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We  assess  object  preference  in  zebrafish  with  the  novel-object  preference  test.
We  vary  object  size  to determine  how  this  impacts  object  preference.
Zebra  danio  and  leopard  danio  prefer  complex  familiar  objects  that  are  medium-sized.
Nicotine  administration  enhances  zebrafish  familiarity  preference.
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a  b  s  t  r  a  c  t

The  novel  object  recognition,  or novel-object  preference  (NOP)  test  is  employed  to assess  recognition
memory  in  a  variety  of organisms.  The  subject  is  exposed  to two  identical  objects,  then  after  a  delay,  it is
placed back  in  the  original  environment  containing  one  of  the  original  objects  and  a  novel  object.  If the
subject  spends  more  time  exploring  one  object,  this can  be  interpreted  as  memory  retention.  To date,
this  test  has  not  been  fully  explored  in  zebrafish  (Danio  rerio).  Zebrafish  possess  recognition  memory
for  simple  2-  and  3-dimensional  geometrical  shapes,  yet  it is  unknown  if  this translates  to  complex  3-
dimensional  objects.  In this  study  we  evaluated  recognition  memory  in  zebrafish  using complex  objects  of
different  sizes.  Contrary  to rodents,  zebrafish  preferentially  explored  familiar  over  novel  objects.  Familiar-
ity preference  disappeared  after  delays  of  5 mins.  Leopard  danios,  another  strain  of  D.  rerio,  also  preferred
the  familiar  object  after  a 1 min  delay.  Object  preference  could  be  re-established  in zebra  danios  by  admin-
istration  of nicotine  tartrate  salt  (50  mg/L)  prior  to stimuli  presentation,  suggesting  a memory-enhancing
eophobia
icotine

effect  of  nicotine.  Additionally,  exploration  biases  were  present  only  when  the  objects  were  of interme-
diate  size  (2  × 5 cm).  Our  results  demonstrate  zebra  and  leopard  danios  have  recognition  memory,  and
that  low  nicotine  doses  can improve  this  memory  type  in  zebra  danios.  However,  exploration  biases,
from  which  memory  is inferred,  depend  on  object  size.  These  findings  suggest  zebrafish  ecology  might
influence  object  preference,  as  zebrafish  neophobia  could  reflect  natural  anti-predatory  behaviour.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Object recognition memory is a simple form of memory present
n various vertebrates. In rats, mice, non-human primates, and
umans, object recognition memory requires the use of cortical

tructures such as the perirhinal [25,1,71], entorhinal and infe-
ior temporal cortices [24]. The novel object preference (NOP) test,
lassically referred to as the novel object recognition test, and

∗ Corresponding author at: Department of Psychology, MacEwan University,
dmonton, AB, T5J 4S2, Canada.

E-mail address: trevorjameshamilton@gmail.com (T.J. Hamilton).

ttp://dx.doi.org/10.1016/j.bbr.2015.09.016
166-4328/© 2015 Elsevier B.V. All rights reserved.
the one-trial object recognition test is the most commonly used
paradigm for testing this form of memory. The NOP test was ini-
tially developed for rats [16] and later adapted to mice [13,40],
monkeys [38,74], dogs [9] horses [68] parrots [41], cats [48] and
ravens [64]. The test typically consists of a familiarization phase
where animals are exposed to two identical objects (Trial 1—T1).
The animal is removed from the open field for a certain amount of
time (the retention interval; RI) and, then, allowed to re-explore
the arena with one of the original objects and a novel object (Trial

2—T2). Object recognition memory is defined as a preference for
one object over the other in T2, which reflects the recollection of the
familiar object in T1. Rodents typically spend more time exploring
the novel object than the familiar object in T2 [16,19].

dx.doi.org/10.1016/j.bbr.2015.09.016
http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbr.2015.09.016&domain=pdf
mailto:trevorjameshamilton@gmail.com
dx.doi.org/10.1016/j.bbr.2015.09.016
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The NOP test is advantageous in comparison to conditioning
aradigms because it does not require training or the learning of a
ule and does not involve positive or negative reinforcers [16,25].
his increases reliability and decreases confounds that are inherent
n other memory tests used with experimental animals. The NOP
est has been instrumental in identifying the regions of the mam-

alian brain that are responsible for object recognition memory
nd has also been used to elucidate the influence of pharmacolog-
cal [21,44,57], endocrinological [3], and genetic [6] manipulations
n memory studies.

Zebrafish (Danio rerio) have a fully sequenced genome, quick
mbryonic development, and can be kept at high densities, which
as led to their use in many fields, including developmental
enetics, pharmacology, and behavioural neuroscience [35,46,67].
ebrafish can be used to mimic  complex human behaviours, such
s reward responsiveness, learning and memory, aggression, anx-
ety, and sleep [46]. While the central nervous system (CNS) of
ebrafish is simpler than that of humans, the major brain divisions
i.e., forebrain, midbrain, and hindbrain) and human neurotrans-

itter systems are present in zebrafish [50].
Recent studies indicate that zebrafish are an appropriate model

rganism to study learning and memory. For example, zebrafish
re capable of associative learning with positive and negative rein-
orcers [62,11,22,10,30,53,54,7] and spatial learning with positive
nd negative reinforcers [60,70,32,33]. Furthermore, zebrafish are
ble to recognize 2D geometrical shapes in a modified version of
he NOP test [8]. In a recent study by [36], zebrafish were shown
o prefer the novel object from a set of simple 3D objects (a sphere
nd prism) for intervals up to 24 h.

Although Braida et al. [8] and Lucon-Xiccato and Dadda [36] have
emonstrated that zebrafish can remember non-complex objects
nd this memory can be enhanced with nicotine [8], it is still
nknown whether zebrafish can process information about elab-
rate objects and, if so, whether memory-enhancing drugs could
mprove this memory. These are important questions, because
he study of memory for complex stimuli in animal models bears
reater relevance to the sophisticated image processing of the
uman visual system [65]. For example, it takes human subjects less
han 150 ms  to process the image of a complex natural environment
66]. Additionally, the complexity of visual stimuli influences vari-
us aspects of memory including the necessity for longer encoding
eriods [15] and storage capacity in short-term memory [37].
hus, we sought to examine the capacity of zebrafish to remember
omplex 3-dimensional objects in the NOP test and asked if nico-
ine improves cognitive performance. In the current study, simple
bjects are defined as objects made up of no more than two  geons,
asic 2-dimensional or 3-dimensional forms of geometrical shapes
5], like spheres or cones. Objects were regarded as complex if they
ere composed of many geons.

Furthermore, only one zebrafish strain has been tested in the
bject preference paradigm and the discrimination ability of other
ebrafish strains remains unexplored. Leopard danio, a spotted
ariation of the D. rerio species, has been found to differ from wild-
ype zebrafish on anxiety-related behaviours [14], which might
nfluence exploration in the NOP test [63]. Finally, NOP testing
arameters, such as object size, can impact rodent stimulus choice.
o exemplify, Reger et al.’s work [56] demonstrated that objects
ould not be taller than twice the size of the rat. Therefore, as
econdary questions, we asked whether leopard danios would be
uitable subjects for the NOP test and assessed how varying stim-
lus size affects preference. The NOP test is an inexpensive and
traight forward test of memory, and refinement of current knowl-

dge of object recognition capacities of danio fish is paramount
o bringing the paradigm to the forefront of zebrafish behavioural
euroscience research.
search 296 (2016) 199–210

2. Material and methods

2.1. Subjects

Adult male and female wildtype short-fin zebrafish (D. rerio;
n = 256) and (leopard danio n = 55) were obtained from Big Al’s
Aquarium (Edmonton, AB). The fish were kept in a 3-shelf bench-
top housing system (Aquatic Habitats) in 3 or 10 L polypropylene
tanks as previously described [26,27]. Briefly, fish were housed
at a density of 5-10 (in 3 L tanks) or 10–50 (in 10 L tanks)
for a minimum of 3 months prior to experimentation. Habitat
water consisted of reverse osmosis water (RO) supplemented with
prime (sodium thiosulphate) and buffered with sodium bicar-
bonate, acetic acid and non-iodized salt. The pH was maintained
between 7.0–8.0, and the temperature was  maintained between
26.0–28.0 ◦C. Daily water quality measures included dissolved
oxygen (maintained at 5–10 mg/L), and weekly water quality mea-
sures included nitrate (20–30 ppm), nitrites (0 ppm), alkalinity
(95–120 ppm) and conductivity (443–1155 �S). The fish were fed
once daily with brine shrimp (Omega One Freeze Dried Mysis
Shrimp nutri–treat, OmegaSea Ltd.) or flake fish food (New Life
Spectrum Optimum Fresh H20 Flakes, New Life International Inc.).
Fish were kept on a 12-h light/dark cycle, with lights on at 8:00
AM and off at 8:00 PM.  The experimental protocol (05-12-13) was
approved by MacEwan University Animal Research Ethics Board
(AREB), in compliance with the Canadian Council for Animal Care
(CCAC).

2.2. Experimental setup and testing of object preference in
zebrafish

Testing took place between 11:00 AM and 5:00 PM.
Zebrafish were tested in two  15 L rectangular fish tanks
29 cm × 14 cm × 18 cm.  The walls and the floors of the tanks were
lined with white corrugated plastic, which was  fixed in place with
silicone. The fish were exposed to the objects in the experimental
tank and held in between trials in the holding tank.

Prior to experimentation, the experimental and holding tanks
were each filled with habitat water to a height of ≈6 cm. The tanks
were placed on a seedling heat mat  (Hydrofarm Horticultural Prod-
ucts, Petaluma CA) to assist in maintaining a constant temperature
of 27 ± 1 ◦C. First, the fish were individually placed in the holding
tank for 5 min  in order to acclimatize the fish to the tank envi-
ronment. Secondly, the fish were transferred to the middle section
of the experimental tank for T1, where two identical objects were
presented for 10 min. The objects used in this study were LEGO®

figures, which were chosen because they are non-toxic and can
be easily obtained throughout the world. The figures were named
by their general appearance (see Fig. 1A). In a seated position, the
biker measured 4 cm in height and the knight 5 cm,  including the
plume atop its helmet. The two objects were 2 cm wide at the hands,
the largest width measurement. Next, the fish were placed into the
holding tank for RIs of 1, 5, 10, 15, or 30 min. For T2, one novel object
was switched with a familiar object and the familiar object from T1
was replaced with an identical copy. The tank arena was  divided
into two lateral zones and a middle one and an object was placed
in each lateral zone while the center remained empty. The zone in
which the novel object was positioned and the type of object that
was “novel” were randomized for all fish. EthoVision XT motion
tracking software (version 7, Noldus, VA) was  used to measure the
time the fish spent near the objects (s), time in zones (s), the total

distance swam (cm), and the time the fish spent immobile (s). To
quantify the time the fish spent near the objects, an 8.4 cm × 8.4 cm
box was  superimposed over the objects and the time the fish spent
within the box was  recorded.
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Fig. 1. Object preference was tested in zebrafish in the Novel Object Preference
testest. (For interpretation of the references to colour in this figure legend, the reader
is  referred to the web version of this article.).
Testing began with an acclimatization step, in which the fish was allowed to swim for
5  min  in a holding tank identical to the experimental tank but without any objects.
The  fish was  then transferred to the experimental tank, where the fish was  exposed
to  two  identical objects (T1). During the inter-trial delay, the fish was  put back in
the  holding tank, and, finally, transferred back to the experimental tank for 10 min,
where the fish was  exposed to a familiar and novel object (T2; A). Shown left to
right in the center are the objects used in the experiments varying the inter-trial
delay with zebra danio and leopard danio and the nicotine study, which were LEGO©

figures named the “biker” and the “knight” (A). For studies manipulating object size:
The small objects consisted of a pair of green and grey objects (B; left) and a pair
of  blue and red objects (B; right); in contrast, the large objects were figures. The
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Table 1
Formulas for calculation of object exploration and discrimination indices.

Exploration Discrimination

ET1 = A1 + A2 D1 = A3 − B
ET2 = A3 + B D2 = D1/ET2

D3 = A3/ET2

Exploration in trial 1 (ET1) was calculated by taking the time spent around each
identical object A and A (8.4 × 8.4 cm box). Exploration in trial 2 (E ) was  calcu-
rst figure type was  holding fire in its hand and was termed the “fireman” (C; left),
hile the second figure was holding a sword and referred to as the “swordsman”

C; right). Scale bar = 2 cm.

.3. Effect of nicotine administration on object preference

Testing procedures were as described above with a RI of 15 min.
ebrafish were exposed to nicotine tartrate salt (Sigma, St. Louis,
O,  USA) prior to the acclimatization step of the NOP test. Nicotine
as administered by immersing the zebrafish in a beaker filled with

00 ml  of drug solution for 3 min  immediately prior to the acclima-
ization step (Fig. 1A). In previous unpublished experiments we
ound that there were abnormal responses to doses 100 mg/L and
igher when nicotine was dissolved in habitat water. Therefore, the
rug solution was made fresh each day by mixing nicotine tartrate
alt (0 or 50 mg)  with 1 L of RO water. Before addition of the drug,
he RO water was heated to 26–28 ◦C. Control fish were exposed to
O water alone (n = 21) and placed in the same beaker as the fish
hat were exposed to nicotine (n = 15). Matta et al. [39] recommend
eporting nicotine doses in free base form, as this is the active form
f nicotine. The equivalent free base nicotine concentration of the
0 mg/L concentration is 16.25 mg/L. The non-free base concentra-
ion will be used for the remainder of this manuscript. All of the
sh were drug and experimentally naive.

.4. Testing of object preference in leopard Danio

Strain selection may  be important for the NOP test, as different

ebrafish strains exhibit phenotypic differences, such as decreased
r increased baseline anxiety levels. Specifically, leopard danios are

 high-anxiety strain [14]. As the object preference test is based on
xploratory behaviour, which is influenced by stress [63], we asked
1 2 T2

lated by taking the time spent around the familiar object A3 and the novel object B
(8.4  × 8.4 cm box).

whether leopard danios might discriminate less between objects in
the NOP assay. To answer this, the object preference test was  carried
out with leopard danios exactly as with zebrafish. RIs tested were
1, 5, and 10 min. An RI of only up to 10 min  was  tested, as the fish
only showed discrimination ability at the shortest RI (See 3.7).

2.5. Influence of object size on object preferences

To determine whether the size of the objects may have an impact
on object preference, we  used two  additional sets of objects (see
Fig. 1B and C). Given that zebrafish showed object preference only at
the briefest RIs, a 1 min  interval was  selected for the studies varying
object size. The small objects were geometrical shapes: one object
was green and grey (1.2 cm tall × 0.7 cm wide) and the other was
blue and red (1.6 cm tall × 0.7 cm wide; Fig. 1B). These objects were
expected to produce less of a fearful response. The large objects
were LEGO® figures used in a standing position that we expected
to produce a greater fear response. The fireman measured 8 cm in
height and 2 cm in width and the swordsman measured 6 cm in
height and 2 cm in width, at the tallest and widest points measured
(Fig. 1C).

2.6. Statistical analysis

Data were analyzed using GraphPad Prism software (San
Diego, CA) by paired and unpaired two  sample t-tests and one
sample t-tests for parametric data. Non-parametric data were ana-
lyzed with Wilcoxon signed rank tests, Mann–Whitney tests, and
Kruskal–Wallis with Dunn’s post-hoc comparisons. Normality of
the data was  assessed using D’Agostino & Pearson omnibus nor-
mality test. Discrimination indices D1, D2, and D3 (similar to NOP
studies in rodents; Table 1) [2] were calculated for each RI to deter-
mine whether the fish explored one object more than the other. The
discrimination indices were statistically compared to a theoretical
mean of 0 for D1 and D2 and a mean of 0.5 for D3. A significant
difference from this theoretical mean represents a preference for
the familiar or novel object in T2, with a positive value indicating
a preference for the familiar object and a negative index indicat-
ing a preference for the novel object. We  calculated discrimination
indices for both time in zones (DZ) and time near the objects (DO).
Exploration was defined as the time (s) spent within the boxes
centered over the objects using EthoVision XT software. However,
when calculating discrimination indices based on the time spent in
zones, E1 and E2 were the total amount of time spent in the zones
containing the objects. Linear regression analysis was conducted
to determine if E1 was predictive of D1O; that is, to assess whether
time spent exploring the objects determines zebrafish object pref-
erence. Additionally, distance traveled by the fish and the time the
fish spent immobile were analyzed for the zebra danios experi-
ment with intermediate-sized figures and the nicotine experiment

to measure locomotor activity. Data was  recorded for the full 10 min
of T1 and T2. The � for all tests was  set at .05. Elimination criterion
for all animals included any fish that spent less than 10 s exploring
the objects in T1.
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Fig. 2. Zebrafish preferred the familiar object following 1 and 5 min  but not 10, 15, or 30 min  retention intervals (RIs). (For interpretation of the references to colour in this
figure  legend, the reader is referred to the web  version of this article.).
The time in s the fish spent in close proximity to the objects was analyzed. A is a heat map of swim data from a representative fish of the 1 min  RI group. The heat map shows
the  fish spent more time swimming near the familiar than novel object in T2. In contrast, a representative fish of the 10 min  RI group spent an equivalent amount of time
swimming near the familiar and novel objects (B). Red coloured regions were frequented the most. Discrimination indices D1O and D2O (C and E) were significantly different
from  0 and D3O (G) was significantly different from 0.5 when the RIs were 1 and 5 min, indicating an object preference in T2 at these RIs. The significance value was P < 0.001
for  the 1 min  RI group for all three indices and for the 5 min  RI group the value was  P < 0.01 for D1O and P < 0.05 for D2O and D3O. The time in s the fish spent in the tank zones
containing the objects was also analyzed. Discrimination indices D1Z (D) and D2Z (F) were significantly different from 0 and D3Z (H) was significantly different from 0.5 at 1
and  5 min  RIs (P < 0.001 and P < 0.01 respectively). The fish preferred the familiar object at 1 and 5 min  RIs, because the discrimination indices were positive numbers (refer
to  Table 1 for the index calculation formulas). *P < 0.05. **P  < 0.01. ***P < 0.001.



ain Research 296 (2016) 199–210 203

3

3

i
(
o
R
(
(
r
t
1
f
R
e
fi
i
b
d
a
e
5
(
H

3

a
p
t
t
a
c
t
5
w
l
d
o
w
(
o
P
h
5
c

3

T
f
a
g
f
(
b
(
g

Fig. 3. Zebrafish investigatory behaviour is positively associated with the magni-
tude of familiarity preference after 1 and 5 min RI, but not a 10 min RI.d
Fish in the 10 min  RI group spent significantly less time in s exploring the objects in
T1 compared to fish in the 1 min (a – P < 0.01) and 5 min  (b – P < 0.001) RI groups (A).
Likewise, the 30 min  RI group spent less time exploring in T1 than the 5 min RI group
(c  – P < 0.05). Reduced exploration by 10 min  RI group may  explain why fish in this
group did not display an object preference in T2. However, there was  a significant
correlation between exploration time and object preference for 1 min (P < 0.05; B)
and 5 min  (P < 0.001; C) but not for 10 min  (P = 0.45; D), suggesting that fish truly
Z. May et al. / Behavioural Br

. Results

.1. Zebrafish object preference

When zebrafish were exposed to a novel and a familiar object
n T2, the fish showed a clear preference for the familiar object
Fig. 2). Specifically, zebrafish spent more time near the familiar
bject (D1O) for the 1 min  (P < 0.001, n = 51; Fig. 2A) and 5 min
I groups (P < 0.01, n = 61) but showed no preference with 10 min
P = 0.53, n = 48; Fig. 2B), 15 min  (P = 0.11, n = 13), or 30 min  RIs
P = 0.80, n = 15; Fig. 2C). Analysis of the time spent in each zone
evealed the same result (Fig. 2). In T2, there was  an increase in
ime spent in the zone containing the familiar object (D1Z) for the

 min  RI group (P < 0.001) and the 5 min  RI group (P < 0.01), but not
or the 10 min  (P = 0.18), 15 min  (P = 0.84), or the 30 min  (P = 0.73)
I groups (Fig. 2D). D2 and D3 were calculated to eliminate any
rror caused by differences in exploration across the population of
sh. D2 also demonstrated a significant preference for the famil-

ar object with a 1 min  RI (P < 0.001; P < 0.001 for the time spent in
oxes and zones respectively) and 5 min  RI (P < 0.05; P <0.01), but
id not for the 10 min  (P = 0.27 P = 0.16), 15 min  (P = 0.06; P = 0.61),
nd 30 min  (P = 0.51; P = 0.81) groups (Fig. 2E and F). The same pref-
rence was found with D3 for the 1 min  (P < 0.001; P < 0.001) and

 min  (P < 0.05; P < 0.01), but not 10 min  (P = 0.27;P = 0.16) 15 min
P = 0.06; 0.61), nor 30 min  (P = 0.51; P = 0.81) RI groups (Fig. 2G and
).

.2. Zebrafish object exploration

Previous studies have defined exploration as the time that the
nimal spends in close proximity to the objects. In rats, sniffing,
awing, and climbing over an object are all indexed as behaviours
hat indicate an interest in the object [1]. Therefore, we calculated
he time that the zebrafish spent in close proximity to the objects
nd used this as an index of preference. In T1 there were signifi-
ant differences (Kruskal–Wallis statistic 26.54) for time spent near
he objects between the 1 vs. 10 (P < 0.01), 5 vs. 10 (P < 0.001), and

 vs. 30 (P < 0.05) min  RI groups (Fig. 3A). All other comparisons
ere not significant in T1. Since the time spent exploring in T1 was

ess in the 10 min  RI group compared to 1 and 5 min  RI groups, the
ecreased exploration in the 10 min  RI group may  have led to a lack
f object preference in T2. To determine whether this was  the case,
e compared exploration time (ET) to familiar object preference

D1O). There was a significant correlation between exploration and
bject preference for 1 (r = 0.28, P < 0.05, n = 51) and 5 min  (r = 0.47,

 < 0.001, n = 61) RIs (Fig. 3B and C). However, we  correlated the
ighest exploration times from the 10 min  RI group (ET1 = 45 ±

 s, n = 10) with their preference values and found no significant
orrelation (r = 0.27, P = 0.45, n = 10; Fig. 3D).

.3. Zebrafish Mobility and Distance Traveled

The total distance traveled during T1 and T2 is shown in Table 2.
here were significant decreases in distance traveled from T1 to T2
or the 1 (P < 0.001, n = 51), 5 (P < 0.001, n = 61), 15 (P < 0.05, n = 48),
nd 30 (P < 0. 01, n = 15) min  RI groups, but not for the 10 min  RI
roup (P = 0.26, n = 13; Table 2). Immobility was  significantly dif-
erent between T1 and T2 for the 1 (P < 0.001, n = 51) and 5 min

P < 0.01, n = 61) RI groups only (Table 2). No significant differences
etween T1 and T2 were found in time spent immobile for the 10
P = 0.14, n = 48), 15 (P = 0.59, n = 13), and 30 min  (P = 0.14, n = 15) RI
roups.
did  not prefer the familiar object in T2 following a 10 min  RI. *P < 0.05. **P < 0.01.
***P  < 0.001.

3.4. Nicotine increases object preference
Next, we  used a pharmacological approach to validate the use of
our testing procedure for object preference. Since zebrafish did not
demonstrate object preference with a RI of 15 min, we  used this
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Fig. 4. Nicotine enhances familiar object preference in zebrafish at an immersion dose of 50 mg/L.
The  time in s the fish spent in close proximity to the objects was  analyzed. A heat map  of a representative fish from the no nicotine (0 mg/L) condition is shown (A; top).
Brightest areas are where the fish spent the most time. Without drug exposure, fish swam everywhere in the tank in T2. That is, the fish did not show an object preference
after  a 15 min  RI. This can also be seen in the track plot below, where the lines show the exact swimming pattern of the fish (A; bottom). In contrast, when the fish were
exposed to a low dose of nicotine (50 mg/L), the fish showed a clear preference for the familiar object in T2, with some fish swimming exclusively near the familiar object (B;
top)  and only venturing out occasionally near the novel object (B; bottom). Quantification of the data showed discrimination indices D1O (C; P < 0.01) and D2O (D; P < 0.001)
w  from 

fi dices 

( ure, sh

i
o
N
a
a
t
o
i
t
s
(
D
u
l
f
p
(
o

o
F
g
P

ere  significantly different from 0 and D3O (E; P < 0.001) was  significantly different
sh  spent in the tank zones containing the objects was  analyzed. Discrimination in
H; P < 0.001) was significantly different from 0.5 only after 50 mg/L nicotine expos

nterval to test the effect of nicotine (50 mg/L), which was previ-
usly shown to enhance novelty preference in a 2D version of the
OP test [8]. We  wanted to know if nicotine would enhance the
bility of zebrafish to discriminate between 3-dimensional objects,

 significantly more challenging test, as neurons must work harder
o maintain the representation of complex objects than simple
bjects in short-term memory [37]. Consistent with earlier find-
ngs, discrimination indices based on time spent in close proximity
o the objects (D1O, D2O, and D3O) indicated control fish did not
pend more time with either object in T2 (Fig. 4A). Neither D1O
P = 0.12) nor D2O (P = 0.07) were significantly different from 0, and
3O (P = 0.07) was not different from 0.5, indicating a lack of stim-
lus preference. Conversely, when the fish were administered a

ow dose of nicotine (50 mg/L), the fish spent more time near the
amiliar object than the novel object (D1O, P < 0.01; Fig. 4B). This
reference was also statistically shown for D2O (P < 0.001) and D3O
P < 0.001), demonstrating that acute nicotine exposure enhanced
bject preference (Fig. 4C–E).

Second, the time the fish spent in the zones containing the
bjects was used to calculate the discrimination indices (D ;
Z
ig. 4F–H). In this case, the discrimination indices for the 50 mg/L
roup were significantly different from 0 (D1Z, P < 0.01; D2Z,

 < 0.001) and 0.5 (D3Z, P < 0.001), whereas no preference was  found
0.5 only when 50 mg/L of nicotine was administered. Furthermore, the time in s the
D1Z (F; P < 0.01) and D2Z (G; P < 0.001) were significantly different from 0 and D3Z

owing nicotine’s possible function as a memory enhancer. **P < 0.01. ***P < 0.001.

for the control group (D1Z, P = 0.2653; D2Z & D3Z, P = 0.1776). In
other words, the findings with zones also suggested that acute
nicotine induces stimulus preferences..

3.5. Nicotine decreases object exploration

Exploration in T1 was markedly reduced by 50 mg/L nicotine
administration (data not shown). In T1, there was a significant
difference in time spent near the objects between the control
(146 ± 10.1 s, n = 21) and 50 mg/L nicotine group (80 ± 9.77 s, n = 15;
P < 0.001).

3.6. Nicotine does not impact mobility and distance traveled

The average distance the fish swam and the time the fish spent
immobile is shown in Table 3. There was  a decrease in the distance
traveled between T1 and T2 for the 0 mg/L (P < 0.05) group, but not
for the 50 mg/L nicotine group (P = 0.79). There was no significant
difference in immobility between T1 and T2 for fish in the 0 mg/L

(P = 0.12) or the 50 mg/L (P = 0.46), groups. To determine if nicotine
influenced the locomotor ability of the fish, distance traveled and
immobility were compared between groups for both T1 and T2. No
significant differences on T1 (P = 0.13 for distance and P = 0.29 for
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Table  2
Effect of varying RIs on distance traveled and immobility.

Distance traveled (cm) Immobility (s)

RI (mins) T1 T2 T1 T2
1  3211 ± 94*** 2712 ± 88 32.3 ± 3.1*** 46.1 ± 3.5
5  3408 ± 83*** 2946 ± 98 35.6 ± 3.6** 48.0 ± 4.5
10 3078 ± 98 2966 ± 137 32.9 ± 5.8 36.6 ± 5.6
15 2774 ± 236* 2282 ± 215 36.0 ± 7.0 50.6 ± 14.8
30  2823 ± 161** 2282 ± 168 22.6 ± 5.7 39.6 ± 7.5

Distance traveled was  reduced in T2 compared to T1 following 1, 5, 15, and 30 min
RI  and time spent immobile increased in T2 following 1 and 5 min  RI, suggesting
the fish were more anxious in T2, presumably due to the introduction of the novel
object, which was perceived as a potential predator.

* P < 0.05.
** P < 0.01.

*** P < 0.001.

Table 3
Effect of Nicotine on distance traveled and immobility.

Distance traveled (cm) Immobility (s)

Nicotine dose (mg/L) T1 T2 T1 T2

0 2329 ± 173*2012 ± 240 67.2 ± 13.283.8 ± 9.6
50  1968 ± 1272011 ± 139 86.2 ± 9.7 73.6 ± 12.5

Distance traveled was lower inT2 relative to T1 following a 15 min RI, as seen pre-
viously. This was  not seen in the nicotine administration condition. No significant
differences on the distance traveled or immobility were found between the 0 mg/L
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nd  50 mg/L groups. Therefore, nicotine does not appear to have affected the motor
unction of the fish.

* P < 0.05.

mmobility) or T2 (P = 0.35 for distance and P = 5128 for immobility)
ere found on either measure.

.7. Leopard danios object preference

Leopard danios displayed a familiar object preference in T2
Fig. 5). Unlike zebra danios, which preferred the familiar object
t 1 and 5 min  RIs (Fig. 3), leopard danios preferred the familiar
bject only at (D1O) for 1 min  (P < 0.01, n = 15) and not at 5 min
P = 0.23, n = 24). Leopard danios also showed no preference at
0 min  (P = 0.68, n = 16) RIs. D2O and D3O were in line with this
nding with the fish preferring the familiar over the novel object
t 1 min  (P < 0.05) but not at 5 min  (P = 0.27) or 10 min  (P = 0.65)
Is. Leopard danios also spent more time in the zone containing
he familiar object than in the zone containing the novel object
hen the RI was 1 min  (D1Z P < 0.01). The fish spent an equivalent

mount of time in either zone at 5 min  (D1Z P = 0.39) and 10 min
D1Z P = 0.70) RIs. Results from D2Z and D3Z corresponded with
1Z at 1 min  (P < 0.001), 5 min  (P = 0.24), and 10 min  (P = 0.83). RIs
reater than 10 min  were not tested with this fish strain.

.8. Familiar object preference depends on the object

Zebrafish behavioural responses to a set of small objects and a
et of large objects was assessed in the object preference test. A

 min  RI was used, as fish from two different strains of D. rerio were
ound to remember and prefer the familiar object at this RI. The
ebrafish did not spend more time swimming near the small green
nd grey object or the red and blue object (Fig. 1B). Discrimination
ndices D1O and D2O were not significantly different from 0 (P = 0.82
nd P = 0.90 respectively) and D3 O was not significantly different
rom 0.5 (P = 0.90). The zebrafish also did not spend more time in
he zone containing either small object. D1Z and D2Z were not sig-

ificantly different from 0 (P = 0.95 and P = 0.87 respectively) and
3Z was not significantly different from 0.5 (P = 0.87). Similar find-

ngs were obtained when large objects were used instead of small
nes. No significant differences from the chosen theoretical means
search 296 (2016) 199–210 205

were found for D1O (P = 0.42), D2O (P = 0.29), and D3O (P = 0.29), and
D1Z (P = 0.37), D2Z (P = 0.40), and D3Z (P = 0.40). That is, the fish did
not spend more time in close proximity to or in the zone containing
either of the distinct larger objects (Fig. 1C). These data combined
show that zebrafish do not exhibit a familiarity preference when
the stimuli are either small or large (Fig. 6), in contrast to what was
observed with intermediate-sized stimuli.

4. Discussion

We modified the commonly used NOP paradigm for rodents.
Two identical objects were presented to zebrafish in a tank in trial
1 (T1). Then, a time delay, or retention interval, of 1, 5, 10, 15, or
30 min  was  imposed before the start of trial 2 (T2). In T2, the fish
were reintroduced to the tank and exposed to a new object along-
side the object shown in T1. The time the fish spent exploring the
novel object compared to the familiar object was  recorded, similar
to rodent protocols [13,16,19]. Here we show that the quantifica-
tion of object preference in zebrafish can be measured by analyzing
the time spent in zones containing the object and/or by measuring
the time spent in close proximity to the object.

We found that zebrafish (D. rerio) demonstrate a preference for
complex, intermediately-sized familiar objects with RIs of 1 and
5 min, but not for RIs≥10 min. A significant difference in the time
spent exploring the novel versus familiar object is commonly used
to indicate memory of the familiar object. Thus, familiarity prefer-
ence in zebrafish is likely to reflect object recognition. To test the
robustness of this effect and ensure that the results were not only
applicable to a single zebrafish strain, the experiment was repeated
with leopard danios. Leopard danios are zebrafish morphs with a
spotted skin pattern instead of the characteristic “zebra” stripes due
to a mutation in a connexin gene [69]. Object preference occurred at
RIs of 1 min  in leopard danios, demonstrating that the fish were able
to discriminate between the new object and the object the fish had
previously encountered. Leopard danios did not exhibit stimulus
biases at RIs≥5 min. These findings show that two different strains
of zebrafish are capable of remembering and recognizing objects,
and also point to cognitive and behavioural differences between
fish strains likely arising from genotypic distinctions [14].

In the rodent version of the test, rats typically spend more time
exploring the novel object than the familiar object [16,19]. Inter-
estingly, zebrafish spent more time near the familiar object, which
suggests that they are neophobic, akin to young guppies [42]. Such
a response stands in contrast to Braida et al. [8], who  reported
zebrafish prefer novel to unfamiliar shapes (2.5 cm2) on an iPod
display in a virtual object recognition test. In line with Braida et al.
[8], Lucon-Xiccato and Dadda [36] showed zebrafish have a ten-
dency to explore the new object between a sphere (1.8 cm ∅)
and a hexagonal prism (4 cm tall × 0.5 cm wide) in a modified ver-
sion of the NOP test. These discrepant results may  be due to the
relative size of the objects to the fish, which is much greater in
our study compared to the stimuli used by Braida et al., but only
slightly greater than that used by Lucon-Xiccato and Dadda. Indeed,
zebrafish larvae make an orienting response toward small moving
stimuli but react to larger spots with aversive turning, presumably
a switch from prey capture to predator avoidance behaviour [4].
Thus, the stimuli to discriminate in the present study may have
triggered a predator fear response (see below). Furthermore, the
objects used by Braida et al. were 2-dimensional white on black
geometrical shapes. The shape edges may  have been reminiscent
of the dark stripes of conspecific fish. Also, zebrafish have a natural

preference for dark environments [58], which the mostly black vir-
tual displays may  have evoked. Finally, Lucon-Xiccato and Dadda
employed a different approach to the NOP paradigm, which com-
monly involves presenting two identical objects in T1 followed
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Fig. 5. Leopard danio exhibit a familiar object preference following 1 min but not 5 or 10 min  retention intervals (RIs).
The  time in s leopard danios spent near the objects was  analyzed at 1, 5, and 10 min RIs. Discrimination indices D1O and D2O (A and C) were significantly different from 0
and  D3O (E) was significantly different from 0.5 at a 1 min  RI. The significance value was P < 0.01 for D1O and P < 0.05 for D2O and D3O. In addition, the time in s the fish spent
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n  the tank zones containing the objects was measured. Discrimination indices D1Z

ifferent from 0.5 (P < 0.001) using an inter-trial delay of 1 min. In other words, the fi
 min, showing that, like zebra danios, leopard danios can remember objects. *P < 0

y the replacement of one of the objects with a new object in T2
16]. Instead, Lucon-Xiccato and Dadda introduced a single object
uring the familiarization phase, and added a novel object in the
est phase. This methodological change possibly decreased the
tress levels of the fish, as there was a large safety zone (i.e., the
mpty side of the tank) during familiarization. In fact, presmolt
tlantic salmon reared in an environment without shelter have
igher plasma cortisol levels than salmon reared with a shelter [45].
tress attenuation could be related to increased boldness in the
orm of novelty-approach in the Lucon-Xiccato and Dadda study, as
old behavioural phenotype in zebrafish is associated with reduced
ranscription of stress-associated genes [49].

Zebrafish exhibited familiarity preference when the RI was 1 or
 min  but not 10, 15, or 30 min. This demonstrates that zebrafish
ecognized the familiar object after an inter-trial delay of 1 or 5 min.
hese results differ from Braida et al. [8] and Lucon-Xiccato and
adda [36], in which zebrafish recognition memory lasted as long
s 24 h. Such inconsistencies may  be accounted for by the fact the

ebrafish were sourced from different suppliers, and the stimuli
sed by Braida et al. and Lucon-Xiccato were simple shapes which
ay  have been easier to encode and remember than the complex

EGO®. However, how the fish encode and retrieve visual details
d D2Z (D) were significantly different from 0 (P < 0.01) and D3Z (F) was significantly
ent more time swimming in the vicinity of the familiar object only when the RI was
P < 0.01. ***P < 0.001.

(e.g., by using gross visual features such as shape) cannot be inferred
from the present findings. In addition, the exposure phase in the
study conducted by Lucon-Xiccato and Dadda was 25 min  long, over
twice as long as T1 in our study. As raised by the authors, this could
have allowed the fish to encode a more lasting representation of
the familiar object up to 24 h. In human subjects, working mem-
ory capacity decreases with increasing complexity of visual stimuli,
but this correlation declines if the subject is allowed to view the
stimulus for longer duration [15].

We  also observed decreased investigatory behaviour in T1 and
T2 with a RI of 10 min  relative to other RIs. It could then be argued
that lowered exploration in T1 resulted in the lack of object prefer-
ence in T2 for the 10 min  RI group. However, there was a significant
correlation between the duration of object exploration in T1 and
the magnitude of object preference in T2 for the 1 min  and 5 min
RI groups. In other words, the more time the fish spent explor-
ing the stimuli during familiarization, the stronger the familiarity
preference was  in the test phase. This occurs presumably because

prolonged viewing results in enhanced stimulus encoding [15].
As such, we  would expect that fish of the 10 min  RI group with
investigatory behaviour comparable to that of the 1 and 5 min  RI
groups, would also display familiarity preference. Nevertheless,
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Fig. 6. Zebrafish do not show object preferences when very small or large objects are employed in the Novel Object Preference Testest. (For interpretation of the references
to  colour in this figure legend, the reader is referred to the web  version of this article.).
Testing procedures were identical to those employed with the biker and knight figures with a RI of 1 min. Small object discrimination indices were not significantly different
from  0 (D1 and D2) and 0.5 (D3), indicating a lack of preference for either the green and grey or the blue and red object (C). Similarly, large object discrimination indices
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ere  not significant irrespective of whether zones or boxes data was  used to calcul
ontaining the fireman or the swordsman (D). Together these results suggest that i
aradigm.

here was no correlation between the highest exploration values
nd the corresponding preference indices of the 10 min RI group.
urthermore, the D2 and D3 measures were not significantly dif-
erent from chance and are independent from exploration, as these

easures take into account the total exploration of the animal
2]. In fact, in studies involving low exploratory levels it is recom-

ended that D2 or D3 (not D1) be used to calculate discrimination.

ltogether, our data suggest that zebrafish object memory is lost
fter a 10 min  RI with the current experimental setup. Zebrafish
ikely display familiarity preference in our study, because the fish
erceive the LEGO® figures as predators. Adult zebrafish display a
e indices. That is, the fish did not spend more time swimming near or in the zones
ediate-sized objects are ideal for testing zebrafish in the present object preference

broad range of defensive anti-predator behaviours, such as freezing
[61], thigmotaxis (lingering near the bottom or sides of an aquar-
ium; [34]), and avoidance of bright backgrounds [7,58]. Recent
work demonstrates that anxiety can be assessed in zebrafish based
on the exploration of novel objects [63]. In this research, an anx-
iogenic response is quantified by increased latency to approach
the novel object, reduced time spent near the novel object, and

reduced frequency of novel object approaches [43,47,72,73]. Stud-
ies employing such a paradigm have found that wild-type zebrafish
are less willing to explore an unfamiliar object than zebrafish that
have been raised in the laboratory for many generations. In the
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resent study, wildtype zebrafish were used, consistent with these
esults (e.g., [47].

Lack of mobility can also be used as a measure of anxiety in both
ebrafish and rodents [52,63]. In our experiment, zebrafish swam

 shorter distance and displayed more freezing behaviour in T2
elative to T1 for the 1 and 5 min  RIs. Thus, the fish may have experi-
nced higher anxiety levels in T2; perhaps, due to the introduction
f the novel object in T2, which we hypothesize was perceived as a
otential predator.

Response features to living and model predators are influenced
y factors such as predator size and approach velocity [4,12]. In
ddition, zebrafish can display novelty preference in the object
ecognition test, if small and simple 2- or 3-dimensional shapes
re employed [8,36]. To investigate these factors further, we tested
ebrafish in the NOP test with a 1 min  RI and manipulated the size
nd elaborateness of the objects. A 1 min  RI was chosen because
ebrafish were previously shown to remember the familiar object
the biker or the knight) at this RI. Therefore, the fish were expected
o form object memories even when the type of object was  varied.
wo different sets of objects were used: small, simple objects or
arge, complex objects. The fish did not display familiar or novel
bject preferences regardless of what set of objects was  tested.
his result likely does not reflect a lack of object memory, but
ather a failure to manifest memory in a behavioural manner. In
ther words, it is possible that the fish remembered the familiar
bject presented in T1 but the nature of the objects prevented them
rom showing preferences in T2. The operational definition of object

emory in the NOP test is object preference. However, factors such
s a lack of interest in the objects, which may  have been the case
ith the small objects, could have caused the fish to ignore both

bjects in T2. Alternatively, fear of the objects, as may  have been the
ase with the large objects, could have caused the fish to avoid both
bjects; thus, masking the recollection ability of the fish. This study
lso suggests that intermediate-sized stimuli, such as the biker and
he knight, are optimal for the induction of familiarity preference
n our present paradigm.

The development of zebrafish learning and memory tests
rovides a means for testing the effects of pharmacological manip-
lations of memory. In the present study, zebrafish behaviour in the
OP test was tested after acute nicotine exposure. Nicotine delivery
t 50 mg/L restored familiarity preference after a 15 min  inter-trial
elay. One possible interpretation for this finding is that nicotine

mproved the memory of the fish for the familiar object, and, hence,
he fish were more interested in the familiar than novel object in the
est trial. This interpretation is consistent with a nootropic effect
f nicotine in other zebrafish research [32]. Nicotine also seems
o improve recognition memory in zebrafish in the virtual object
ecognition test [8], in the rat NOP test [55], and the ability of non-
moking humans to identify novel stimuli in an episodic memory
est [29].

Nicotine also decreased the time the fish spent in close proxim-
ty to the objects in T1, which may  be due to increased stereotypical
ehaviours, like circling and erratic movements outside the boxes
efined with EthoVision XT. This idea is in line with studies show-

ng nicotine can promote repetitive patterns of behaviour in object
xploration tests in rodents [51]. In contrast, nicotine did not reduce
he distance swam by the fish or freezing duration relative to the no
rug condition (Table 3), coinciding with results showing that acute
icotine treatment does not equally alter all measures of activity in
odents [31]. For example, in rats, acute nicotine delivery increases
istance traveled in a dose-dependent fashion, while stereotypies
re increased by all doses (0.1, 0.2, or 0.4 mg/kg; [31].
Our study points to a nootropic nicotinic effect in zebrafish
cross a wider variety of assays and memory modules than cur-
ently established. It also suggests that the zebrafish NOP paradigm
an be used to test other pharmacological agents, genetic manip-

[

[
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ulations, and experimental lesions. Still, it should be considered
as a caveat, that failure to display an object preference does not
necessarily reflect a failure of recognition [19]. Investigatory pref-
erence may  be confounded by attracting or phobic responses to
objects [17,18]. In addition, novelty detection may  induce phys-
iological changes that the experimenter cannot observe directly
[28]. Consequently, it is important that NOP studies be corrobo-
rated by other studies of object recognition. A fish variant of the
matching-to-sample task might be a suitable option [20].

Nevertheless, the greatest advantage conferred by the zebrafish
NOP test is that it measures an aspect of memory different from
tests employing reinforcers and punishers. Hence, the zebrafish
NOP test can be used to elucidate broad-spectrum memory effects.
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