reversal learning extinction test). The next rows show the heatmaps

depicting the average density of zebrafish position for control (n = 21) and dlHb-ablated (n = 22) groups.

(B) Relative time spent in the CZ.

(C) Average distance of the animals away from the CZ. Dashed line indicates the midline.

(D) The ratio of swimming distance in CZ versus SZ.

(E) Average swimming velocity of the zebrafish.

(B–E) Line colors indicate control (black) and dlHb-ablated (red) groups of 3- to 4-week-old zebrafish. Data are displayed in 2-min bins; mean ± SEM.

***p % 0.001, **p % 0.01, *p % 0.05, Wilcoxon rank-sum test. See also Figure S5.
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hypothesis, the dlHb-ablated zebrafish showed a significantly

slower extinction rate of the avoidance behavior, during the

extended extinction session (Figures 5A–5D). The slowermemory

extinction in dlHb animals can in principle be explained by an inef-

ficient integration of new information with past experience.

Because the dlHb-ablated animals performed better during the

initial CPA protocol (Figures 4 and 5), we hypothesized that they

might not integrate new information about the lack of aversive

experience during the test sessions. Inspired by these results,

we reversed the learning rule after the initial CPA training and

paired the aversive stimuli with the part of the CPA arena marked

with a gray visual cue (Figure 5, conditioning periods C3 and C4).

In this reversal learning protocol, zebrafish were required to up-

date their learnedCPA behavior and relearn to associate the initial

safe zone with the aversive experience. Excitingly, the dlHb-abla-

ted zebrafish did significantly worse than control animals in
reversal learning, quantified by all indicators of reversal learning

performance (Figures 5A–5D). We observed no significant differ-

ences in the velocity of the dlHb-ablated group versus the control

group (Figure 5E) and onaverage less than 1%of the time freezing

behavior (Figure S5H). Both groups significantly increased their

transient swimming velocity upon administration of the aversive

stimulus (Figure S5I). Altogether, our results reveal that although

dlHb ablation leads to better CPA performance, dlHb-ablated ze-

brafish exhibit an impaired ability to integrate new evidence into

their past experience when tested in a memory extinction and

reversal learning paradigm.

DISCUSSION

The zebrafish is becoming increasingly popular for studying

diverse aspects of animal behavior (Orger et al., 2000; Huang
Cell Reports 32, 108054, August 25, 2020 7
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and Neuhauss, 2008; Koide et al., 2009; Burgess and Granato,

2007; Vendrell-Llopis and Yaksi, 2015; Kermen et al., 2020a),

including complex behaviors, such as learning (Sison and Gerlai,

2010; Aoki et al., 2013; 2015; Chou et al., 2016; Lal et al., 2018;

Valente et al., 2012; Yashina et al., 2019; Amo et al., 2014) and

social interactions (Hinz and de Polavieja, 2017; Dreosti et al.,

2015). While studying complex behaviors in adult zebrafish al-

lows investigation of brain function in a fully mature brain, larval

and juvenile zebrafish have the tremendous advantage of a small

and relatively translucent brain, when it comes to studying brain

activity (Thiele et al., 2014; Del Bene et al., 2010; Jetti et al., 2014;

Dreosti et al., 2014; Naumann et al., 2016; Kawashima et al.,

2016; Vendrell-Llopis and Yaksi, 2015). In line with previous

studies (Valente et al., 2012; Yashina et al., 2019), we observed

that from the third week of development, the learning perfor-

mance of juvenile zebrafish becomesmore robust and compara-

ble to adults (Millot et al., 2014; Kedikian et al., 2013). All

developmental stages exhibit inter-individual variability of CPA

performance, similar to adult zebrafish for learned (Millot et al.,

2014; Kedikian et al., 2013; Amo et al., 2014; Lal et al., 2018)

or innate behaviors (Kermen et al., 2020a). Yet, our results

demonstrated that the individual variability decreases as the

CPA performance improves across development and across

multiple days of training, reaching up to 90%of juvenile zebrafish

with a learning index close to 1 at the fourth day of CPA training.

We propose that using age- and size-matched 3- to 4-week-old

zebrafish, and multi-day training is the best approach to reduce

variability of CPA performance.

Quantifying animal behavior, especially operant learning,

requires multiple and complementary approaches. Hence, we

verified our CPA performance results by using various learning

measures, such as the reduction of the relative time spent and

the relative distance of swim in the conditioned zone, the

average distance from the boundary of the conditioned zones,

the duration and distance swim during each entry in the condi-

tioned zone, and the number of entries in the conditioned

zone. We also provided an avoidance measure based on animal

swimming behaviors along the visual boundary between condi-

tioned and safe zones. We suggest that combining these diverse

learningmeasures in future studieswill help interpretation of CPA

learning results across different labs.

Our multi-day CPA training protocol revealed that 4-week-old

zebrafish can recall CPA memories even after 24 h. Adult zebra-

fish were shown to recall memories encoded by telencephalic

neural activity (Aoki et al., 2013), homologous to the mammalian

cortex (Mueller and Wullimann, 2009), resembling the memory

engrams described in mammals (Liu et al., 2012; Ramirez

et al., 2014; Kitamura et al., 2017). Our results showed a long-

term memory recall in juvenile zebrafish with small and relatively

translucent brains that are amenable for functional brain imaging

(Jetti et al., 2014; Fore et al., 2019; Vendrell-Llopis and Yaksi,

2015), at single neuron resolution. Future studies will be neces-

sary to further investigate the neural basis of memory at different

timescales and to understand how brain regions that are

involved in short-term and long-term learning interact with

each other to generate memory engrams.

The major brain regions required in operant learning, such as

the amygdala and the hippocampus, are evolutionarily
8 Cell Reports 32, 108054, August 25, 2020
conserved across vertebrates (Lal et al., 2018; von Trotha

et al., 2014; Mueller and Wullimann, 2009; Rodrı́guez et al.,

2002; Elliott et al., 2017; Tosches et al., 2018). However, all these

brain regionsmature during vertebrate development by the addi-

tion of new cell types, new layers, or even entire brain structures

(Donato et al., 2017; Frangeul et al., 2017; Sur and Leamey,

2001). Sequential addition of distinct neural layers across devel-

opment was also shown in zebrafish telencephalon (Furlan et al.,

2017; von Trotha et al., 2014) and Hb (Fore et al., 2019), which

represents the developmentally expanding functionality of this

ancestral cortico-limbic circuitry. Combined with all these earlier

studies, our findings can therefore reflect an overall maturation of

the zebrafish forebrain, allowing animals to integrate new infor-

mation about their environment with their experiences and to

evaluate them in a context-specific framework to make critical

decisions.

An increasing number of studies use fear learning for studying

the molecular and neural basis of learning (Kitamura et al., 2017;

Redondo et al., 2014; Ramirez et al., 2014; Liu et al., 2012; Silva

et al., 2016). However, it is not always easy to distinguish the

effect of fear, stress, or defensive behaviors from learning, at

the molecular and neuronal level in the brain. Here, we intro-

duced an approach to compare and perhaps distinguish defen-

sive behaviors or stress from learning. We argue that comparing

the control group to the shamgroupwould allow us to distinguish

the learning-related processes in the brain from all other pro-

cesses related to the animal’s subjective experiences of the

aversive stimuli. We propose that using very mild aversive stimuli

and comparing trained animals with a sham group is a promising

approach to be used in future studies for disentangling the neural

processes underlying learning from defensive behaviors, stress,

anxiety, or helplessness.

Studies in mammals established a direct role of the Hb in the

prediction of learned outcomes (Trusel et al., 2019; Amo et al.,

2014; Matsumoto and Hikosaka, 2007; Kawai et al., 2015; Mat-

sumoto and Hikosaka, 2009) and negative motivational values

(Wang et al., 2017; Hong et al., 2011; Lazaridis et al., 2019).

Similarly, the zebrafish dHb and vHb were implicated in clas-

sical and operant learning (Agetsuma et al., 2010; Amo et al.,

2014; Lee et al., 2010). At first glance, our results for improved

CPA performance in dlHb-ablated zebrafish were surprising be-

cuase they showed a significantly slower memory extinction

rate than that of the control. In fact, the extinction of a memory

is an essential component of learning (Singewald and Holmes,

2019; Felsenberg et al., 2018). The extinction of fear memories

was proposed as a post-traumatic stress disorder (PTSD) ther-

apy (Kida, 2019). Hence, comparing predicted outcomes with

consequences is important for updating the previous memories

with the new ones (Baker et al., 2017; Izquierdo et al., 2017).

Our reversal learning experiments show that juvenile zebrafish

exhibit such behavioral flexibility and can adapt to changing

rules. However, dlHb-ablated zebrafish have difficulty adapting

to changing CPA rule during reversal learning. Consequently,

our results highlight an important role of dlHb in extinction of

fear memories, which might have potential future implications

for PTSD studies.

Our results show a key role for the zebrafish homolog of

mammalian mHb in behavioral flexibility. We demonstrated



Report
ll

OPEN ACCESS
that ablation of zebrafish dlHb do not impact animals’ ability to

acquire a conditioned response, but it impairs animals’ flexibility

to update its learned response when the conditions or the rules

are changed. Consistent with our findings, knockout mice

lacking the narp gene, expressed both in the mouse mHb and

the zebrafish dlHb (Agetsuma et al., 2010), were shown to suc-

ceed in instrumental conditioning but failed in a devaluation pro-

tocol, which required an adjustment of choices in the absence of

rewards (Johnson et al., 2007). What mechanisms can underlie

the effect of zebrafish dlHb (mammalian mHb) ablation in mem-

ory extinction and reversal learning? In mammals, lesioning mHb

fibers, which modulate lHb activity (Viswanath et al., 2014), was

shown to disrupt active avoidance learning (Wilcox et al., 1986).

Hence, zebrafish dlHb might also regulate vHb activity, thereby

influencing the function of vHb in learning. Such dlHb-vHb inter-

actions, might co-exist, in parallel to well described innervations

of dHb to different IPN domains (Agetsuma et al., 2010; Amo

et al., 2014; Chou et al., 2016; Hong et al., 2013), which in turn

project to the griseum centrale (Agetsuma et al., 2010; Chou

et al., 2016) andMR (Agetsuma et al., 2010), regulating defensive

behaviors.

Studies in primates highlight further roles for the Hb in adaptive

behaviors (Baker et al., 2017; Kawai et al., 2015). In humans,

impaired behavioral flexibility can lead to mood disorders (Law-

son et al., 2017; Sartorius et al., 2010; Morris et al., 1999). In line

with all these studies, our findings reveal an important and

unexpected role for the mHb in optimizing animal behavior and

complementing the lHb by providing the necessary behavioral

flexibility in case of a mismatch between the predicted and the

actual outcomes. In the future, it will be crucial to investigate

the neural computations across widely dispersed brain regions

of transparent juvenile zebrafish, which could further elucidate

the role of the Hb and its input/output structures in behavioral

flexibility and learning.
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Silva, B.A., Gross, C.T., and Gräff, J. (2016). The neural circuits of innate fear:

detection, integration, action, and memorization. Learn. Mem. 23, 544–555.
Singewald, N., and Holmes, A. (2019). Rodent models of impaired fear extinc-

tion. Psychopharmacology (Berl.) 236, 21–32.

Sison, M., and Gerlai, R. (2010). Associative learning in zebrafish (Danio rerio)

in the plus maze. Behav. Brain Res. 207, 99–104.

Skinner, B.F. (1981). Selection by consequences. Science 213, 501–504.

Skinner, B.F. (1984). The evolution of behavior. J. Exp. Anal. Behav. 41,

217–221.

Stamatakis, A.M., and Stuber, G.D. (2012). Activation of lateral habenula in-

puts to the ventral midbrain promotes behavioral avoidance. Nat. Neurosci.

15, 1105–1107.

Sur, M., and Leamey, C.A. (2001). Development and plasticity of cortical areas

and networks. Nat. Rev. Neurosci. 2, 251–262.

Thiele, T.R., Donovan, J.C., and Baier, H. (2014). Descending control of swim

posture by a midbrain nucleus in zebrafish. Neuron 83, 679–691.

Tosches,M.A., Yamawaki, T.M., Naumann, R.K., Jacobi, A.A., Tushev, G., and

Laurent, G. (2018). Evolution of pallium, hippocampus, and cortical cell types

revealed by single-cell transcriptomics in reptiles. Science 360, 881–888.

Trusel, M., Nuno-Perez, A., Lecca, S., Harada, H., Lalive, A.L., Congiu, M.,

Takemoto, K., Takahashi, T., Ferraguti, F., and Mameli, M. (2019). Punish-

ment-Predictive Cues Guide Avoidance through Potentiation of Hypothala-

mus-to-Habenula Synapses. Neuron 102, 120–127.e4.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

Metronidazole (MTZ) Sigma-Aldrich Cat# M1547

Dimethyl sulfoxide (DMSO) Sigma-Aldrich Cat# 276855

Phosphate-buffered saline (PBS) Thermo Fisher Scientific Cat# BR0014G

Formaldehyde Sigma-Aldrich Cat# F8775

Bovine Serum Albumin Fraction V Applichem/Panreac Cat# A1391.0100

LMP Agarose Fisher Scientific Cat# 16520100

MS222 (Tricaine methanesulfonate) Sigma-Aldrich Cat# E10521

DAPI Thermo Fisher Scientific Cat# P36931

Goat Serum Sigma-Aldrich Cat# G9023

Triton X-100 Merck Cat# 108643

Glycerol Sigma-Aldrich Cat# 1.04092

Experimental Models: Organisms/Strains

Tg(elavl3:GCaMP6s) Vladimirov et al., 2014 ZFIN ID: ZDB-ALT-141023-1,

RRID:ZFIN_ZDB-ALT-141023-1

Tg(narp:GAL4VP16) Agetsuma et al., 2010 ZFIN ID: ZDB-ALT-110215-5

Tg(UAS-E1b:NTR-mCherry) Agetsuma et al., 2010 ZFIN ID: ZDB-ALT-070316-1

AB Wildtype Zebrafish EZRC (https://www.ezrc.kit.edu/) ZFIN ID: ZDB-GENO-960809-7

Software and Algorithms

Fiji/ImageJ Schindelin et al., 2012 N/A

MATLAB 2019b https://se.mathworks.com/ N/A

Other

Open CV3.0 https://opencv.org/opencv-3-0/ N/A

QtCreator5.2 https://www.qt.io/ N/A

Confocal microscope (20x plan NA 0.8 objective) Zeiss Examiner Z1

Confocal microscope (20x plan NA 1.0, Plan-Apochromat) Zeiss Examiner Z1
RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Emre

Yaksi (emre.yaksi@ntnu.no)

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
All analyses were performed with Fiji/ImageJ (Schindelin et al., 2012) and MATLAB 2019a as indicated in the results sections. All

custom MATLAB scripts are available upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The animal facilities and maintenance of the zebrafish, Danio rerio, were approved by the NFSA (Norwegian Food Safety Authority).

Fish were kept in 3.5-l tanks in a Techniplast Zebtech Multilinking system at constant conditions: 28�C, pH 7 and 600mSiemens, at a

14:10 hour light/dark cycle to simulate optimal natural breeding conditions. Fish received a normal diet of dry food (SDS 100-400,

dependent of age) two times/day and Artemia nauplii once a day (Grade0, platinum Label, Argent Laboratories, Redmond, USA).

For the experiments shown in Figures 1, 2, 3, and S2 we used Tg(elavl3:GCaMP6s) (Vladimirov et al., 2014) pigmentless ‘‘nacre’’
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zebrafish, in AB background. For the control experiment shown in Figure S2 we also used three-week-old pigmented AB wild-type

zebrafish. Experimental animals included in Figure 1 are of four age groups: one-week-old, two-week-old, three-week-old and four-

week-old. Each of these groups had a variability of plus or minus two days. For the experiments shown in Figure 2 we used three- to

four-week-old, size-matched, juvenile zebrafish. Experiments in Figure S2 include three-weeks old animals. We used four-week-old

zebrafish for the long-term training investigated in Figure 3. For the experiments shown in Figures 4 and 5 we used three- to four-

week-old Tg(narp:GAL4VP16);Tg(UAS-E1b:NTR-mCherry) (Agetsuma et al., 2010) double transgenic fish and siblings not expressing

NTR-mCherry protein as controls, in pigmented AB wild-type background. All experimental procedures performed were in accor-

dance with the directive 2010/63/EU of the European Parliament and the Council of the European Union and the Norwegian Food

Safety Authorities.

METHOD DETAILS

Behavioral setup
Custom-made real-time tracking software was implemented to track six zebrafish simultaneously, using the OpenCV 3.0 library and

the QtCreator5.2 developing platform. A microcontroller controls six integrated circuits to deliver electrical stimulation to each indi-

vidual arena. Each current pulse has a duration of 10ms and an amplitude of approximately 1.2mA. This results in a current density of

approximately 0.1 mA/cm using tungsten electrodes. A pulse of current is delivered every 740ms, resulting in a delivery frequency of

1.33 Hz. The aversive stimulus is administered to the fish only when it is located inside the conditioned zone. The visual stimulus is

presented from the bottom of the arena using a horizontally positioned LCD monitor. Each of the six arenas was divided into 2 equal

parts with red and gray colors with matched luminosity. A Manta 235B camera was used to monitor animal behavior at 15 fps.

Experiments were conducted in Gosselin square Petri dishes 120mm x 120mm x 15.8 mmwith opaque side walls. The entire behav-

ioral setup was enclosed in a temperature-controlled black isolation box to prevent any external interference. The water temperature

during training was kept at 26�C. A schematic of the behavioral setup is shown in Figure S1A.

Experimental procedures
One fish per arena was placed in the behavioral setup between 09:00 and 11:00 am, after the morning feeding, and the experiment

was started immediately. Every animal was used only in one specific protocol once. All the behavioral protocols performed in this

work are composed of the following sessions that were used in various combinations:

Baseline session
the animal’s position was monitored and recorded for 60 minutes, while the color pattern was displayed to the animal.

Blank session
position was monitored and recorded for 30 minutes, but no color pattern was presented to the animal; the arena was entirely

covered by a uniform gray color.

Conditioning session
position was monitored and recorded for 30 minutes. Only when the zebrafish enters the conditioned zone a mildly aversive weak

(10 ms, 1.2 mA) electric stimulus was delivered at 1.33 Hz.

Test session
position was monitored and recorded for 30 minutes, while the color pattern was displayed to the animal.

In Figures 1, 2, 3, and 4, the ‘‘conditioned zone’’ was always associated with the left half of the arena. In Figures 1, 3, and 4 the

conditioned side of the arena was always associated with the red color. In the experiment presented in Figure 2 half of the animals

were trained against the red color pattern, the other half against the gray color pattern. We observed no substantial differences in this

two groups and combined both groups for data analysis. Each of these conditions had the corresponding sham control animals. The

reversal protocol in Figure 5 was achieved by first conditioning the animals against the left/red side of the arena. During the third and

fourth conditioning session the aversive stimulus was experienced only on the right/gray side of the arena. For the multi-day CPA

training experiments shown in Figures 3 and 4 each individual animal, at the end of each training day, was transferred to a Petri

dish containing fresh artificial fish water and they were fed with dry food and placed back in the incubator. The water was changed

at least one additional time before the next day experiment.

Metronidazole treatment
To ablate the neurons of dlHb, Tg(narp:GAL4VP16; UAS-E1b:NTR-mCherry) zebrafish were treated with 10mMmetronidazole (MTZ,

Sigma-Aldrich) for 24h followed by awashout period of at least 12h, protocol adapted fromAgetsuma et al. (2010). The treatment was

started two days prior the behavioral protocol. The fish were placed, in groups of three, in a Petri dish containing 50ml of 10mM

MTZ +250 ml of DMSO. Control group was subjected to the same treatment. The fish were kept in the 28�C incubator, covered in

aluminum foil, for 24h. The next day the fish were transferred to a new Petri dish containing fresh artificial fish water and they
Cell Reports 32, 108054, August 25, 2020 e2
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were fed with dry food and placed back in the incubator. The water was changed at least one additional time before the experiment.

Immunohistochemistry and confocal imaging
Fish were euthanized and fixed in cooled 4% PFA in 0.25% PBTx (0,25% Triton X-100 in 1X PBS) over night (O/N) at 4�C. Samples

were permeabilized in 0.50%Trypsin-EDTA on ice for 40min, thenwashed. Subsequently the sampleswere incubated in the blocking

solution (2% Normal Goat Serum, 1% BSA, 1% DMSO in 0.25% PBTx) for 1 hour followed by a minimum of 3 hours of incubation in

staining solution (1:1000 DAPI, 1% BSA, 1% DMSO in 0.25% PBTx). Samples were finally washed and placed in glycerol. Samples

were then placed on a glass slide coated with 1% low-melting-point agarose (LMP, Fisher Scientific), covered with 80% glycerol and

a coverslip. Anatomical Z-scans were acquired using a Zeiss Examiner Z1 confocal microscope with a 20x air objective (Zeiss, NA

0.8) at room temperature, using 4-10x average for each plane (Figures 4A and 4B; Figure S5A). For live imaging, prior to embedding,

juvenile fish were anaesthetized with 0.02% MS222. Animals were then embedded in 2% low-melting-point agarose (LMP, Fisher

Scientific) in a recording chamber (Fluorodish, World Precision Instruments) with AFW. Anatomical Z-scans were acquired using a

Zeiss Examiner Z1 confocal microscope with a 20x water-immersion objective (Zeiss, NA 1.0, Plan-Apochromat) at room tempera-

ture, using 4-10x average for each plane. In the case of adult zebrafish, the animal was euthanized by immersion in ice-cold water,

then decapitated to ensure death. The head was transferred in cold artificial cerebrospinal fluid (ACSF) (Kermen et al., 2020b)

bubbled with carbogen (95% O2/5% CO2). The eyes, jaws and ventral part of the skull were carefully removed using forceps,

exposing the habenula. The brain explant was then affixed using tungsten pins to a small Petri dish coated with Sylgard (World Pre-

cision Instruments) and perfused in constant flow bubbled ACSF. Anatomical Z-scans were acquired using a Zeiss Examiner Z1

confocal microscope with a 20x water-immersion objective (Zeiss, NA 1.0, Plan-Apochromat) at room temperature, using 4-10x

average for each plane.

QUANTIFICATION AND STATISTICAL ANALYSIS

To perform all the behavioral analysis shown in this study, we used custom-made scripts written in MATLAB.

The heat-maps are an average of zebrafish swimming position over the entire length of each session. For all further analysis, of the

baseline session only the last 30 minutes are taken into consideration. We divided each behavioral session into 2-minute time bins to

be able to better detect changes over time.

The learning index is defined as follows

ð% time in }conditioning zone} during baseline � % time in }conditioning zone} in session analysedÞ
ð% time in }conditioning zone} during baselineÞ

To discriminate between learners and non-learners, a lowest boundary for the learning index was calculated, by using the relatively

random distribution of zebrafish swimming position during the baseline session. For each animal three control learning indices were

calculated over the 1 hour baseline, during each 30 minutes between 0 to 30, 15 to 45 and 30 to 60 minutes. Of the obtained distri-

bution of control learning indices during baseline, the mean+std was used to determine the threshold discriminating learners and

non-learners. All fish that exceeded this lowest boundary were considered to exhibit significant learning upon CPA training.

For quantifying swimming direction and avoidance behaviors, the position was detected when fish were near themidline boundary

between conditioned zone and safe zone. Next, the linearized trajectory of the animal in the five seconds following the encounter with

the midline boundary was used as approach and avoidance, respectively. We then quantify, in 5-minute time bins, the successful

avoidance rate of the animals. If the position of the animals was in the ‘‘conditioned zone’’ after they encountered the midline the

avoidance was considered unsuccessful, otherwise it was considered successful. To calculate avoidance, we iterated multiple dis-

tances away from the SZ/CZ boundary (Figure S3), which did not affect our conclusions. The same 5 minutes time bins were used to

calculate, swim duration up on each entry to CZ and swim distance up on each entry to CZ and number of entries to CZ.

In reversal learning experiments, we only continued the reversal protocol with those animals that exhibited prominent CPA learning

in the first training session and classified as learners using our learning index criterion. If animals did not learn the initial CPA task, they

were not subjected to reversal learning.

Choice of statistical analysis
The Wilcoxon rank sum test (ranksum function in MATLAB) was used to quantify statistical differences between two different

populations of fish. The data points in all time-bins were pooled together within each session for each experimental group. The

statistical test was then performed between the obtained distributions and compared across experimental groups. When comparing

intra-group measurement over the course of the protocol, the entire baseline period was used in order to have a robust estimate of

baseline behavior on a population level. Then, each time bin was compared to this baseline distribution. The Wilcoxon signed-rank

test (signrank function in MATLAB) was performed when individual behavior was compared between two different conditions.

Detailed information about the statistical test performed and p values can be found in each figure legend.
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