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Anxiety in zebrafish can be determined by examining their bottom-dwelling and light-avoidance behavior. This study
determines the effects of physostigmine and scopolamine on anxiety in zebrafish by measuring swimming frequency
for three horizontal layers and three vertical columns of a water test tank illuminated by a light source located above
the central surface of the tank. In the 1 h session, zebrafish in the control group preferred the bottom layer the most
and the center column the least. Zebrafish treated with 2�20 mM physostigmine were more likely to prefer the top
layer than controls, and there were significant pairwise differences between physostigmine-treated zebrafish and
controls, indicating the anxiolytic effect of physostigmine. Further, 10 and 20 mM physostigmine-treated zebrafish no
longer avoided the center column. Scopolamine had no anxiolytic effect on bottom-dwelling and light-avoidance
behaviors but suppressed the anxiolytic effect of physostigmine. In terms of their preference for various zones formed
by layers and columns, zebrafish in the control group preferred the bottom left and right zones the most.
Physostigmine had a positive effect on the preference for the top center zone, which was suppressed by scopolamine
pretreatment. The results suggest that the level of anxiety in zebrafish can be reduced by activating acetylcholinergic
neurotransmitter systems, which is mediated in part by muscarinic receptors.
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Introduction

The cholinergic system is known to perform a critical

role in the emotion and cognition of mammals. For

example, Alzheimer’s disease (AD), an age-associated

neurodegenerative disorder related to the dysfunction

of the cholinergic system (e.g. the loss of cholinergic

neurons in the basal forebrain and the hippocampus),

can lead to memory loss and cognitive deficits in the

elderly population, which can be accompanied by

neuropsychiatric disorders such as anxiety and apathy

(Auld et al. 2002; Schliebs 2005; Wetzels et al. 2010).

Among various approaches that compensate for de-

creased cholinergic transmission for preventing cogni-

tive deficits in AD patients, acetylcholinesterase

inhibitors have been recognized to be at least modestly

effective in improving cognitive deficits by increasing

acetylcholine levels in the synaptic cleft and enhancing

the availability of cholinergic transmission. Physostig-

mine, an acetylcholinesterase inhibitor, has been shown

to reverse memory deficits in transgenic mice with AD

and zebrafish (Dong et al. 2005; Choi et al. 2011).

Other AChE inhibitors such as rivastigmine, donepezil,

and galantamine have been used to improve memory

deficits in humans and animals (Benetti et al. 2009;

Pepeu and Giovannini 2009). However, few studies

have examined the effect of AChE inhibitors on

anxiety, although it has been suggested that AChE

inhibitors may exert not only procognitive but also

anxiolytic-like effects on neophobia in rats

(Sienkiewicz-Jarosz et al. 2003).

Recently, anxiety models using zebrafish have been

developed for the study of the emotional process of the

brain. Such models are typically based on character-

istic behaviors that are assumed to be the manifestation

of anxiety, such as dive responses (e.g. bottom-dwelling

behavior), thigmotaxis (e.g. wall exploration), predator

avoidance, light/dark preferences, freezing, and erratic

movements (Gerlai 2010; Levin et al. 2007; Lopez-

Patino et al. 2008; Maximino et al. 2010a; Wong et al.

2010). Among these, dive responses and dark/light

preferences are two major behaviors that have been

frequently used for assessing the level of anxiety in

zebrafish (Champagne et al. 2010). Similar to the open

field test of rats, a simple model has been developed

based on the bottom-dwelling behavior of zebrafish

(Levin et al. 2007). This model assumes that when

zebrafish dive in a novel tank, they tend to stay at the

bottom until they become accustomed to the new

environment, at which point they tend to move toward

the surface. That is, the extent to which they dwell at

the bottom is indicative of the level of their anxiety.

Another innate tendency of zebrafish commonly used

for the study of anxiety is their preference for the

darker environment: scototaxis. In a recent model,

zebrafish are placed in a dark/light compartment in

which they are allowed to cross the barrier toward
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either the dark or light compartment (Maximino et al.

2010b). Then the duration of their stay in each

compartment or the number of their crossings is

measured. Here the anxiety level is inversely propor-

tional to the increased amount of time spent in the light

compartment.

In the context of acetylcholine systems of zebrafish,

it has been shown that the exogenous application of

nicotine, a nicotinic receptor agonist, has an anxiolytic

effect in the bottom-dwelling test, which is inhibited by

the nicotinic receptor antagonist (Levin et al. 2007).

However, it is unclear whether an endogenous increase

in acetylcholine availability in the synaptic cleft would

lead to an anxiolytic effect similar to that of nicotine.

The presence of acetylcholinesterase in the zebrafish

brain has been verified in several aspects. Electrophy-

siologically, physostigmine facilitates the electrically

induced field potential in the adult brain of zebrafish

and generates spontaneous discharges in the adult as

well as larvae brain of zebrafish (Park et al. 2008).

Histologically, neurons containing AChE are detected

in most areas of the central nervous system, including

the olfactory bulb, telencephalon, cerebellum, medulla

oblongata, and spinal cord (Clemente et al. 2004).

Behaviorally, it has been reported that in zebrafish,

scopolamine-induced learning deficits associated with

passive avoidance tasks can be reduced by pretreatment

with physostigmine (Kim et al. 2010).

Therefore, based on the above models, this study

determines whether physostigmine, an AChE inhibitor,

has an effect on the level of anxiety in zebrafish and

whether scopolamine, a muscarinic receptor blocker,

has antagonistic effects on physostigmine. This study

integrates the above two behavioral paradigms �
bottom-dwelling behavior and scototaxis � with minor

modifications to simultaneously obtain both the ver-

tical and horizontal positions. For this, the intersection

compartment between the light and dark compart-

ments present in previous models is eliminated. In-

stead, the light source is located at the top center part

of the tank, and thus the experimental chamber is

divided into three vertical areas: one illuminated center

area and two un-illuminated lateral areas. This allows

the model to be used for evaluating the scototaxis and

bottom-dwelling behavior of zebrafish based on simul-

taneously obtained information on their vertical and

horizontal positions.

Materials and methods

Animals

Adult zebrafish (approximately 2.5 cm long) were

purchased from a local fish shop and maintained at

28.091.08C with a 14 h light � 10 h dark cycle in

aquarium containers. Tap water that passed through a

multistage filtration system equipped with a sediment

filter, a post-carbon filter, and a fluorescent UV light

sterilizing filter was supplied to the containers (Zebra-

fish AutoSystem, Genomic Design, Seoul, Korea).

Water in the containers was aerated and kept at pH

7.0�8.0. Zebrafish were fed twice a day with flake food

and live brine shrimp ad libitum.

Test apparatus

Zebrafish were placed in a 2-liter plastic tank filled with

1 liter of water from the fish container. The trapezoid

test water tank was 24 cm long along the bottom, 25

cm long along the top, and 15 cm high. It was 7 cm

wide at the top, tapering to 5.5 cm at the bottom
(Figure 1). When the tank was filled with 1 liter of

water, the water reached 7.5 cm in depth. The frontal

surface of the water tank was marked using a thin

sticky tape to divide the tank into nine zones by

crossing three horizontal and vertical lines, which

included three layers (the top, middle, and bottom

layers) and three columns (the left, center, and right

columns). Because of the tank’s trapezoid shape, the
width of each column was adjusted to allow each zone

Figure 1. A test water tank from the frontal view for

behavioral testing in adult zebrafish. A light bulb is located

above the water surface.
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to have an equal volume of water. The three layers had

the same depth: 2.5 cm.

The LED lamp was located 7.5 cm above the

water surface in the center of the water tank. To

minimize the diffusion and reflection of the light on

the water surface, the lamp was surrounded by a 5

cm long black tube. The lamp, which was 5 mm in

diameter, was powered by a 2 V direct current (DC).
Four lamps were serially connected to be 25 cm apart

so that each was located in the center of each tank in

a series of four side-by-side test tanks. The room was

made dim by using a curtain that kept the illumina-

tion uniform and constant throughout the experi-

ment. The fish were identified by an observer using

recorded tape from a video camera (SHC-735,

Samsung, Korea) located 2 m away from the test
tank. The observer made hatch marks on the data

sheet to indicate the presence of fish in each

compartment every 1 min. Thus, a total 60 location

points were obtained from one fish for 1 h and

allocated to each layer, column, and zone. A trace of

locomotor activity was drawn by chasing the position

of the fish every minute for 1 h.

Drugs

Physostigmine was purchased from TOCRIS (Ellisville,

MO, USA), and scopolamine from Sigma-Aldrich (St.

Louis, MO, USA). Both were dissolved at a high

concentration (100 mM) in distilled water and then

diluted at final concentrations in water from the
aquarium container.

Experimental design

The experiment was conducted by measuring bottom-

dwelling and light-avoidance behaviors of zebrafish for

1 h for four experimental groups: the control, physos-
tigmine-treated zebrafish, scopolamine-treated zebra-

fish, and physostigmine-treated zebrafish with 1 h of

scopolamine pretreatment.

For control, fish were placed in a beaker with 200

ml of tank water for 1 h in the dimly lit room. Then

they were transferred using a fish net to the test

water tank illuminated from the top and then were

videotaped for 1 h (n�30). Their vertical and
horizontal positions were recorded every 1 min. To

test the dose effect of physostigmine on bottom-

dwelling and light-avoidance behaviors, fish were

placed for 1 h in a beaker with 200 ml of tank

water containing 1, 2, 5, 10, and 20 mM physostig-

mine (n�10�12). To test the dose effect of scopola-

mine on bottom-dwelling and light�avoidance

behaviors, the fish were also placed for 1 h in a
beaker with 200 ml of tank water containing 100

(n�12) and 200 (n�12) mM scopolamine. For

physostigmine-treated zebrafish with scopolamine

pretreatment, they were treated with 10 mM physos-

tigmine after their 1 h pretreatment with 100 mM

scopolamine (n�12). Once the drug was adminis-

tered, it was present in the test water tank during the

1 h session.

Freezing behavior is defined as being stationary at
the floor of the water tank over 1 second without eye or

gill movement (Cachat et al. 2010). The number of

instances and the duration of freezing, which are

directly proportional to anxiety level, were measured

during the 1 h session.

Statistical analysis

We conducted an ANOVA by using SAS (ver. 14)

software and followed it by post hoc Tukey and Fisher
LSD tests to determine the presence of significant

differences in swimming frequency among the treat-

ment groups.

Results

Layer and column preferences of zebrafish in the test
water tank

Zebrafish showed significant differences in swimming
frequency among the three horizontal layers,

preferring the bottom layer the most in the 1 h

session (F(2, 72) �11.48, PB0.001) (Figure 2A).

Further, zebrafish showed significant differences in

swimming frequency among the left, center, and right

columns, preferring the center column, which was

illuminated directly, the least (F(2,72) �3.60,

PB0.05) (Figure 2B). A representative trace of
locomotor activity from a control zebrafish is shown

in Figure 2C.

Effects of physostigmine and scopolamine on layer and
column preference of zebrafish

There were significant differences in swimming fre-

quency among layers for physostigmine-treated zebra-

fish (1 mM, F(2, 42) �69.32, PB0.001; 2 mM, F(2,

27) �0.08, P�0.9194; 5 mM, F(2, 30) �1.37,
P�0.269; 10 mM, F(2, 30) �12.38, PB0.001; 20 mM,

F(2, 42) �3.0, P�0.0608) (Figure 3A). The post hoc

Tukey test indicates that the top layer was the most

preferred layer, except for 1 mM physostigmine-treated

zebrafish, and that there were significant pairwise

differences between the control and physostigmine-

treated zebrafish (Fisher’s LSD was significant at the

5% level). There was also a dose effect on the layer
preference for 1�20 mM physostigmine. There were also

200 H. Cho et al.



Figure 2. Swimming frequency for three horizontal layers and three vertical columns. (A) The bars indicate the swimming

frequency for the top, middle, and bottom layers over the 1 h session. (B) The bars indicate the swimming frequency for the left,

middle, and right columns over the 1 h session. The data are represented as mean9SEM. * Post hoc Tukey test, compared to

swimming frequency for the bottom layer (A) and the center column (B) (P B0.05). (C) Typical representative trace images of

zebrafish locomotor activity in the 1-h session in a novel tank. Note the high locomotor activity in the bottom layer of the test

tank.
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significant differences in swimming frequency among

the three layers for scopolamine-treated zebrafish (100

mM, F(2, 33) �8.99, PB0.01; 200 mM, F(2,

18) �14.39, PB0.001) (Figure 3B). The post hoc Tukey

test indicates that the bottom layer was the most

preferred layer for scopolamine-treated zebrafish as

the control. There was no significant pairwise difference

between the control and zebrafish treated with 100 and

200 mM scopolamine.

In contrast to 10 mM physostigmine-treated

zebrafish without scopolamine pretreatment, 10 mM

physostigmine-treated zebrafish with 100 mM scopo-

lamine pretreatment did not prefer the upper layer

the most (F(2, 39) �2.08, P�0.139) (Figure 3C).

Physostigmine-treated zebrafish also showed signif-

icant differences in their column preference (1 mM, F(2,

42) �5.55, PB0.01; 2 mM, F(2, 27) �2.03, P�0.151; 5

mM, F(2, 30) �6.67, PB0.05; 10 mM, F(2, 30) �2.78,

P�0.078; 20 mM, F(2, 42) �0.4, P�0.670). Zebrafish

treated with 2, 10, or 20 mM physostigmine did not show

the center column avoidance, whereas those treated with

1 or 5 mM physostigmine preferred the center column

the least (Figure 3D). Therefore, the center-column

preference was significantly different between the con-

trol and physostigmine-treated zebrafish (F(5,

81) �4.07, PB0.01); zebrafish treated with 10 mM

physostigmine preferred the center column the most.

Scopolamine had no effect on column preferences;

Figure 3. Effects of physostigmine and scopolamine on the layer and column preference.(A�C) Swimming frequency for the top,

middle, and bottom layers. Physostigmine (5�20 mM)-treated zebrafish preferred the top layer the most (A). Scopolamine (100

and 200 mM)-treated zebrafish preferred the bottom layer the most (B). Zebrafish treated with 10 mM physostigmine after 100 mM

scopolamine pretreatment didn’t show the layer preference (C). * P B0.05, post hoc Tukey test in relation to swimming frequency

for the bottom layer at each corresponding dose. (D�F) Swimming frequency for the left, center, and right columns. Center

column avoidance was not shown in zebrafish treated with 2, 10, or 20 mM physostigmine (D). Scopolamine (100 and 200 mM)-

treated zebrafish preferred the center column the least (E). Zebrafish treated with 10 mM physostigmine after 100 mM scopolamine

pretreatment preferred the center column the least (F). * P B0.05, post hoc Tukey test in relation to swimming frequency for the

center column at each corresponding dose. (G�I) Typical representative traces of locomotor activity of zerbafish in the 1-h session

in a novel tank. Note increased locomotor activity in the upper layer in physostigmine-treated zebrafish.
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zebrafish treated with 100 or 200 mM scopolamine

preferred the center column the least (100 mM, F(2,

33) �10.48, PB0.001; 200 mM, F(2, 18) �2.03

P�0.161) (Figure 3E). Therefore, there were no sig-

nificant pairwise differences in the center-column pre-

ference between the control and scoploamine-treated

zebrafish (F(2, 41) �2.59, P�0.08). Zebrafish treated

with 10 mM physostigmine after 100 mM scopolamine
pretreatment preferred the center column the least (F(2,

39) �3.64, PB0.05) (Figure 3F). Representative traces

of locomotor activity also indicated that zebrafish

treated with 10 mM physostigmine preferred the upper

layer the most, which was reduced in 100 mM scopola-

mine-pretreated zebrafish (Figure 3G�I).

Effects of physostigmine and scopolamine on the
preference for nine zones

We further analyzed the effects of physostigmine and

scopolamine on bottom-dwelling and light-avoidance

behaviors by measuring swimming frequency for each

domain from nine zones composed of three layers and

three columns. There were significant differences in
preferences for these nine zones: the bottom left and

right zones were preferred the most in the control (F(8,

216) �5.38, PB0.001) (Figure 4A), indicating that

zebrafish preferred un-illuminated zones in the bottom

layer. Because the change in swimming frequency was

most evident in the top center zone, we examined the

preference for the top center zone by the control, 10

mM physostigmine-treated zebrafish, and 100 mM
scopolamine-treated zebrafish, which showed signifi-

cant differences (F(3, 58) �13.04, PB0.001) (Figure

4B). However, there was no significant difference in this

preference between the control and scopolamine plus

physostigmine-treated zebrafish.

Zebrafish treated with 100 or 200 mM scopolamine

preferred the bottom left and bottom right zone,

respectively (100 mM, F(8, 99) �4.37, PB0.001; 200
mM, F(8, 54) �2.57, PB0.001). There was no signifi-

cant difference in the preference for the top center zone

between the control and scopolamine-treated zebrafish

(F(2, 42) �0.31, P�0.737) (data not shown).

Number of instances and duration of freezing were

also decreased by 10 mM physostigmine, although they

were not significantly different from those of the

control (Figure 4C). The effect of physostigmine on
freezing was antagonized by 100 mM scopolamine

pretreatment, confirming that cholinergic neurotrans-

mission modulates anxiety level in zebrafish.

Discussion

Zebrafish showed bottom-dwelling and light-avoidance
behaviors when there was illumination from the center

of a novel water tank. Physostigmine had significant

effects on the bottom-dwelling behavior of zebrafish,

inducing the fish to prefer the top layer the most.

Physostigmine also reduced their light-avoidance

behavior, but scopolamine had no effect on their

bottom-dwelling and light-avoidance behaviors.

Further, scopolamine was antagonistic on effects of

physostigmine to reduce bottom-dwelling and light-

avoidance behaviors.

Gerlai et al. (2000) and Levin et al. (2007)
investigated the bottom-dwelling behavior of zebrafish

by measuring their vertical position in a novel water

tank over a 5�10 min period, not over a 1 h period that

the present study considers. Their fish spent more than

two-thirds of the time at the bottom of the test tank

over the 5 min session, ranging from 87% in the first

minute to 57% in the last minute (Levin et al. 2007).

They spent less time at the bottom in the 10 min

observation: 65% in the first minute at the bottom third

and 45% in the last minute (Gerlai et al. 2000). This
indicates that their surface exploration increased every

minute in the novel tank. When their vertical position

was observed for 1 h in this study, they stayed in the

bottom layer for approximately 50% of the period.

Together with previous results, the present results

indicate that the level of bottom-dwelling behavior

reached a steady state after 1 h in the novel test tank.

Physostigmine had significant effects on the top

layer preference. The amount of time spent in the top

layer increased from 20% of the session for the control

to 32%, 43%, and 65% for zebrafish treated with 2, 5,
and 10 mM physostigmine, respectively, and the amount

of time spent in the bottom layer decreased propor-

tionally from 48% to 33%, 26%, and 9%, respectively.

The anxiolytic effect of physostigmine was unlikely to

be mediated via a non-specific mechanism because it

was dose-dependent in a range of 1�10 mM physos-

tigmine treatment and was attenuated by pretreatment

with scopolamine, a muscarinic receptor antagonist, in

10 mM physostigmine-treated zebrafish. A dose of

physostigmine above 20 mM was not tested because
the field potential response evoked by an electrical

stimulus in the telencephalic area of the isolated

zebrafish brain was enhanced by 20�30 mM physostig-

mine, and furthermore spontaneous bursting activity

was developed in the presence of 100 mM physostig-

mine, therefore altering locomotor activity of the fish

(Park et al. 2008; unpublished data). To the authors’

knowledge, the present study is the first to examine the

effects of an acetylcholinesterase inhibitor on the level

of anxiety in zebrafish. Nicotine, a nicotinic receptor

agonist, has been shown to reduce bottom-dwelling
behavior from 87% to 31% in the first minute of a 5 min

session, suggesting an anxiolytic effect of cholinergic

activation (Levin et al. 2007). Mecamylamine, a
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nicotinic antagonist, has been shown to reverse nico-

tine-induced reduction in bottom-dwelling behavior.

Similarly, the tendency to spend time in the bottom

third of a novel tank over 80% of a 5 min session

has been shown to be significantly suppressed

through nicotine treatment, and methyllycaconitine

Figure 4. Effects of physostigmine and scopolamine on the zone preference. (A) The bars indicate the swimming frequency for

nine zones for the control. (B) Swimming frequency for the top center zone for the control and drug-treated zebrafish. * P B0.05,

post hoc Tukey test in relation to swimming frequency for the bottom center zone (A) and top center zone for the control (B). (C)

Number of instances and duration of freezing are plotted in the control and drug-treated zebrafish.
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and dihydro-b-erythroidine, subtype-selective nicotinic

receptor antagonists, have been shown to be able to

reverse this effect (Bencan and Levin 2008).

In addition to these studies, the present study

demonstrates an anxiolytic effect via increased endo-

genous cholinergic activation in zebrafish that is

comparable to that of nicotine. Because physostigmine

increases the amount of acetylcholine in the synaptic

cleft by inhibiting the hydrolysis of acetylcholine, its

anxiolytic effect is presumably mediated by the activa-
tion of both muscarinic and nicotinic cholinergic

receptors. For example, mecamylamine, a nicotinic

receptor antagonist, and pirenzepine, an M1 choliner-

gic receptor antagonist, have been shown to induce

anxiogenic effects such as exploratory activity in

rodents (Sienkiewicz-Jarosz et al. 2000). Similarly,

scopolamine, a muscarinic receptor antagonist, has

been shown to reduce the amount of time spent in

the central sector in the open test (Sienkiewicz-Jarosz et

al. 2000) and to increase the amount of time spent in a

black box in the black-white box test (Smythe et al.
1996), indicating the anxiogenic effect. These results

suggest that both nicotinic and muscarinic receptors

are involved in anxiety, although the extent of their

involvement in controlling anxiety remains unclear.

The results of this study indicate no anxiolytic effect

of scopolamine on bottom-dwelling and light-avoid-

ance behaviors but suggest an antagonistic relationship

between physostigmine and scopolamine. Further, the

results indicate no anxiolytic effect of physostigmine in

the presence of scopolamine, suggesting the involve-

ment of muscarinic receptors in the anxiolytic effect of
physostigmine on zebrafish. Similarly, the scopola-

mine-induced learning impairment was rescued by

physostigmine in a passive avoidance response learning

in the zebrafish (Kim et al. 2010). Thus, further

research is needed to clarify the effect of muscarinic

and nicotinic receptors on the anxiolytic action of

physostigmine. However, the anxiolytic effect of phy-

sostigmine has important implications in that the

corresponding doses can have positive effects on

cognitive functions such as learning and memory in

zebrafish (Kim et al. 2010). Of interest, physostigmine
exerted anxiolytic-like effects in the open field in rats

(Sienkiewicz-Jarosz et al. 2003). More recently, Zarrin-

dast et al. (2011) also reported anxiolytic-like effect of

physostigmine using an open field task in rats, which

was blocked by pretreatment with scopolamine, in line

with our results, and furthermore blocked by pretreat-

ment with dopamine D1 and D2 receptor antagonists,

suggesting that the physostigmine effect is mediated via

activation of dopamine receptors.

The anxiolytic effect of physostigmine became

clearer when swimming frequency was analyzed using
nine zones formed by three layers and three columns.

The bottom left and right zones were preferred the

most by the control. By contrast, physostigmine-

treated zebrafish preferred the top layer over the

middle and bottom layers, suggesting that physostig-

mine may have considerable influence on bottom-

dwelling behavior. Physostigmine-treated zebrafish be-

came less likely to avoid the center column, and thus

their most preferred layer changed from the bottom left

layer to the top center layer.

Physostigmine also decreased number and duration

of freezing behavior of zebrafish, but not significantly.

While freezing behavior is known as a valid indicator of

anxiety, our analysis of bottom-dwelling of zebrafish

demonstrated the effect of physostigmine reliably and

robustly.

In sum, previous studies of bottom-dwelling

behavior by Levin and his colleagues have demon-

strated that the activation of nicotinic receptors can

have anxiolytic effects on zebrafish. Extending their

studies, the present study demonstrates that increas-

ing the amount of acetylcholine in the physiological

environment of the synaptic cleft by blocking acet-

ylcholinesterase can also have an anxiolytic effect and

that physostigmine has an anxiolytic effect on light-

avoidance behavior, providing a deeper understanding

of the effects of acetylcholine on anxiety in zebrafish.
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