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necessarily correspond to movement, but rather a pro-
longed bout of immobility (freezing), which would appear
as a single, unnoticeable point on the trace map.

. Zebrafish appear to be forming homebases (through track

analysis), but the behavior is not significant when endpoints
are evaluated on a per zone basis

The zone sizes may be too large. For example, the OFT
may be better divided into nine smaller zones instead of
four large quadrants. Even more zones may be needed as
the size of the OFT increases (due to the fact that zebrafish
homebase size may remain the same despite an enlargement
of the arena).

5. Anticipated
Results

Using this protocol, the fish are expected to establish distinct
homebases — particular areas where they spent most of the time,
traveled more, and visited most frequently (Figs. 12.1b—c, 12.2
and 12.3). These homebases will most likely be located near the
walls of the tanks, and usually consist of one (less frequently —
several) homebase zones (Fig. 12.1d). Spatial distribution of the

Fig. 12.4. Temporal dynamics of zebrafish homebase behaviors in three different open field tests for 30 min (distance
traveled, time spent, and frequency of visits). Homebases were identified using our protocol (Fig. 12.2a) and reconfirmed,
as shown in Fig. 12.2b. Note that zebrafish maintain active presence in their homebases throughout the test.
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time spent, distance traveled, and number of visits are expected to
show significant differences in the homebase relative to the area
outside the homebase. The “combined” analyses of topographi-
cal maps of zebrafish homebases in each of the three OFT tanks
(Fig. 12.1d) will show that the different OFT zones are cho-
sen at random by different zebrafish for their homebases, without
spatial preference of homebase location in relation to a particu-
lar OFT (Fig. 12.3). Furthermore, comparison of the distance
traveled, frequency of visits, and time spent within the home-
base zones would reveal similar temporal dynamics of homebase
behavior across different OFT arenas. Essentially, zebrafish will
generally maintain constant levels of activity in their homebases
(Fig. 12.4), frequently visiting these strategic loci.

6. Summary

Here we described a simple method to identify and phenotype
homebase behavior in zebrafish. Zebrafish homebase behavior
(Fig. 12.1-12.4) is not determined by innate features of the
OFT novelty, but rather actively established by animals explor-
ing their environment, strikingly resembling homebase behavior
in rodents (24, 31, 32). This new paradigm may also have a vari-
ety of important potential applications in biomedical research. For
example, homebase analyses may be useful for screening pharma-
cological agents in zebrafish, since this behavior has already been
demonstrated to be affected by different drugs in rodents (e.g.,
(28)). Furthermore, such analyses can be suitable for testing var-
ious inbred and mutant zebrafish strains, which may display aber-
rant behaviors including altered homebase phenotypes. Home-
base behaviors are also highly relevant to exploration and cogni-
tion, and zebrafish models with abnormalities in either domain
are likely to have impaired homebase behavior.

Acknowledgments

The study was supported by Tulane University Intramural tunds,
the Gordon and the G. Lurcy Fellowships, Provost’s Schol-
arly Enrichment Fund, Newcomb Fellows Grant, LA Board of
Regents Pfund Zebrafish Neuroscience Research Consortium
(ZNRC) and NARSAD YT awards.



529

534

535

536

537

538

539

540

542

543

544

545

546

548

549

550

560

154

Stewart et al.

References

1.

10.

11.

12.

13.

14.

Kalueff, A.V. et al. Temporal stability of nov-
elty exploration in mice exposed to differ-
ent open field tests. Bebav. Processes 72(1),
104-112 (20006).

Kalueff, A.V. & Zimbardo, P.G. Behavioral
neuroscience, exploration and K.C. Mont-
gomery’s legacy. Brain Res. Rev. 53(2),
328-331 (2007).

Walf, A.A. & Frye, C.A. The use of the cle-
vated plus maze as an assay of anxiety-related
behavior in rodents. Nat. Protoc. 2(2),
322-328 (2007).

Bourin, M. & Hascoet, M. The mouse
light/dark box test. Eur J. Pharmacol.
463(1-3), 55-65 (2003).

Prut, L. & Belzung, C. The open field as a
paradigm to measure the effects of drugs on
anxiety-like behaviors: a review. Eur. J. Phar-
macol. 463(1-3), 3-33 (2003).

Choleris, E. et al. A detailed ethologi-
cal analysis of the mouse open field test:
effects of diazepam, chlordiazepoxide and
an extremely low frequency pulsed mag-
netic field. Neurosci. Biobehav. Rev. 25(3),
235-260 (2001).

Kulikov, A.V., Tikhonova, M.A., & Kulikov,
V.A. Automated measurement of spatial pref-
erence in the open field test with transmit-
ted lighting. J. Newrosci. Methods 170(2),
345-351 (2008).

. Walsh, R.N. & Cummins, R.A. The open-

field test: a critical review. Psychol. Bull.
83(3), 482-504 (1976).

Carola, V. et al. Evaluation of the elevated
plus-maze and open-field tests for the assess-
ment of anxiety-related behaviour in inbred
mice. Behav. Brain Res. 134(1-2), 49-57
(2002).

Koplik, E.V., Salieva, R.M., & Gorbunova,
A.V. The open-field test as a prognostic cri-
terion of resistance to emotional stress in
Wistar rats. Zh. Vyssh. Nerv. Deiat. Im. 1. P.
Paviova.. 45(4), 775-781 (1995).

Wong, K. et al. Analyzing habituation
responses to novelty in zebrafish (Danio
rerio). Behav. Brain Res. 208(2), 450457
(2009).

Egan, R.J. et al. Understanding behav-
ioral and physiological phenotypes of stress
and anxiety in zebrafish. Behav. Brain Res.
205(1), 38-44 (2009).

Levin, E.D., Bencan, Z., & Cerutti,
D.T. Anxiolytic effects of nicotine in
zebrafish.  Physiol. Behav. 90(1), 54-58
(2007).

Guo, S. Using zebrafish to assess the
impact of drugs on neural development and

15.

16.

17.

18.

19.

20.

21.

22:

23.

24.

25.

26.

27.

28.

29.

function. Expert. Opin. Druy Discov. 4(7),
715-726 (2009).

Echevarria, D.J. et al. A novel behavioral
test battery to assess global drug effects
using the zebrafish. IJCP 21(1), 19-34
(2008).

Blaser, R. & Gerlai, R. Behavioral phenotyp-
ing in zebrafish: comparison of three behav-
ioral quantification methods. Bebav. Res.
Methods 38(3), 456-469 (2000).

Grossman, L. et al. Characterization of
behavioral and endocrine effects of LSD on
zebrafish. Behav Brain Res. 214, 277-284
(2010).

Lockwood, B. et al. Acute effects of alcohol
on larval zebrafish: a genetic system for large-
scale screening. Pharmacol. Biochem. Behav.
77(3), 647-654 (2004).

Best, J.D. & Alderton, W.K. Zebrafish: an
in vivo model for the study of neurologi-
cal diseases. Newuropsychiatr. Dis. Treat. 4(3),
567-576 (2008).

Best, J.D. et al. Non-associative learning
in larval zebrafish. Neuropsychopharmacology
33(5), 1206-1215 (2008).

Creton, R. Automated analysis of behavior
in zebrafish larvae. Behav. Brain Res. 203(1),
127-136 (2009).

Kimmel, C.B. et al. Stages of embryonic
development of the zebrafish. Dev. Dyn.
203(3),253-310 (1995).

Kastenhuber, E. et al. Genetic dissection of
dopaminergic and noradrenergic contribu-
tions to catecholaminergic tracts in early lar-
val zebrafish. J. Comp. Neurol. 518, 439458
(2010).

Eilam, D. & Golani, I. Home base behav-
ior of rats (Rattus norvegicus) exploring a
novel environment. Bebav. Brain Res. 34(3),
199-211 (1989).

Golani, I., Benjamini, Y., & Eilam, D. Stop-
ping behavior: constraints on exploration in
rats (Rattus norvegicus). Behav. Brain Res.
53(1-2), 21-33 (1993).

Tchernichovski, O., Benjamini, Y., & Golani,
I. Constraints and the emergence of ’free’
exploratory behavior in rat ontogeny.
Behavionr 133(7/8), 519-539 (1996).
Stewart, A. et al. Homebase behavior of
zebrafish in novelty-based paradigms. Behav
Processes. (2010). (In press)

Eilam, D. & Golani, I. Home base behavior
in amphetamine-treated tame wild rats (Rat-
tus norvegicus). Bebav. Brain Res. 36(1-2),
161-170 (1990).

Westerfield, M. The Zebrafish Book. A Guide
for the Laboratory Use of Zebrafish (Danio



577

579

580

582

583

584

586

587

589

590

591

592

593

594

598

599

600

601

602

603

604

605

606

607

609

610

611

612

613

614

615

616

617

619

620

621

622

623

624

30.

Phenotyping of Zebrafish Homebase Behaviors in Novelty-Based Tests 155

rerio) 5th ed. (University of Oregon Press, 31.

Eugene, 2007)
Spence, R. et al. The behaviour and ecol-

ogy of the zebrafish, Danio rerio. Biol 32.

Rev. Camb. Philos. Soc. 83(1), 13-34
(2008).

Eilam, D. Open-field behavior withstands
drastic changes in arena size. Behav. Brain
Res. 142(1-2), 53-62 (2003).

Horev, G. et al. Estimating wall guidance and
attraction in mouse free locomotor behavior.
Genes Brain Behav. 6(1), 30—41 (2007).



01

02

03

04

05

06

07

08

09

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

45

46

47

48



01

02

03

04

05

06

07

08

09

20

21

22

23

24

25

26

27

28

40

41

42

43

44

45

47

48

Chapter 13

Neurophenotyping of Adult Zebrafish Using the Light/Dark
Box Paradigm

Adam Stewart, Caio Maximino, Thiago Marques de Brito,
Anderson Manoel Herculano, Amauri Gouveia Jr., Silvio Morato,
Jonathan M. Cachat, Siddharth Gaikwad, Marco F. Elegante,
Peter C. Hart, and Allan V. Kalueff

Abstract

The light/dark box test, traditionally used to quantify rodent anxiety-like behavior, has recently been
applied to the adult zebrafish (Danio rerio). Utilizing the fish’s scototaxis (aversion to bright areas and
natural preference for the dark), this paradigm can be used to assess levels of anxiety in adult zebrafish.
The light/dark box is a simple and time-efficient one-trial test that does not require pre-training the
animals. Importantly, this novelty-based paradigm may also represent a useful tool for studying the phar-
macological modulation of zebrafish behavior. Summarizing the experience with this model in several
laboratories, here we outline a protocol for the neurophenoptyping of zebrafish anxiety-like behavior
using the light/dark paradigm.

Key words: Zebrafish, Light/Dark box, Scototaxis, Anxiety, Novelty-based paradigm.

1. Introduction

Various novelty-based paradigms, some of which are compre-
hensively covered in this book, have been developed to quan-
tify zebrafish behavior (1-7). The light/dark paradigm, tradition-
ally used in animal (rodent) behavioral research (8-11), has only
recently been applied to zebrafish (12-15). Nevertheless, this test,
based on the innate fish preference for the dark (scotophilia or
scototaxis), is receiving a growing popularity in neurobehavioral
laboratories (2, 14, 16, 17).

A.V. Kalueff, J.M. Cachat (eds.), Zebrafish Neurobehavioral Protocols, Neuromethods 51,
DOI 10.1007/978-1-60761-953-6_13, © Springer Science+Business Media, LLC 2011
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Previous research in rodents has shown that while anxiolytic
manipulations can facilitate exploratory activity (i.e., increased
entries and duration in the light part), anxiogenic drugs cause the
opposite effect (8, 9, 11, 18). Given the amazing translatability
of zebrafish models into rodent and human neurophenotypes (1,
2, 19), the possibility to adapt a scototaxic paradigm to zebrafish
was logical (see (15) for details). Prior evidence has shown that
scototaxis may contribute to predator avoidance in nature, as
adult zebrafish stand out clearly when swimming amidst a light
background. This further underscores their inherent anxiogenic
response evoked when confined to a white background (12).

Several modifications have been made to produce a zebrafish
paradigm that parallels the rodent light/dark assays (2, 12, 17).
The utility of the zebrafish light/dark box is further strength-
ened when used in conjunction with video-aided analysis, which
can assist in tracking and quantifying animal behavior. Here we
describe a simple protocol for using the light/dark model to assess
stress- or drug-evoked alterations in adult zebrafish anxiety.

2. Methods
and Materials

2.1. Animals
and Housing

2.2. Apparatus

Adult zebrafish (e.g., wild-type short-fin, 6-8 month-old; ~50:50
male:female ratio) can be obtained from a local commercial dis-
tributor, and should be given at least 20 days to acclimate to the
animal facility. Animals can be housed in groups of approximately
20-30 fish per 40-I tank. Tanks should be filled with deionized
water, with both room and water temperatures maintained at
~25°C and water pH at 7.0-8.0. Illumination can be provided
by ceiling-mounted fluorescent light tubes (e.g., 1000 lux) on a
12-12 or 10-14 h cycle, consistent with the zebrafish standard of
care (20).

Several modifications of the light /dark paradigm, used by our lab-
oratories, will be discussed here. One modification, used at Tulane
University, USA (Modification I), represents a rectangular Plex-
iglas tank (15 height x 30 length x 16 cm width) that rests on
a level surface, and divided into two equal vertical portions (Fig.
13.1a), demarcated by black and white coloration (2). It differs
from the rodent apparatus in that it is sealed to prevent leakage,
filled with water to a height of 12 cm, and does not have a wall
(with a sliding door) between the compartments. In this modifi-
cation, fish can freely swim between the light and dark compart-
ments of the apparatus.

Another, more sophisticated, modification of this test was
successfully used by Brazilian laboratories (Modification II,
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Camera | I ‘:‘

%omputer

/\ — 25m —

Fig. 13.1. The light/dark paradigm for characterization of adult zebrafish behavior. @ — Typical experimental set-up
used in Tulane University, USA (Modification I), allowing for video-recording for subsequent analysis using video-tracking
software. Note the camera need only be centered above the white half, as the black half will not be analyzed. b — Typical
light/dark box test used in Brazilian laboratories (Modification Il, as described in (13)).

2.3. Experimental
Setup

Fig. 13.1b). This modification, applied to zebrafish and some
other fish species (13, 15), represents an acrylic tank of equal mea-
sures (15 height x 45 length x 10 cm width) with half black /half
white walls and bottom colored, and filled with water to a height
of 10 cm. The colored material chosen should be non-reflective,
in order to avoid the tendency of animals to behave in relation to
their own reflection. Unlike Modification I, this apparatus con-
tains sliding central doors, colored with the same color of the
aquarium side, thereby defining a central compartment with 15
height x 10 length x 10 cm width (Fig. 13.1).

During experiments, the tank must be rotated after each trial,
so as to eliminate orientation effects. The tanks are illuminated
by environmental light (e.g., by a 60-W light bulb, located at
1.80 m above the tank top), which kept illumination uniform and
constant between trials (Fig. 13.1).

The light/dark box should be positioned for optimal lighting
while avoiding all glare from the room’s light source. Since
the brightness of the apparatus is a fundamental feature of this
paradigm, use a light meter (e.g., 840006 by Sper Scientific, AZ)
to ensure that all areas of the apparatus are illuminated with the
same intensity. For a light-sensitive assay such as this, optimal and
homogeneous lighting conditions are important for this proto-
col. The results are also sensitive to the light amounts; animals
tested under low-light levels (250 lux) spend more time in the
white compartment than animals tested under high-light levels
(500 lux) (Fig. 13.2). Additionally, unlike other behavioral tests,
manual scoring is complicated by the nature of this apparatus, as
the experimenter would have to lean over the apparatus to gather
the data. This can be problematic for the testing, since the exper-
imenter could cast a shadow or startle the fish. However, the use
of a webcam and computer can alleviate this problem, as it allows
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2.4. Behavioral
Endpoints

White avoidance
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Fig. 13.2. Lighting levels alter the results of the zebrafish light/dark box test. Animals
tested in Modification Il of this test for 15 min under high illumination levels (500 lux)
spend less time in the white compartment and freeze more while there (n = 10), Max-
imino et al., unpublished data; ***p<0.001, ** p<0.01.

for remote observation via the computer screen, as well as allows
option for later video-aided analysis (Fig. 13.1a).

Behavioral scoring can be performed manually to quantify the
latency to enter (s), time spent (s), average entry duration (s),
and the number of entries to the white half of the apparatus
(due to the dark background, zebrafish behavior in the black
compartment cannot be detected, and, therefore, is not assessed
in this paradigm). To further characterize zebrafish light—dark
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preference, the white:total time spent ratios can be calculated for
both cohorts. Video-tracking programs, such as Ethovision XT 7
(Noldus Information Technology, Netherlands; see Chapter 1 in
this book), can also be used to analyze variety of additional end-
points, such as distance traveled, velocity, meandering, turning
angle, angular velocity, or time spent moving.

3. Procedure

3.1. Acclimation
and Pre-treatment

3.2. Light/Dark Box
Testing

3.3. Video-Aided
Analysis

Transport the animals from their holding room to the experimen-
tal room for acclimation 1 h prior to testing. During this time, if
the study involved pharmacological manipulations, prepare 3—4 L
beaker(s) in order to administer the drug via immersion. Fill each
beaker with ~3 L of exposure solution, maintained at the same
temperature as the holding room (drug concentration is deter-
mined by referring to prior literature and/or pilot study). After
the acclimation period (and when the drug is fully dissolved),
the fish are individually transferred to the exposure beaker filled
and treated for the optimal exposure time (lengths of treatment
will vary with the drug, but is generally in intervals of 10, 20, or
30 min).

Fill the light/dark apparatus with 10-12 cm of room-temperature
filtered water. After the necessary pre-treatment time has elapsed,
begin video-recording and carefully move the fish to the
light/dark box. If using Modification I, introduce the fish into
the black half (facing the wall), and video-record for 6 or 10 min,
while manually scoring the behaviors. Recording times may be
extended, however, 6- or 10-min trials appear to be optimal for
most experiments. If using Modification 11, introduce the fish by
netting it from the maintenance tank and transferring it, as quickly
as possible, to the central compartment; in this case, keep the slid-
ing doors on for 3-5 min, for acclimation, then remove them to
allow the animal to explore the apparatus. Standard 15 min test-
ing sessions have been used for this modification. If endocrine
data are collected, euthanize the fish by immersion in 500 mg/L
Tricaine (see Chapter 11, this book). Store each fish individually
in Eppendorf tubes, denoting its treatment group and store at
—80°C for later cortisol extraction. For details on troubleshoot-
ing, refer to Notes 1-3.

As already mentioned, zebrafish behavioral endpoints may be
evaluated using video-aided analysis. Transfer videos to computer
for subsequent analysis using video-tracking software. Define the
arena to overlap with the outline of the apparatus, and define the
zone to encompass only the white portion of the test. Accord-
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ingly, set the program to track objects that are darker than the
background. In addition to evaluating the endpoints recorded
manually, other indices can be specified to include the time spent
(s) in the white zone, distance (m) traveled, velocity (m/s), and
immobility (freezing) frequency and duration. Traces of the path
taken by the animal can also be generated (Fig. 13.3a; refer to
chapters on visualizing and video-tracking zebrafish behavior in
this book). For details on troubleshooting, refer to Notes 4-7.
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Fig. 13.3. Behavioral effects of selected pharmacological agents in the light/dark box test. a — effects of Lysergic acid
diethylamide (LSD) (250 j.g/L) on zebrafish tested in the 6-min light-dark box test, Modification | (n = 12) (data are
based on (14)). Representative traces were generated by Ethovision XT7 software using the top view video-recording;
only light part of the box and a small part of the dark part are shown in this panel. b — effects of several adenosine recep-
tor antagonists (caffeine, nonselective antagonist, 100 mg/L; ZM241385, Aop receptor antagonist, 6 mg/L; DPCPX, A4
receptor antagonist, 6 mg/L) on zebrafish tested in a 15-min test (Modification Il); n = 12—14; Maximino and Herculano,
unpublished data; **p<0.01, *p<0.05, #p=0.05-0.1 (trend) vs. control.
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Use the Mann-Whitney U-test for comparing two groups.
Student’s #test may be used for normally distributed data. Our
group has devised a useful template to calculate statistics and
generate graphs for zebrafish manual or video-tracking data,
which can be downloaded from our laboratory’s website at:
www.kaluefflab.com/science.html. For more than two groups,
use an Analysis of Variance (ANOVA), followed by an appropri-
ate post-hoc test (e.g., Tukey, Dunn, Newman-Keuls, or Dunnet
tests). In general, z-way ANOVA may be applied, with commonly
used factors being: treatment, dose, sex, strain, time, trial, or age.

4. Notes

1. Zebrafish display atypical and/or varied behavioral phenotypes
Different zebrafish strains can have varying baseline levels of
anxiety (1), which could result in the failure to cross into
the white half of the apparatus. Alternatively, it may rep-
resent a behavioral hyperactivity, or disinhibition to regard
the white half as aversive. Sensory deficits, such as impaired
vision, will also produce atypical data in this test. Like-
wise, altered cognitive functions will produce abnormally
low (good memory) or high (poor habituation) exploration
of the white area. Finally, variations in responses can also
be seen among the standard wild-type strain, with both low-
and high-avoidant fish often present in the same cohort (21).
Low-avoiding fish can be particularly problematic because
of their heightened tendency to quickly habituate to the
white half of the tank. In general, to rule out nonspecific
factors, a careful examination of zebrafish cognitive, neuro-
logical, and sensory phenotypes is recommended in case if
atypical behavioral responses are observed in the light/dark
paradigm. Additionally, the time of the trial may have to be
adjusted to obtain more reliable data (see above).

2. Fish consistently fuil to cross into the white half duving the trial
Generally, the presence of the experimenter in the room
during testing may startle the fish, causing a heightened
anxiety-like behavior, especially if a webcam and computer
setup are not employed. Also, differences in water temper-
ature or excessive net stress prior to testing can also induce
a state of decreased locomotion. Furthermore, after ruling
out strain variation (see above), the pharmacological agent
itself may need to be considered. For instance, some fish
may often remain in the dark half for an entire 6-min trial.
If they are treated with an anxiogenic drug, which leads to
an even greater aversion to cross into the white, the drug-
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evoked effects will be masked by high background anxiety
(floor/ceiling effect). To compensate, consider extending
the trial duration (e.g., to 30 min), which will encourage
more active animal exploration.

. Fish displaying abnormally high thigmotaxis

Fish spending too much time (~30% of the total test time)
clinging to a particular wall (or to walls in general) of the
apparatus (maximum distance of ~2 c¢cm from the wall) may
be responding to its own reflection (15). Consider changing
the material of which the apparatus is made of to avoid con-
founding variables. The experimenter should keep track of
the thigmotactic fish, and thigmotaxis itself should be ana-
lyzed (either by recording its frequency and duration in indi-
vidual fish, or by recording the number of fish that displayed
it) (15).

. Software not detecting fish

This lack of object detection can be resolved by altering
one or several setting as well as ensuring adequate light-
ing. Notably, it is essential that the subject be defined
as darker than the background (see Chapter 12 for
details).

. Fish freezes in white compartment, after first choice

Occasionally, fish can freeze after they choose the white com-
partment, no longer exploring the apparatus for the whole
trial duration. This is especially common for stressful manip-
ulations; or if there is noise, vibration or movements in the
experimentation room. Data from this animal should be dis-
carded from analysis. The experimenter may keep track of
the freezing fish, and freezing behavior itself should be ana-
lyzed (either by recording its frequency in individual fish or
recording the number of fish which froze) (15). However,
careful attention should be paid to the frequency/patterning
of this behavior to ensure external factors (discussed above)
are not inducing excess freezing.

. Software not producing data on fish

Verify the detection settings and ensure that the software is
able to track the fish in the white half of the tank. However,
it is most likely that the fish for these particular trials did not
cross into the white half during the trial (this is especially
common among control cohorts).

. Fish jumping out of the tank

Infrequently, the animal “jumps” out of the test tank. When
this occurs, the experimenter must rapidly pick up the ani-
mal and discard it. Behavioral data from such fish should be
excluded from the analyses (15).
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5. Anticipated
Results

Time spent in white compartment (%)
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The observed behavioral responses and indices of zebrafish anx-
iety assessed in the light/dark box test should generally par-
allel those observed in the novel tank and open-field mod-
els. However, some differences in pharmacological results with
variations of these tests have been observed, suggesting that
these models may target different aspects or subtypes of anx-
iety (6). In line with this, anxiety levels can be attenuated or
exaggerated depending on drug exposure. For example, expo-
sure to anxiolytic agents will cause an increase in transitions
to and time spent in the white half of the tank. A decreased
latency to cross into the white half should also be expected.
Although not specific to this apparatus, the bouts and dura-
tion of freezing, as well as erratic movements, should also be
decreased by a reduction in anxiety (Fig. 13.3). Conversely,
the opposite is expected with the administration of anxiogenic
compounds. For example, acute treatment with methylmercury
is anxiogenic in zebrafish, as assessed by light/dark preference
(Fig. 13.4).

In addition to pharmacological modulation, other manipula-
tions can be used in this model. For example, rearing in enriched
environment for 2 months increases the time spent in the white
compartment of the test tank, compared with those reared in an
impoverished environment (15). Thus, positive stress-reducing
factors such as environmental enrichment can decrease zebrafish
anxiety-like behavior in this test, strikingly paralleling similar find-
ings in rodents (15, 22-24).
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Fig. 13.4. Effects of methylmercury chloride exposure (4, 8, and 16 wg/L for 24 h) on the time spent in the white
compartment and total locomotion in the 15 min light/dark box (Modification Il) in adult zebrafish (n = 10-14). Maximino
et al., unpublished data; ***p<0.001, **p<0.01, *p<0.05 vs. control.
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6. Summary

The light/dark box test is emerging as a promising behav-
ioral assay to quantify anxiety-like behavior in adult zebrafish.
Overall, this test serves as a useful addition to the array
of novelty-based paradigms, being unique in its ability to
assess light/dark aversion. Importantly, the quantification of
scototaxis may serve as a reliable tool in neurophenotyp-
ing research and high-throughput drug screens. Rodent lit-
erature has demonstrated that the light/dark test is espe-
cially useful for phenotyping mutant strains, a utility that has
recently been confirmed in zebrafish (21). However, the eval-
uation of different strains using this paradigm has yet to be
undertaken.

In addition to its use in adult zebrafish, the light/dark
paradigm has recently been applied to larvae, although in a dif-
ferent model. Notably, unlike adults, larval zebrafish are photo-
tactic, as they prefer lighter areas (25) and move toward well-lit
areas when presented with a choice (26). As such, larvae locomo-
tion patterns have been studied under a range of lighting condi-
tions with varying durations. For example, when subjected to an
extended period of darkness, larvae locomotor activity is high at
first and then decreases to a low level. In an extended light dura-
tion, their activity gradually increases to a stable level, but can be
also be pharmacologically modulated in both light and dark con-
ditions (27). Logically, the “reversed” light/dark box test could
be developed for larvae, and further research is needed in this
field.

Overall, the light/dark box is a simple and fast one-
trial test that does not require pre-training the animals.
This paradigm offers a promising and sensitive tool to com-
plement the other tests measuring anxiety-like behavior in

zebrafish.
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Chapter 14

Intraperitoneal Injection as a Method of Psychotropic Drug
Delivery in Adult Zebrafish

Adam Stewart, Jonathan M. Cachat, Christopher Suciu,
Peter C. Hart, Siddharth Gaikwad, Eli Utterback, John DiLeo,
and Allan V. Kalueff

Abstract

Zebrafish behavioral phenotypes are often evaluated in response to pharmacological modulation by
various psychotropic drugs. An important step in this process is the method of drug administration.
While the most popular drug administration technique in zebrafish research is by immersion, systemic
intraperitoneal injection is another effective alternative. This method is useful for drugs that are difficult
to dissolve in water, or which require a better control over the amount of drug delivered to an individual
animal. Here we outline a simple protocol for the intraperitoneal injection of drugs in adult zebrafish.

Key words: Zebrafish, intraperitoneal injection, drug exposure, drug administration method,
anxiety.

1. Introduction

Zebrafish exhibit robust behavioral phenotypes, which can be
examined in simple and reliable assays for drug screening
(1-4). Our group has made extensive use of these paradigms,
often in conjunction with video-aided analysis, to correlate the
behavioral and endocrine indices of anxiety-like behavior evoked
by psychotropic drug exposure (1, 5-7) (Fig. 14.1).

One of the most important steps in using pharmacological
agents to study animal behavior is the method of drug exposure
(8-10). Indeed, a proper uniform administration of the chosen
drug is crucial to the outcome of the study. In zebrafish, drug
exposure is usually performed via immersion in a drug-containing

A.V. Kalueff, J.M. Cachat (eds.), Zebrafish Neurobehavioral Protocols, Neuromethods 51,
DOI 10.1007/978-1-60761-953-6_14, © Springer Science+Business Media, LLC 2011
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Fig. 14.1. Behavioral data comparing controls (water immersion only) and intraperi-
toneal (i.p.) injection (via net immobilization) with i.p. injection using Tricaine anesthesia
(n = 13-14). *p<0.05, **p<0.01, vs. control.

solution for a specified duration (6, 7, 11, 12). However, certain
drugs do not readily dissolve in water and can therefore be ardu-
ous to administer (13).

An alternative approach is to administer the drug via systemic
intraperitoneal (i.p.) injection. This is a procedure that, when per-
formed correctly, can be a viable and effective technique for drug
delivery. Intraperitoneal administration has been long used for big
fish species, such as rainbow trout, Atlantic halibut, tilapia, and
crucian carp (14-17), as well as in smaller fish, such as goldfish
(18-22), minnows (23-25), and guppies (26-28). Systemic i.p.
injections have also been used in several published zebrafish stud-
ies (29-33). For example, zebrafish have been used to model the
effects of environmental toxins implicated in the pathogenesis of
Parkinson’s disease, with varying doses of MPTP and MPP+ being
administered i.p. (29). Furthermore, i.p. injection has also been
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used as an effective administration route to study the reinforcing
properties of drugs of abuse in zebrafish (33).

Somewhat more stresstul for animals (than immersion), sys-
temic i.p. injections are usually needed when the immersion
method of drug delivery is infeasible. While some agents, such
as diazepam or 1,3,5-Trinitroperhydro-1,3,5-triazine (RDX), are
insoluble in water, but can be dissolved in an acceptable alter-
native solvent. However, the solvent must be conducive to the
health of the fish, as well as have no known reactivity with
zebrafish behavior. Again, an additional “solvent” control group
must be added to the experimental design. In cases where these
two criteria are not met, i.p. injection becomes a viable alternative
(34, 35). Whereas i.p. administration is a more precise method
than immersion, it is also often the preferred method of adminis-
tering expensive or rare drugs (36), as well as drugs affecting side-
line receptors (see (37) for details about the role of administration
precision and receptor interaction). Likewise, administration of
small volumes of oily substances (e.g., some steroid hormones or
similar hydrophobic agents) via i.p. injection may be the preferred
method of drug delivery. Other situations where i.p. injection may
be preferred involve drugs that can irritate gills (38) or agents that
are highly unstable in water (39). Here, we outline a protocol uti-
lizing i.p. injection for drug delivery in adult zebrafish for their
subsequent testing of a variety of behavioral assays.

2. Potential
Limitations

There are also several limitations of using i.p. injection. For
instance, it is often necessary to use anesthetics when carrying
out the procedure, which may have undesirable effects on the
examined behavior and physiology (40). Likewise, age, sex, strain,
previous drug exposure, and even time of day of exposure can
have important impacts on anesthetic drug responses in various
animals, including rodents and fish (41). Another limitation of
this method is that it involves considerably more skill (relative to
immersion), as care and precision are needed to avoid puncturing
the animal’s organs, as well as to minimize behavioral anoma-
lies induced by pain (40, 42) (see Note 1). Likewise, the proce-
dure requires more time than the immersion method. Further-
more, the i.p. injections can only be performed using small vol-
umes of the drugs (e.g., 5 or, less preferably, 10 wl), and hence,
this method may not be appropriate for applying high doses of
certain drugs (which would require higher injection volumes).
Finally, while the immersion method can be used for chronic drug
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administration, 7epeated 1.p. injections cannot be performed in
small animals such as zebrafish.

3. Methods
and Materials

3.1. Animals
and Housing

3.2. Equipment

Adult zebrafish (e.g., 6-8 month-old; ~#50:50 male:female ratio)
can be obtained from a local commercial distributor, and housed
in groups of approximately 20-30 fish per 40-L tank. Tanks
should be filled with filtered water, with room and water tempera-
tures maintained at ~25°C and water pH at 7.0-8.0. Illumination
can be provided by ceiling-mounted fluorescent light tubes on a
12-12 or 10-14 h cycle, consistent with the zebrafish standard of
care (43).

1.

Small 5-10 pL. Hamilton syringe (e.g., Hamilton Company,
Reno, NV, USA).

. Net (for immobilizing zebrafish) (e.g., Fisher Scientific,

Pittsburgh, PA, USA).

. Treatment beaker for Tricaine solution.

4. Procedure

4.1. Acclimation
and Pre-treatment
for Intraperitoneal
Injection

. Transport the animals from their holding room to the exper-

imental room for acclimation 1 h prior to testing. After accli-
mation, the fish will be individually treated with the chosen
drug via i.p. injection. Importantly, this must be organized
in intervals of ~10 min to correspond to the time allotted
per each 6-min trial, with a ~4 min left-over for preparation
for the next one.

. To administer the drug, anesthetize the fish by immersion in

Tricaine (100-120 mg/L; Sigma-Aldrich, St. Louis, MO)
for ~30-60 s, until only the gills are moving. Slightly tap on
the beaker to see if the fish is still capable of movement to
ensure that it is fully anesthetized. Do not leave the fish in
the Tricaine longer than necessary, as this is a time-sensitive
procedure, and death can result if exposure is prolonged by
as little as an additional ~20-30 s.

Remove the fish from the Tricaine and lay it down on a ster-
ile surface, turning the animal so its ventral side is facing
upwards.
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4.2. Behavioral
Testing

4.3. Endocrine
Analysis

4.4. Data Analysis

4. Quickly inject 5-10 pL of the drug solution into the peri-
toneal cavity using a small Hamilton syringe. Note that con-
trol fish must be treated by injecting an equal amount of
vehicle (e.g., saline or water) solution. The site of injection
is in the midline cranial to the base of the pelvic fin. For
a general reference, the place of injection should lie about
1 “fin-length” ahead of the pelvic fin base. For details on
troubleshooting, refer to Note 1.

5. Move the fish to a 3—4 L holding beaker filled with ~3 L
water for the desired pre-treatment time (which, like the
dosage, should be determined by a prior literature search
or calculation from previous human or rodent studies).

Fill the apparatus with the specified amount of room-temperature
filtered water. After the necessary pre-treatment time has elapsed,
begin video recording, and proceed to carefully move the fish to
the apparatus. For details on troubleshooting, refer to Notes 2—3.

Once all of the behavioral data has been collected and analyzed, a
comparison of the cortisol levels between the control and exper-
imental groups can be performed (see Chapter 11, this volume).
This will allow for the behavioral phenotypes to be paralleled with
their respective physiological measurements of anxiety.

If a control and single experimental groups were used, utilize
the Mann-Whitney U-test for comparing these two groups (Stu-
dent’s z-test may be used for normally distributed data). If more
than one drug dosage was applied, use an Analysis of Variance
(ANOVA), followed by an appropriate post-hoc test, such as
Tukey, Dunn, Newman-Keuls, or Dunnet tests.

5. Notes

1. Death results from the procedure. While general care is needed
throughout the procedure, it is most vital to avoid pierc-
ing the animal’s vital organs during injection. The needles
should be only long enough to penetrate the abdominal wall,
otherwise one can easily inject into the abdominal organs
causing injury. However, an alternate factor to consider is
the duration spent in the Tricaine during anaesthetization.
Leaving the fish in the solution for too long can be fatal.
During the exposure, check for subtle gill movement to rule
this out.

2. Observed anxiety levels ave unusually high. Careful handling
of the fish during injection is crucial. If the anesthesia is not
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administered properly, or the injection is done roughly, pain
and a heightened state of anxiety can result. This may last
well into the trial, thereby affecting the observed behavior as
well as cortisol levels. Drug and humor leakage in injected
fish is not uncommon, and may strongly alter results due to
unpredictable dose levels (44).

3. Abnormally low levels of locomotion. If the injection is per-
formed too roughly, lasting pain can result and continue
into the trial. This can have confounding effects on the data,
especially since one of the notable phenotypes of pain in
zebrafish is lethargy (exhibited by freezing and decreased
locomotion). Exclude the fish from subsequent trials and
discard the data, allow fish 7-10 days to heal further.

6. Anticipated
Results

Our group has obtained good results with the method of i.p.
injection described here. When performed correctly, behavioral
and endocrine results are generally similar to those obtained
using the immersion method (Figs. 14.1 and 14.2). We have
recently conducted a pilot study to determine if adding a

Average Cortisol Concentration (ng/g)

0.06 - *
#
0.04 1
0.02 -
0 A
Control Net Tricaine
Restraint Anesthetic

Fig. 14.2. Cortisol levels among controls (water immersion only) vs. intraperitoneal (i.p.)
injection via net immobilization or using Tricaine anesthesia (n = 13-14). Fish receiv-
ing i.p. injection after net immobilized expressed elevated levels of cortisol vs. controls
(p<0.05). Fish receiving i.p. injection after Tricaine anaesthetization did not exhibit sig-
nificant elevations in cortisol levels (* p<0.05, #p=0.05-0.1 (trend) vs. control).
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289 substance via i.p. injection affects behavior or cortisol levels in
290 zebrafish. Zebrafish immobilization was achieved using two dif-
201 ferent methods. One group was trapped via net during injec-
292 tion, while another group was anesthetized by Tricaine for drug
293 administration. A third (control) group remained immersed in
294 water and did not receive i.p. injection. Overall, fish receiving
295 i.p. injection while anesthetized by Tricaine did not show sig-
296 nificant alterations in behavior in the 6-min novel tank test
297 (Fig. 14.1), also displaying unaltered cortisol levels relative to
298 controls (Fig. 14.2). However, fish immobilized via net for i.p.
299 injection did demonstrate significant increases in cortisol vs. con-
300 trols. Thus, Tricaine immobilization may be a better option for
301 1.p. injections to avoid the confounding influences of net stress.
502 In line with this, we have utilized this method in experiments
303 investigating the effects of neuromodulating drugs, such as lyser-
304 gic acid diethylamide (LSD). As can be seen in Fig. 14.3, the i.p.
305 injection produces the results similar to those observed with the
306 immersion method (6).

307 While we used i.p. injections for drug administration, other
308 groups utilize this technique for other purposes in zebrafish,
309 such as the injection of infectious agents to study innate immu-
310 nity and bacterial pathogenesis (45, 46). As the use of biomark-
su1 ers is becoming increasingly prevalent in zebrafish research, var-
s12 ious labeling compounds can also be injected i.p., useful for the
313 tracking of small animals and for revealing internal morphology
314 (47-49).

315 While i.p. injection is not the only method of injection-based
316 systemic drug delivery, some methods routinely used in other
517 animals can be problematic in fish. For instance, intravenous
318 (i.v.) injection can be difficult due to the small vessel diameter
319 of zebrafish (50). More practical methods include intramuscu-
520 lar (i.m.) injections, which already were used in zebrafish studies
a1 tor compounds such as salvinorin A (51), methionine enkephalin
2 (52), the neurotoxin MPTP (53), the prostaglandin PGE2 (54),
323 and the fluorescent tracer rhodamine dextran (55). However, this
a2 method is often not ideal as the skin seals poorly over the injec-
325 tion site, and large amounts of the injected substance can easily
326 leak out (56). Likewise, intracerebral (i.c.b.) drug administration
527 has also been applied to fish for a variety of compounds (57), but
528 its application may be less feasible due to the animal’s small size
529 and the need for specific equipment. Subcutaneous (s.c.) injec-
330 tion, representing another standard practice in research involving
331 fish, is more commonly used as an identifying marker of the ani-
332 mal (58, 59), but can also be applied to deliver psychotropic drug
333 in zebrafish. Nevertheless, for most zebrafish research purposes
334 involving treatment with pharmacological agents, i.p. injection

335 appears to be a viable alternative to immersion.

336
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Latency to top (s) Transitions to top
120 -
4.5 A
80 5 |
40 A 15 A
0- 0
Control LSD Control LSD
Time in top (s) Erratic movements
180 - 0.6 -
*
120 1 0.4 4
60 - 0.2 A
0- 0
Control LSD Control LSD
Freezing bouts Freezing duration (s)
45 -
0.6
04 - 30 1
0.2 - 15
0 T
Control LSD 0 Control LSD

Fig. 14.3. Behavioral effects of lysergic acid diethylamide (LSD), administered to
zebrafish via intraperitoneal (i.p.) injection. Control group was injected with 10 j.L/fish
saline solution (n = 10), while LSD-injected fish were injected with 10 L of a 250 jg/L
stock concentration of LSD (n = 10). Fish then spent 20 min in a 1 L holding beaker
prior to the 6-min novel tank test. Similar to our data (6) obtained from the immersion
method, LSD-injected fish had significantly lower latency to the top, more time spent in
top, and tended to spend less time frozen (* p<0.05 vs. control).

7. Summary

Intraperitoneal injection represents a valuable technique in psy-
chopharmacological research in zebrafish. Importantly, as new
methods of behavioral quantification emerge, various effective
routes of drug administration must also be available to suit
the experimental design of a particular study. From this view-
point, i.p. injection offers an easy and efficacious route of drug
administration, and can complement the immersion method
of drug delivery in zebrafish-based behavioral pharmacological
research.
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Chapter 15

Assessing the Maximum Predictive Validity
for Neuropharmacological Anxiety Screening Assays
Using Zebrafish

Amanda Linker, Adam Stewart, Siddharth Gaikwad, Jonathan
M. Cachat, Marco F. Elegante, Allan V. Kalueff, and Jason
E. Warnick

Abstract

The development of reliable pharmacological screening assays is an important task. However, it is based
upon the ability of animal models, such as the zebrafish, to demonstrate predictive validity for a specific set
of drug classes. A popular assay used for this purpose is the novel tank diving paradigm, where zebrafish
behavior can easily be modulated by anxiolytic or anxiogenic drug exposure. However, predictive validity
may fail to provide crucial information about the model, such as comparisons of drug efficacy and the
effects of drugs on varying behavioral phenotypes. This deficit is accounted for by a novel measure termed
the Maximum Predictive Value (MPV), which provides an estimate of how sensitive a particular model
is when assessing its potential pharmacologically. Here we provide a protocol detailing how to employ
this measure to validate behavioral endpoints in the novel tank test for use in pharmacological studies in
zebrafish. Similar approaches can be used to examine drug efficacy in other zebrafish-based behavioral
tests.

Key words: Maximum predictive value, zebrafish, pharmacological screening, model, novel tank.

1. Introduction

In behavioral neuroscience, the use of animal models rests on
the assumption that appropriate assays have been chosen to
assess the desired phenotype, disease, or drug. While consider-
able attention has been given to the development and assessment
of animal-based biobehavioral assays and simulations of neuropsy-
chiatric disorders (1-11), little scrutiny was given to improving

A.V. Kalueff, J.M. Cachat (eds.), Zebrafish Neurobehavioral Protocols, Neuromethods 51,
DOI 10.1007/978-1-60761-953-6_15, © Springer Science+Business Media, LLC 2011
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pharmacological screening assays. In determining which drug
screens to employ, researchers often turn to predictive validity to
assess the models’ effectiveness (8—11). Predictive validity is the
selectivity whereby an animal model responds to a specific class of
drugs. Since these assays are primarily utilized as industrial-based
tools, attainment of predictive validity is a critical necessity (10).
For instance, if a screening-assay yields false negatives, researchers
may unknowingly dismiss chemicals that may have therapeutic
potential. Likewise, when screening assay exhibits false positives,
a researcher may waste valuable resources on a substance with no
potential for future development (10).

Although predictive validity is an important measure, it is
dichotomous in nature (i.e., a model either does or does not pos-
sess it) (12). This represents a major shortcoming for pharmaco-
logical research, since predictive validity fails to provide the abil-
ity to differentiate the level of efficacy between drugs in a model
(12). Furthermore, if multiple drug screening assays are found
to possess predictive validity, this evaluative standard does not
have the ability to compare the level of drug effects between these
models (12). This fails to provide important information neces-
sary for model development or selection, like statistical power,
which could influence important decisions such as the number of
animals to be utilized, and necessary drug dosage (12).

In an effort to move beyond the evaluative standard of pre-
dictive validity, the measure known as maximum predictive value
(MPV) was developed (12, 13). This measure converts a drug’s
effect in a model to a standardized mean difference and allows
researchers to look across multiple scores to find the largest,
which provides a general estimate of how sensitive a particular
model is when assessing its potential in pharmacological testing
(12). This measure is a good compliment to psychopharmacol-
ogy research as it accounts for several factors common to this field.
First, this statistic utilizes the measures of group mean differences,
which is the typical data reported in behavioral research. Second,
the MPV score provides a common metric that allows the compar-
ison of multiple models. That is, this measure provides the ability
to directly compare diverse behavioral measures like the number
of open arm entries in the elevated-plus maze and the amount of
time spent in social contact in the social interaction test. Lastly,
the measure moves beyond a simple measure of statistical signifi-
cance on which predictive validity is often determined.

While statistical significance testing is an important research
tool, it has major limitations that can influence the interpre-
tation of predictive validity. For example, statistical significance
can be influenced by the number of subjects used in an exper-
iment. Thus, when a drug fails to produce a statistically signif-
icant effect, it might not reflect the model’s predictive validity
but in adequate sample sizes. Similarly, the experiment needs to
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possess enough statistical power to produce a statistically signifi-
cant effect. Therefore, a failure to produce a statistically significant
effect might be due to a drug dose that is too low instead of poor
predictive validity.

Again, the MPV measure allows researchers to look across
multiple scores to find the largest, which provides an estimate of
how sensitive a particular model is when assessing its potential
in pharmacological testing (12). Due to the ditferences in pro-
tocols between laboratories (e.g., strain differences, drug dosage
differences, vehicle differences, etc), looking across multiple stud-
ies to find the largest score keeps the findings in the context of the
original study. This measure allows researchers to make critical
decisions about choice of organism, drug dose, and experimental
protocol (12, 13).

Assessing the MPV for a variety of pharmacological agents
can reveal response patterns that would be missed by simply eval-
uating predictive validity (12, 13). These analyses will allow us to
quantitatively assess the validity of specific behavioral endpoints,
collectively revealing our model’s overall validity. Moreover, the
modulation of several behavioral endpoints can be used to derive a
specific MPV score, such as through testing a variety of anxiolytic
and anxiogenic drugs, with varying doses and durations. Addi-
tionally, the data generated using this approach, serve to identify
which endpoints associated with a particular behavioral assay cor-
relate with the highest positive MPV value (e.g., thereby indicat-
ing the drugs’ ability to function as an anxiolytic or anxiogenic).

One of the most popular zebrafish behavioral paradigms is
the novel tank diving test, extensively used for modeling the anx-
iolytic and anxiogenic properties of pharmacological agents and
already comprehensively covered in this volume (see Chapter 1
of this book for details). Utilizing the exploratory behavior and
robust endpoints exhibited by zebrafish, this assay allows for the
quantification of various indices to assess a drug’s overall func-
tionality at a given dose. Here we provide a protocol that utilizes
the MPV measure to assess a zebrafish model of anxiety based on
the novel tank diving test, to determine which behavioral end-
points are valid constructs to test pharmacological compounds.

2. Methods
and Materials

2.1. Animals
and Housing

Adult zebrafish (250:50 male:female ratio) can be obtained from
commercial distributors and tested in a standard novel tank test
(refer to Chapter 1 by Cachat et al., this book for details).
Room and water temperatures are maintained at 25-27°C, with
illumination provided by ceiling-mounted fluorescent light tubes
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2.2. Maximal
Predictive Validity

on a 12-h cycle (on at 8.00, off at 20.00). All fish are experimen-
tally naive at the time of testing.

Apparatus: The novel tank used for this protocol is a 1.5-L
trapezoidal tank (15.2 height x 27.9 top x 22.5 bottom x
7.1 width cm; Aquatic Habitats, Apopka, FL.) maximally filled
with aquarium-treated water. Novel tanks are to be rested on a
level, stable surface and divided into two equal virtual horizon-
tal portions, marked by a dividing line on the outside walls of
the tank. The setup may also include a camera or webcam (e.g.,
2.0-Megapixel, Gigaware, UK) for further video-aided analysis of
recorded trials.

The behavioral data obtained from a particular experiment shows
how many standard deviations apart the two groups (e.g., experi-
mental and control cohorts) are. Data for the MPV is taken from
manual and computer based observations. In the current proto-
col, positive MPV values indicate a drug’s anxiolytic effect (reduc-
tion of anxiety-like behaviors) whereas negative values demon-
strate anxiogenic effects (enhancement of an anxious state).

3. Procedure

3.1. Acclimation and
Pre-treatment

3.2. Novel Tank
Testing

Move the fish from their holding room to the experimental room
for acclimation 1 h prior to testing. After acclimation, pre-treat
the animals via individual immersion into a 3—4 L beaker con-
taining the drug dissolved in ~3 L water. Drug concentration and
treatment duration are determined through examination of pre-
vious literature.

Following pharmacological pre-treatment, zebrafish are individ-
ually placed in the novel tank. Once relocated to novel tanks,
behavior should be recorded over a 6-min period manually by
two trained observers and by connection to a computer. The fol-
lowing endpoints are recorded: number of transitions (entries) to
the upper portion of the tank, time spent in the upper portion of
the tank (s), number of erratic movements, number of freezing
bouts, freezing duration (s), and latency to reach the upper por-
tion of the tank (s) (14-16). Erratic movements were defined as
sharp changes in direction or velocity and repeated rapid darting
behaviors. Freezing was defined as a total absence of movement,
except for the gills and eyes, for 2 s or longer. Significant decreases
in exploratory behavior (longer latency to reach the top, fewer
entries to the top, longer freezing) or elevated erratic movements
and freezing represent behavioral phenotypes indicative of high
stress and anxiety (for details, see Cachat et al. Chapter 1, this
book).
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3.3. Measuring the
Maximum Predictive
Value of a Model

To determine the maximum predictive value (MPV), calculate the
ratio of the mean difference between two groups and their pooled
standard deviations as follows:

Meantreatment
Pooled Standard Deviations *

2

Maximum Predictive Value =

Pooled Standard Deviations

_ \/ (Mcontrol — 1) Variancecontrol + (#reatment — 1) Varianceirearment

Meontrol T Ptreatment

Given the mathematical simplicity of this measure, our lab
typically calculates MPV scores with a spreadsheet software
program (e.g., Microsoft Office Excel).

4. Anticipated
Results

The administration of anxiogenic and anxiolytic compounds can
be expected to produce MPV values that correlate with the func-
tionality of a drug. For example, our group has found that treat-
ment with the anxiolytics, diazepam and fluoxetine, possess scores
paralleling known drug effects. For example, in our experiments
with diazepam, three of four trials resulted in significant positive
MPYV values for both # of Entries to Upper Half and Duration
In Upper Half, with respective values of 2.268 and 2.005 for
one trial, and 2.859 and 3.192 for the second, both providing
interpretation as behavioral anxiolytic endpoints (Table 15.1).
Furthermore, we have also found that fluoxetine produces a dra-
matic increase in MPV scores for Duration in Upper Half, Aver-
age Entry Duration, and Latency to 1st Transition in comparison
to acute and chronic administration studies (Table 15.1).
However, the experimenter should also expect data of con-
siderable complexity that warrants careful interpretation. For
example, the acute administration of alarm pheromone (7 mL)
can produce both anxiogenic and anxiolytic results. Our group
found that zebrafish in this group demonstrate a greater # of
Erratic Movements (MPV —1.958) and Freezing Bouts (MPV —
1.673), as well as longer Freezing Durations (MPV —1.005),
and an increased Latency to the ILst Transition (MPV -3.472).
These behaviors indicate higher anxiety levels. Interestingly, the
zebrafish in this group also had a higher # of Entries to Upper
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Half (MPV 3.559) and spent a great amount of Time in the
Upper Half (MPV 2.381). Furthermore, we have found that sub-
jects receiving 200 mL of undiluted alarm pheromone had posi-
tive MPV scores in all behavior parameters according to the pilot
data. However, in another study at this dose, zebrafish had an
MPV of —14.425 in # of Freezing Bouts, indicating an anxiogenic
effect (Table 15.2). Likewise, the acute administration of caffeine
also appears to induce anxiogenic symptoms in our zebrafish. For
example, subjects treated with 100 mg/L of cafteine displayed an
increase in # of Erratic Movements and Freezing Bouts and experi-
enced longer episodes of freezing behavior (Table 15.2).

5. Summary

Using the MPV measure can be a beneficial tool for the devel-
opment and characterization of new animal models for behav-
ioral pharmacology research. In this protocol, the MPV measure
allowed our laboratory to analyze multiple behavioral measures to
assess drug efficacy and treatment reliability. This also allows for
the assessment of validity while also enabling fine-grained analysis
not addressed by the dichotomous measure of predictive valid-
ity (see above) (12). For example, a promising measure resulting
from our alarm pheromone trials is the Freeze Duration measure,
which produced an expected anxiogenic response. This suggests
a potential importance of employing this specific behavioral end-
point when analyzing anxiogenic compounds.

The strength of the MPV as an analytical tool is most pro-
tound when observing our diazepam results. Diazepam would be
expected to produce effects associated with eliminating the fear
response like more frequent trips and spending more time in the
upper half of the tank. These behaviors would likely be anxiety-
provoking to zebrafish in their native environment due to the risk
of predators near the water’s surface. In our studies, the MPV
value calculated for two of the three trials give positive values asso-
ciated with # of Entries to Upper Half'and Duration in Upper Half
as valid behavioral endpoints in assessing diazepam as an anxi-
olytic. It is important to note that all trials except for the lowest
dosage yielded positive values for these two endpoints. This rep-
resents consistency and reliability for these measures in regards
to accurately representing diazepam as an anxiolytic compound.
Analyzing MPV values for specific endpoints across different trials
can help elucidate information such as the most effective dose, as
seen by the increasing MPV values when increasing the dosage
from 0.149 mg/L to the 3.6 mg/L. Collectively, this provided
further evidence that the MPV measure can allow a researcher to
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make precise decisions about drug doses for specific compounds
that goes beyond the measure of predictive validity (12, 13).
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Chapter 16

Deconstructing Adult Zebrafish Behavior with Swim Trace
Visualizations

Jonathan M. Cachat, Adam Stewart, Eli Utterback, Evan Kyzar,
Peter C. Hart, Dillon Carlos, Siddharth Gaikwad, Molly Hook,
Kathryn Rhymes, and Allan V. Kalueff

Abstract

Three-dimensional reconstruction is a method of qualifying the behavioral activity of several animals
including mice, rats, and zebrafish. This method allows for measuring behavioral endpoint data on two
types of tracking planes (temporal and spatial). Temporal tracking measures the activity of a subject across
time while spatial tracking measures the activity of a subject in a specific area of the experimental arena as
such. Data representation over 3D visual trajectory reconstruction is a robustly advantageous method of
behavioral phenotyping. Digital video-tracking and analysis eliminates the inaccuracies of manual tracking
and allows for improved investigation of behavioral activity at specific points in time or specific areas of
the tracking arena.

Key words: Zebrafish, behavioral endpoints, novel tank test, video-tracking technology, affective
behaviors, 3D reconstruction.

1. Introduction

The use of video-tracking software in neuroscience research
has markedly advanced neurobehavioral phenotyping by permit-
ting rapid, more objective quantification of the animal activ-
ity. Video-tracking programs standardize and automate behav-
ioral endpoints, promoting reproducibility of phenotypic studies
and allowing for multiple endpoints to be recorded at once (1)
(Figs. 16.1, and 16.2).

Three-dimensional (3D) trajectory reconstruction is a
method of behavioral analysis that has been performed in mul-
tiple animal models ranging across insects, rodents, and primates

A.V. Kalueff, J.M. Cachat (eds.), Zebrafish Neurobehavioral Protocols, Neuromethods 51,
DOI 10.1007/978-1-60761-953-6_16, © Springer Science+Business Media, LLC 2011
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Fig. 16.1. An example of a track data sheet exported by Noldus EthoVision XT7. a — Initial, unprocessed track data
obtained from the software. b — Formatted, processed track data (after removing identification information, removing
spaces from column headers and null values) ready for import into RapidMiner for 3D visualization.

A Temporal B Spatial

360.0

0.00006 I 0.17570
Velocity, m/s

Fig. 16.2. Swim Path 3D Reconstructions. a — Temporal swim trace reconstruction of wild-type control fish in standard
6-min novel tank test. b — Complete (spatial) reconstruction of same wild-type control fish. Note that time is used as the
third axis for temporal reconstructions (a) and Cartesian coordinates form the framework for spatial reconstructions (b).

(2—4). Video analysis has also been used in zebrafish model to
determine specific behavioral endpoints such as velocity, total dis-
tance traveled, angular characteristics, and mobility (5). How-
ever, previous studies using 2D video analysis have not been
able to fully characterize the behavioral activity of zebrafish, sug-
gesting that some behaviors must be analyzed using 3D model-
based tracking when analyzing body kinematics (6). A recent
study recorded and analyzed individual fish behavior using video-
tracking software in a 2D-coordinate plane, and noting errors
when two fish crossed paths (7).

Motion-based information in 3D video capture can be
obtained through video-tracking programs that occlude human
error and inter/intra-rater reliability, and consequently avoid
subjective misinterpretation (8). Collectively, this indicates the
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97 importance of 3D-based behavioral analyses in neuroscience
98 research as a more precise method that characterizes zebrafish
9 behavior more comprehensively (e.g., (9)).

100 Three-dimensional trajectory reconstruction described here
101 involves two major approaches, including spatial and tempo-
102 ral modeling. Temporal reconstructions (Fig. 16.2a) visualize
103 zebrafish activity across experimental time, while spatial recon-
104 structions map behavioral changes in real spatial regions of the
105 arena (Fig. 16.2b). The tracks produced by plotting the temporal
106 activity allows for visualization of the behavior of the zebrafish at
107 specific points in time. The tracks produced by measuring the spa-
108 tial activity allows for visualization of the behavior of the zebrafish
109 in specific areas of the arena.

10 The goal of this chapter is to introduce 3D trajectory
11 reconstruction as a method of tracking zebrafish behavior and
12 to explain how the data collected from the 3D reconstruc-
113 tion can be used to complement the measurement of specific
14 zebrafish behaviors.

115

116

2. Materials

118
119

120

Adult zebrafish (~50:50 male:female) can be obtained from a
commercial distributor or from the growing availability of genetic
mutants at the Zebrafish Information Network (ZFIN.org). Gen-
erally, all fish should be given at least 10 days to acclimate to the
laboratory environment and be experimentally naive, although
these conditions may vary with the nature of each investigation.
Fish can be housed in groups of 20-30 fish in a 40-L tank with
water and room temperature maintained at 25-27°C. Illumina-
tion can be provided by ceiling fluorescent light bulbs on a 12-h
cycle (06:00-18:00 h).

121
122
123
124
125
126
127
128
129
130
131

132

13 3. Experimental

1 Setup

135

136 There are a number of behavioral paradigms for adult zebrafish,
137 with unique experimental specifications thoroughly described
138 within each respective chapter of this volume. For video-tracking
139 and swim track analysis, several universal precautions should be
140 considered. To achieve a precise subject detection, sharp contrast
141 between the subject(s) and the arena background is required. For
14 example, laminated white sheets of paper can be placed behind or
143 below the behavioral apparatus. Reflections from ambient lighting

144 on both the experimental tank and the water line should also be
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3.1. Time
Requirement

3.2. General
Procedure

minimized. Care should be taken to ensure that the camera posi-
tion does not shift between experimental trials. Notably, video
recording does not require premium resolution camera equip-
ment. Our group has found that lower-resolution (320 x 240 or
640 x 480), high frame rate (30 fps) videos are preferable due to
smaller file size and subject-to-background pixel representation.

Time requirement varies according to behavioral paradigm and
track data processing requirements. A typical experiment involv-
ing 10 control and 10 experimental fish will require ~2.5 h for
capturing the videos and ~2.5 h to analyze the videos. If the lab-
oratory has the ability to record and analyze videos “live” (which
requires a video-digitizing system), this time can be reduced to
only 2.5 h. Exporting and formatting the data, as well as visual

reconstruction of traces in RapidMiner, will require additional
2-3 h.

There are several available video-tracking software technologies
including both commercial and open source packages. Our group
has successfully used both LocoScan (CleverSys, Inc. Reston, VA)
and EthoVision XT7 (Noldus Information Technologies, The
Netherlands) for adult zebrafish behavioral analysis. This chapter
will focus on Ethovision XT7, although the protocol can easily be
applied to any video-tracking software, provided time-series and
spatial coordinate data can be exported.

4. Video and
Track Analysis

Since the procedure for video-aided analysis of zebrafish behavior
is detailed in another chapter (Chapter 1) of this volume, this
protocol will focus on supplementary procedures pertinent for
swim track visualization.

For each experiment, an arena and respective zones are estab-
lished over the experimental tank in order to focus detection at
the location of swimming activity. While calibrating each arena,
specific attention should be given to the placement of the cal-
ibration axes, which specify x-, y-coordinate values. By default,
EthoVision XT7 places the origin of the calibration axes at the
center of the image. However, for different behavioral paradigms,
it may be beneficial to customize the origin location. For exam-
ple, in a standard novel tank test the origin axis is placed along
the dividing middle line, denoting the center of the tank as
(0, 0). Although customizing the calibration axes is not required,
knowing the origin location relative to the testing arena is critical
for visual reconstructions.

After all videos are acquired for an experiment, tracks should
be smoothed (across 10 samples) and examined for each trial for
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193 any abnormalities (i.e., bad detection or wrong arena). Smooth-
194 ing is required to eliminate “noise” or small bodily movements
195 that are irrelevant to the data collection and could lead to an
196 overestimation of, for example, the total distance traveled. In the
197 event of major issues, it is recommended to reacquire afflicted
198 videos with properly revised detection settings. Ethovision XT7
199 includes a basic track visualization feature in which 2D swim
200 paths are plotted within the arena and can be saved as an image
201 file for future reference. For details on troubleshooting, refer to
202 Notes 1-4.

203 Following a full examination of the behavioral analysis export,
204 tracks need to be interpolated for each trial in order to com-
20 plete track data across the trial duration. This step replaces miss-
206 ing spatial coordinates by a linear interpolation of the nearest
207 neighbor detection points or the previous and most recent valid
208 detection coordinates. In EthoVision XT7, interpolation is per-
209 formed within the track editor. At this point, rogue track points
210 (i.e., brief jumps outside of the arena) should be removed prior to
n interpolation.

212

213

a4 4.1. Track Processing 1. Export swim path data as an Excel file from EthoVision XT7
215 by selecting “Export”, “Raw Data...” and then checking
216 “Track & dependent variables” option. Track data exported
217 from EthoVision XT7 provides spatial coordinates and end-
218 point values for each trial across a time scale broken down
219 into fractions of a second. Based on the frame rate of the
220 acquired video, values are typically provided at 0.033 or
o 0.024 of every second.

222 2. In Excel, open each export file and save a copy to a sepa-
223 rate folder, naming the file based on the subject’s ID (i.e.,
24 Controll). This is to ensure that the original export files
25 are not manipulated and each subject’s swim path can be
226 identified in the future. Once a copy is saved with neces-
227 sary identification information in the file name, delete all
228 cells above the raw data positioning the column headers
229 (i.e., Trial time, Recording time, X center. . .) in the first row
230 (Fig. 16.1).

3. Rename each column header, or dependent variables, to
remove all spaces. For example, “Recording time” to
“RecordingTime” or “X center” to “X”.

232
233

234

4. In order for tracks to be properly imported into RapidMiner,
there cannot be null (“-”) values in the first time point for
cach variable. If found, null values should be replaced by the

1 first valid data point or the entire time point(s) (i.c., entire

3o row) can be deleted. This corrective procedure should be

limited to the first 0.5 s. All remaining null values “-” need

to be replaced as blank cells. To change all “-” to blank,

235

236

237
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4.2. RapidMiner

perform a “find and replace all” procedure with the “match
entire cell contents” option checked.

. Depending on research interests, specific dependent vari-

ables can be removed by selecting and deleting the entire
column. Additionally, discrete dependent variables (i.e.,
Movement, Elongation), exported as binary values (0 =
false, 1 = true), can be merged with custom “Find and
Replace” as well as “concatenate” templates or macros in
Excel.

. For complete 3D reconstructions, raw track data from both

side and top views should be processed and corrected sepa-
rately. Following, the spatial coordinates from the top view
can be merged into the side view excel sheet as “Xtop” and
“Ytop”, respectively, using the recording time, trial time,
and /or unique video time stamps (i.¢., the fish being placed
into the tank) for proper synchronization. Note that larger
arenas (i.e., open field tests) may require more advanced cal-
ibration procedures to synchronize the spatiotemporal data
of two videos.

7. After initial processing steps, each track file is subsequently

saved as a comma separated value (CSV) file.

. Obtained track files are then imported into RapidMiner 5.0

Community Edition, an open-source data analysis and min-
ing system (Rapid-I GmbH, Germany). The corrected track
files are imported as separate CSV example sources within
a single process based on the goal(s) of the reconstruction
process. This permits each track to be explored in a vari-
ety of plots after the process is run. Each column is desig-
nated as either a real or integer value type based on its con-
tents and no special attributes are assigned. For details on
troubleshooting, refer to Notes 5-6.

. Temporal 3D reconstructions (Fig. 16.2a) are created with

a Scatter 3D Color plotter, in which the X center, Trial time,
and Y center are plotted on the &-, y-, and z-axes, respec-
tively. Complete (spatial) 3D reconstructions (Fig. 16.2b)
are also produced with a Scatter 3D Color plotter, but X
center (side), X center (top), and Y center (side) are plotted
on the x-, ¥, and z-axes, respectively. Subsequently, select
dependent variables (i.e., velocity, elongation, direction) are
actively cycled across the reconstructed trace as the Color
attribute. In order to compare across fish and /or experimen-
tal cohorts, the bounds of each axis are standardized. Images
and videos of these reconstructions are exported or captured
using screen capture software (Debut Video Capture, NCH
Software, Australia). For details on troubleshooting, refer to
Notes 7.



Deconstructing Adult Zebrafish Behavior with Swim Trace Visualizations 197

iﬁZ 5. Anticipated/
1 Typical Results

292
Swim trace visualizations are beneficial to all aspects of behav-

ioral research. In the novel tank test, 3D trajectory visualiza-
tion renderings allow for color-based separation of microscopic
behavioral activity across a real-time depiction of fish movement
(Figs. 16.3, and 16.4). Such an interactive, investigative envi-
ronment offers a significant advantage when comparing multi-
ple behavioral endpoints. Typically, behavior between control and
experimental cohorts are assessed by comparing bar, column, or
line graphs of each quantified endpoint. As the number of valu-
able behavioral endpoints increase, these methods of data rep-
resentation are less practical because comparing 20+ bar graphs
between or across experimental trials is incomprehensible.

With 3D reconstructions, we have the capacity to both
manipulate resolution and orientation of the real-time virtual
movement model and view geometric trends occurring over time.
With advances in computational neuroscience, 1D graph and 2D
trace modeling of behavioral parameters have become methods
of extrapolating the same information conveyed in a 3D model,
except to a higher volume. Printouts of 3D Model traces can be
casily viewed side by side to compare any physically defined trend,
such as bouts of freezing and erratic movement (Figs. 16.1-
16.3). Software-mediated manual recording of behaviors can be
compared for reliability to automated software-run recordings.
Furthermore, each reconstruction can easily be saved in a file for
later review.

Finally, by cycling various behavioral endpoints across the
same swim track reconstruction, we can compare manually regis-
tered activity with automated endpoints (Fig. 16.3). Performing
this procedure across multiple endpoints and several experimental
challenges will improve customization settings in video tracking
software. Eventually, such comparisons will advance automated
event detection to allow software to register endpoints once
previously limited to manual quantification.
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333 1. Video-tracking software: For issues involving arena settings,
334 subject detection and/or behavioral variables, please con-
335 sult the troubleshooting Section 11 of the video-tracking

336 Chapter 1 by Cachat et al. in this book.
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A Manual
Behavior
z @ Swimming
@© Erratic Movement
@ Freezing

Autom
B utomated Movement
z @ Moving
@ Not Moving

Mobility
z @ 'mmobile
@© Mobile
@ Highly Mobile

Fig. 16.3. Comparison of manual and automated behavioral endpoints for temporal
reconstructions of a typical wild-type control fish tested in a standard 6-min novel tank
test. Manual behavior (a) was registered during video acquisition using EthoVision XT7.
Automated quantification of “Movement” was applied to behavioral endpoints (note cor-
relation of not moving here with freezing in panel a), and “Mobility” (note correlation of
highly mobile here with erratic movement in Panel a).
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Video-recording

Novel tank test

Camera (top view) é EEEEE——

Video analysis Video integration Visualization

Traces (top view) Processing track data RapidMiner software

in Excel spreadsheet

Traces (side view)

Camera (side view)

\Sp vy ! Y.

v
~

Spatial reconstruction

Fig. 16.4. A summary of the swim path reconstruction process.

. Trial ID and Subject ID lost: After removing the identifica-

tion information from the raw track data export, if the new
file is not named with a unique subject ID, the swim path
cannot easily be identified as a specific fish. By saving the
processed track data as a new file, in a separate folder, the
original export file can always be consulted for identifica-
tion information. As a last resort, the original video analysis
experiment can be reviewed in EthoVision to correlate Trial
IDs to specific Subject IDs.

. Swim path points outside of avena: Irregularities in the swim

path should be noticed and corrected within the EthoVi-
sion XT7 track editor. For example, EthoVision will occa-
sionally detect background spots as the subject causing the
swim track to jump outside of the experimental tank. Such
points should be removed by smoothing the track, but can
be manually removed within the track editor prior to inter-
polation. However, sound judgment should be practiced
during such manipulation. If these rogue points are frequent
across all experimental trials, it is recommended to reanalyze
the videos with revised detection settings.

. Swim path points fixed or congregated abnormally: 1f there

is an unusual point within the arena where the swim track
repeatedly “jumps” to or centers around, this is typically
the result of a reflection in the video. Especially in top view
videos, video-tracking software can easily confuse the move-
ment of a surface reflection for that of the subject. In most
cases, this requires rerecording the videos after all reflections
have been eliminated or minimized.

. RapidMiner shifting column headers: Open the aftected CSV

file(s) in Excel and check that each column header is labeled
without spaces.
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6. RapidMiner incorvectly importing CSV data: Generally,
errors importing data into RapidMiner occur because the
CSV file is not formatted correctly. Additionally, make sure
that the first value of each variable is not null and contains a
real number, whereas all remaining null “~” values have been
replaced as empty cells. All columns must also contain the
same number of rows. In a few cases, we have found that the
last row of some dependent variables is reported as null. This
can be corrected by copying the last valid value or removing
the time point entirely for all endpoints. If these corrective
measures have been taken and import issues remain, it is pos-
sible that a single dependent variable is causing a nonspecific
import issues. Consider limiting the track file to Time, X and
Y coordinate values, resaving the CSV file and performing
the import procedure. Provided the import processes cor-
rectly, dependent variables can then be included one at a
time as necessary.

7. Swim path visualization appears abnormal: As mentioned
previously, noting the placement of the calibration axes when
establishing the arena settings is critical. Initial 3D scatter
plots can appear incorrect because the RapidMiner automat-
ically chooses the max,/min range for each axis of the scatter
plot. Standardizing the calibration axes during video analy-
sis and manipulating the scatter plot axis ranges will improve
the swim path visualization.

7. Conclusion

Three-dimensional trajectory reconstruction offers important
opportunities to improve behavioral phenotyping of zebrafish.
The data acquired through 3D reconstruction (Figs. 16.1-16.4)
can provide extensions to pinpointing measurements of specific
behavioral endpoints that are not measurable by simple video-
tracking (i.e., erratic movements). Data collected for average
velocity indicate a correlation that can be used in the video-
tracking software to set range of predetermined values where
a specific behavioral endpoint will occur. Finally, 3D trajectory
reconstruction also allows for manipulation within the tracking
software to better characterize the behavior of the zebrafish.
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