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Asymmetries in brain and behaviour have been demonstrated in numerous species representing all major
vertebrate taxa, and may be a universal feature of the vertebrate nervous system. While descriptions of
lateralization at the behavioural and neuroanatomical level are widespread, examples of correlation
between asymmetries in behaviour and neural structures remain relatively scarce. In the past few years,
the habenular nucleus has emerged as a potential site for the neural basis of some lateralized behaviours.
Here we investigate the relation between continuous individual variation in asymmetry of the habenulae
and behaviour in the detour task in the convict cichlid (Amatitlania nigrofasciata). We found that both
male and female convicts show a significant population-level bias towards relatively larger left habenulae.
We also show that habenular asymmetry is correlated with behavioural lateralization in both males and
females, but in opposite directions. This adds to previous studies showing both in convict cichlids and
other vertebrates an interaction between sex and lateralized behaviour. The results of this study increase
our understanding of the role of the habenula in lateralized behaviour and highlight the importance of a
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comparative approach to understanding the development and evolution of habenular asymmetry.

© 2011 Published by Elsevier B.V.

1. Introduction

Asymmetries in brain and behaviour have been demonstrated in
numerous species representing all major vertebrate taxa, and may
be a universal feature of the vertebrate nervous system [1-3]. The
ubiquity of behavioural asymmetries among all vertebrates stud-
ied so far suggests that it is an evolutionarily ancient adaptation
that may have important adaptive functions [4-6]. In support of
this hypothesis, it has been shown that more strongly lateralized
animals possess cognitive advantages [7], for example, lateralized
animals may be better able to attend to multiple stimuli simulta-
neously [8-10].

Understanding the neural underpinnings of lateralized
behaviour represents a major frontier for comparative
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lateralization research. While descriptions of lateralization at
the behavioural level are widespread, the examples of correlation
between behavioural lateralization and neural structure remain
relatively scarce (but see [11] for recent examples). A noteworthy
exception is found in the anatomy of the visual system in birds.
In chicks and pigeons, differential exposure to light of one eye
during development leads to an anatomical asymmetry in the
visual pathway, and this neural asymmetry is related to at least
some lateralized behaviours [12-14].

In the past few years, the habenular nucleus has emerged as a
potential site for the neural basis of some lateralized behaviours.
This paired structure is a component of the epithalamus, and lies
in the dorsal part of the diencephalon of all vertebrates [15].
The habenula is part of a highly conserved pathway (the dor-
sal diencephalic conduction system; [16]) that connects limbic
regions of the forebrain with motor circuits of the brainstem
(reviewed in [15-17]). The habenula appears to play a role in
a diverse array of functions including pain perception, olfaction,
feeding, mating and stress responses [17-19]. In mammals, the
habenula is involved with the motivational control of behaviour
[17,20]. In particular the habenula appears to be activated when
the outcome of behaviour is aversive or is less-rewarding than was
expected [17,20]. Activation of the habenula inhibits dopaminergic
reward systems downstream, and may act to inhibit responding
to non-rewarding stimuli [21]. Recent work suggests homology
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of structure and function between the piscine and mammalian
habenulae [22].

One major characteristic of the habenular nucleus is the marked
neuroanatomical and/or neurochemical asymmetries seen across
all major groups of vertebrates (reviewed in [23]). Among fish, rep-
tiles and amphibians habenular asymmetry tends to be pronounced
and consistent in its’ direction within groups, but variable between
them. For example, in lampreys and hagfishes the right habenula is
markedly larger than the left, while in chondrichthyes the opposite
is true [24-26]. A clear exception among the fish are the teleosts,
in which the habenula has been described mostly as bilaterally
symmetric, and only a few species have been reported to present
clear anatomical asymmetries [23]. In contrast to the constancy of
direction found in other groups, the teleost species that do present
habenular asymmetries exhibit both leftward and rightward biases
[23].

Zebrafish (Danio rerio) have served as a model for the study
of both the development of neuroanatomical lateralization in
vertebrates [27] and, more recently, the relation between brain
asymmetry and behavioural lateralization [28-30]. Wild-type
zebra fish typically have larger left habenulae [31], and several
authors have found concordance between the direction of later-
alization of the habenula and behavioural lateralization ([28,32,33]
but see [34] for negative results).

These studies make use of the frequent situs inversus (fsi) strain of
zebrafish, which results in an unusually high number of individuals
with completely reversed neural and bodily asymmetries including
the asymmetry of the habenular nucleus (resulting in rightward
rather than leftward biased habenulae). All of the aforementioned
studies treat habenular asymmetry as a dichotomous left-bias vs.
right-bias trait and test for associations between the direction of
this asymmetry and the behaviour of the individual.

Recently Reddon et al. [35] showed that in a cichlid fish,
Geophagus brasiliensis, there is continuous individual variation in
habenular asymmetry that appears to be correlated with growth
rate. Slow growing individuals tend to have leftward biased habe-
nula, whereas faster growing individuals tend to have larger right
habenula, and those with intermediate growth rates tended to
have symmetrical habenulae. Furthermore, they found a positive
correlation between strengths of the habenular and behavioural
asymmetries. This represents the only study to date to look for
a relationship between continuous natural variation in habenular
lateralization and lateralization of behaviour. Natural variation in
the asymmetry of the habenula within different species may pro-
vide an excellent opportunity to further investigate the correlation
between habenular asymmetry and behavioural lateralization. The
use of quantitative measurements of habenular asymmetry may
help to clarify conflicting results about the relation between the
direction of habenular and behavioural asymmetries [28].

The convict cichlid (Amatitlania nigrofasciata; formerly Archo-
centrus nigrofaciatus) is a monogamous and biparental Central
American cichlid fish [36]. Recently, convicts have been employed
as a model for the relation between individual variation in
behavioural asymmetries and individual variation in personality-
like characteristics. Reddon and Hurd [37] found that highly
aggressive male convicts tend to be consistently asymmetrical in
their behaviour while highly aggressive females tended to show
weak or inconsistent lateral biases. Less-aggressive individuals
showed the opposite pattern, with males being weakly biased in
their behavioural lateralization and females showing a stronger,
more consistent, bias. The relationship between behavioural asym-
metry and boldness has also been investigated in convicts. Bolder
individuals tend to be more consistently asymmetrical in their
behaviour [38]. Male and female convicts also differ in their lat-
eralization in response to emotionally conditioned stimuli. Males
tend to show more consistent asymmetries in viewing negatively

valent stimuli whereas females are more consistently lateralized in
response to positively valent stimuli [39].

Here we investigate the relation between continuous individ-
ual variation of asymmetry in the habenula of wild-type convict
cichlids and behaviour in the detour task, a commonly used test for
behavioural lateralization in fish [37-44]. To our knowledge this
will be the first attempt, to confirm the effects seen in Reddon et al.
[35] in a different species. Convict cichlids are a widely employed
model in the behavioural sciences and have recently been used as
a model system in the study of comparative lateralization. We pre-
dict thatindividual variation in habenular asymmetry will correlate
with individual performance in the detour task.

2. Materials and methods
2.1. Subjects

Subjects were adult convict cichlids purchased from local suppliers (22 females,
19 males). Prior to experimentation, subjects were housed together in a 440L
(183 cm x 48 cm x 50cm) aquarium with water temperature held constant at
25+1°Cand a 12:12 h photoperiod. Fish were fed daily on a mixture of prepared
cichlid foods. All fish were naive to all testing procedures at the beginning of the
study. All protocols were approved by the University of Alberta Biological Sciences
Animal Policy and Welfare Committee (protocol #544706).

2.2. Behavioural testing

Fish were assayed for behavioural lateralization using the detour task ([40]
described in detail in [37]). Briefly, the detour apparatus consisted of a large Plex-
iglas aquarium (195 cm x 30 cm x 29 cm) divided into two equal sections by a long
narrow channel (75 cm). The fish was placed in one of the two compartments with
the near end of the channel obstructed by a black Plexiglas door. A moveable barrier
consisting of a Plexiglas sheet (15 cm across with alternating black and clear verti-
cal bars approximately 0.75 cm wide creating a physical, but not visual, obstruction)
was placed just beyond the distal end of the channel. At the start of a trial, the door
was lifted and the fish was gently coaxed towards the opening of the channel using
a dip-net. The fish would swim down the channel until it reached the bared barrier
at which point it had to detour either left or right. A fish turning to the left fixates
on the open area using its right eye while a right turning fish uses its left eye (as the
opposite eye faces the opaque wall). Convicts, like most fish, have laterally placed
eyes that project almost entirely to the contralateral hemisphere [45,46]. Measuring
asymmetries in eye use is a well-established method for measuring asymmetries in
hemisphere use in fish [42,46,47]. Each fish received ten trials, with successive trials
run in opposite directions though the apparatus (as in [40,44]).

A behavioural laterality index (LI) for the each fish in the detour apparatus was
calculated using the following formula:

__ rightturns — left turns
"~ rightturns + left turns

For example, a fish that made five left and five right turns would have an LI of
zero, while one that made 10 left turns would have an LI of —1.

Analysing only the mean signed laterality index for a group of animals may
obscure variation in the absolute strength of lateralization among the animals in
the group because strongly lateralized animals with opposite detour preferences
will cancel out when averaging [40]. Much previous work has suggested that the
strength, rather than direction, of lateralization may be the more functionally impor-
tant dimension [9,10,38,39,48,49]. Therefore, we calculated the absolute LI as a
measure of an individual’s strength of lateralization in the detour task.

2.3. Neuroanatomical measurements

Immediately following behavioural testing, fish were sacrificed by placing them
in a 0.2% solution of 2-phenoxiethanol (p-1126, Sigma, St. Louis, MO). They were
then decapitated and the head was immersed in 4% paraformaldehyde in phosphate
buffer pH 7.4. After 2-3 weeks the brain was extracted from the skull, embedded in
gelatin, and placed in 30% sucrose in 0.1 M PB for cryoprotection. Using a freezing-
stage microtome, 30 pm sections were collected in 0.1 M phosphate buffered saline
and mounted onto gelatinized slides. After air-drying, the slides were stained with
thionine, dehydrated through a graded ethanol series, cleared in Hemo-D, and cover-
slipped with Permount.

Sections were viewed with a compound light microscope (Leica DMRE, Rich-
mond Hill, ON). Images were acquired using a Retiga EXi FAST Cooled mono 12-bit
camera (Qimaging, Burnaby, BC). Microphotographs of every section were taken
throughout the rostrocaudal extent of the each of the habenula and a control
area, the cortical pretectal nuclei (COPn). Measurements of the area of each side
of each of the nuclei were taken directly from these photos using Image ] (U.S.
National Institutes of Health, Bethesda, MD, USA, http://rsb.info.nih.gov/ij/). We
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calculated nucleus volumes by multiplying the area of the nuclei in each section by
the thickness of the section (30 wm) and then adding them together. Neuroanatom-
ical measures were made blind to the sex and behavioural score of the fish.

The cortical pretectal nucleus (COPn) was chosen as a control area because it is
similar in size to the habenula and because it has clearly defined margins, character-
ized by large, densely packed cells. The COPn is a component of the pretectum and
lays dorsomedial to the superficial pretectal zone. It has been shown to connect the
optic tectum with the nucleus glomerularis in the caudal diencephalon, suggesting
some role in visual behaviours [50].

Habenular measurements were taken from 18 males and 20 females. COPn mea-
surements were taken from 17 males and 20 females. Some nuclei could not be
measured on one, or both sides due to damage during preparation of the tissue, and
thus not all of the 41 behaviour-tested individuals have complete brain asymmetry
data.

One individual whose habenular asymmetry was 3.2 standard deviations from
the mean (sd calculated with the outlier included) was discarded from the cere-
bral morphology analyses as an outlier, as was another individual whose COPn
asymmetry was 3.4 sd from the mean (sd calculated with outlier included).

A laterality index (LI) was calculated for each nucleus in each individual using
the following formula:

_ volume right — volume left
~ volume right + volume left

Similar indices have been used previously for measuring asymmetries in brain
structures [51,52]. Absolute values were also computed in order to assess the overall
strength of asymmetry.

3. Results

The convict cichlid habenula was very similar in structure to
what has been previously reported for other species of cichlid fish
(Haplocromis burtoni[50]; G. brasiliensis [35]). Briefly, it consisted of
a cup-shaped protrusion into the third ventricle at the rostral-most
portion of the diencephalon, with a thick layer of small, darkly stain-
ing cells against the ventricular wall and a more lateral neuropil.
As in H. burtoni and G. brasiliensis, there was no apparent difference
between the dorsal and ventral portions of the nucleus (Fig. 1).

We found no difference in the asymmetry of the habenula
between that of males and females (t=0.69, df=26.8, p=0.49;
Figs. 2a and b, and 3a) and both had significantly larger left
habenula (males: one-sample t=—-4.6, df=15, p<0.0005; females:
one-sample t=-7.4,df=18, p<0.0001).

Male and female convicts differed in their behaviour in the
detour task (t=-3.6, df=36.3, p<0.001, Fig. 4a). Females exhibited
a significant tendency to turn left and thus bring the open area into
the right visual field while males preferentially turned right with

Fig. 1. Brightfield microphotograph of a coronal section through the habenula of a
female convict cichlid (Amatitlania nigrofasciata). In this individual, the left habenula
is 28.01% larger than the right. The laterality index is —0.123. Scale bar =200 pwm.

their left eye outward (one-sample t=2.8, df=18, p=0.01). Convict
cichlids have laterally placed eyes that project almost entirely to
the contralateral hemisphere, meaning that female convicts were
primarily processing visual information with their left hemisphere
while males were primarily using their right hemisphere when
examining the space they were entering. We found no differences
between males and females in the absolute strength of their lateral
bias (t=-0.32, df=30.7, p=0.75) and both male and female con-
vict cichlids are significantly biased at the individual level (males:
one-sample t=5.1, df=18, p<0.0001; females: one-sample t=7.5,
df=21, p<0.0001; Fig. 4b).

An ANCOVA with separate slopes analysis revealed a significant
interaction between sex and habenular asymmetry on behavioural
lateralization (F(1,31)=11.2, p<0.01, Fig. 5). In males the correla-
tion is significant, and positive (r=0.62,df=13, p=0.01). In females,
behavioural lateralization shows no significant correlation with
habenular asymmetry (r=-0.27, df=15, p=0.30). As mentioned
above, we found a significant bias towards larger left habenula
in both sexes, and only a few individuals presented right biased
habenula. As a result, males with symmetrical or slightly right
biased habenula tend to turn right, with their left eye out and
use their right hemisphere for processing the visual information.
Even though the correlation was not significant, females appeared
to show the opposite tendency, with individuals whose habenu-
lae were right biased or relatively symmetrical habenulae tending
to turn left and hence use their left hemisphere. An ANCOVA with
separate slopes analysis showed no effect of habenular asymme-
try or sex in absolute LI, the strength of behavioural lateralization
(F(3,28)=1.742,p=0.1812).

We measured the COPn as a control nucleus and found that the
average absolute laterality index of the habenula (0.075 +0.008)
was significantly larger than in the COPN (0.042 +0.005; t=-5.6,
df=33, p-value «0.0001) and found no correlation between the
laterality index of the habenula and the COPn (r=-0.27, df=32,
p=0.12). There was no relation between COPn LI and behavioural
lateralization (r=0.04, df=37, p=0.84).

4. Discussion

In this study we found that in both male and female convict
cichlids there is a significant population bias towards a relatively
larger left habenula. Within this pattern, we found a large varia-
tion in the magnitude of the asymmetry, with some individuals
showingrelatively symmetrical habenula and even some rightward
biased individuals (see Fig. 2). We found that the habenula is sig-
nificantly more asymmetrical than our control region, the COPn
(Fig. 2). Furthermore, asymmetries in the Hb and the COPn were
uncorrelated, indicating that the differences between left and right
side are exclusive to the habenula and not part of a more general
brain asymmetry.

Previously, Reddon etal. [35] had found in another cichlid fish (G.
brasiliensis) that, individuals showed an asymmetry of the habenula
of similar magnitude, but found no population bias in the direc-
tion of this asymmetry. Fernald and Shelton [50] found that in a
qualitative assessment of a small sample of the African cichlid H.
burtoni, the right habenula appeared slightly larger. Collectively,
these results suggest that the cichlid family presents a large varia-
tion of habenular asymmetries.

The developmental mechanism leading to habenular asymme-
try has been extensively studied in zebrafish (reviewed in [53])
but little is known about what factors may be responsible for
interspecific variation in habenular asymmetries. Reddon et al.
[35] showed that in G. brasiliensis, the habenular asymmetry is
correlated with growth rate. Slow growing individuals present left-
ward biased habenulae while fast growing individuals exhibited
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Fig. 2. Distributions of laterality indices for the habenula and COPn by sex. (a)=Hb LI for males; (b)=Hb Li for females; (c)=COPn LI for males; (d)=COPn LI for females.

rightward biases. We are not able to speak to the potential effects
of growth rate on habenula asymmetry in convicts as the ages, and
hence growth rates of the fish in this study were not known.

In zebrafish, the position of the parapineal organ is a major
determinant of habenular asymmetry [54]. In teleosts, this
unpaired structure projects exclusively to the left habenula[31,55].
In zebrafish, it has been shown that ablation of the parapineal organ
during development results in symmetrical habenula [56]. In both
zebrafish and medaka (Oryzias latipes), it has been shown that the
areas in the left habenula that are innervated by parapineal axons
become increasingly complex and differentiate from their right
side counterpart [57,58]. Furthermore, it has been suggested that
assignment of parapineal position to the left might be implicated
in the asymmetric regulation of neurogenesis in the habenula [59].
It is likely that both intra- and interspecific differences in habenu-
lar asymmetry are related to the influence of the parapineal organ.
In fish, the parapineal organ is a directly photosensitive structure
(reviewed in [60]). In birds and mammals, it is well established that
light-dependent activity is essential for the normal development
of the main visual pathways ([61] and references within). Is pos-
sible that a similar mechanism operates during the development
of the parapineal-habenula pathway and that differences in light
exposure during development would influence the development
of habenular asymmetries. Consistent with this line of reasoning,
Budaev and Andrew [62] found that altering exposure to light dur-
ing development in zebrafish affected the expression of behavioural
lateralization later in life.

We also found that habenular asymmetry is correlated to
behavioural lateralization. Males with more symmetrical habenula
showed a significant bias for right turns, while females showed a

significantly different relationship, with more symmetrical habe-
nula being associated with an apparent bias towards left turns.
Males with more symmetrical habenula therefore generally pro-
cessed information about the open area with the right hemisphere
as it lies within the left visual field, and females with the left hemi-
sphere. We found no differences between males and females on
the strength of habenular asymmetry or behavioural lateralization.
Therefore, a male and a female with equally asymmetric habenula
presented the same magnitude of behavioural lateralization but in
opposite directions. Reddon et al. [35] found that in G. brasiliensis
males, the strength, but not the direction, of habenular asymmetry
is correlated with the strength of turn bias in this same task.

The complexity of the interaction between behavioural asym-
metry and habenular asymmetry may be explained in part by the
topography of the habenular afferents. The main target of the habe-
nula is the interpeduncular nucleus (IPN), a group of cells in the
ventral midbrain [15]. In the zebra fish and in the southern floun-
der (Paralichthys lethostima), tracing studies have shown that each
side of the habenula projects bilaterally to IPN, but that the left
habenula projects preferentially to the dorsal part of IPN, while the
right habenula projects preferentially to the ventral part [63-65].
In the zebra fish, the IPN is characterized by two kinds of neurons,
the first type have neurites restricted to either the dorsal or ventral
neuropil and therefore contact inputs only from the right or left
habenula, whereas the second type extend their neurites to both
dorsal and ventral neuropils thus integrating left and right inputs
[66]. Recent works by Agetsuma et al. [67] have shown that the dor-
sal and ventral IPN project to different regions of the raphe nucleus.
This implies that lateralized inputs from the habenula can be kept
separated further downstream and/or integrated at the same time.
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However, it is unknown how the habenulo-IPN-raphe pathway
interacts with other conduction systems to produce lateralization
of behaviour [34].

The sex-specific relation between the direction of asymmetry in
the habenula and the direction of behavioural lateralization found
in convicts cichlids (this study) and the indirect relation observed
in G. brasiliensis [35] contrasts with what has been found in stud-
ies using zebrafish. Barth et al. [32] showed that in fsi zebrafish,
in which a high percentage of individuals present situs inversus
(resulting in reversal of asymmetries in viscera and brain, includ-
ing the habenula), individuals present also reversal of some, but
not all, lateralized behaviours. Facchin et al. [34] found that artifi-
cial selection for behavioural lateralization affected the frequency
of individuals with reversed asymmetry in the habenula. Artifi-
cial selection for increased right eye (left hemisphere) use in a
mirror image inspection task resulted in increased proportions of
individuals with directionally reversed neural symmetry in sub-
sequent generations. More recently Dadda et al. [33] has shown
that individuals with reversed asymmetry in the epithalamus show
marked difference from normal individuals in several tasks mea-
suring behavioural lateralization and personality-like traits, such
as boldness. One potential issue with these studies in zebrafish is
that in all cases the reversal of the asymmetry of the habenula is
part of a general reversal of the left-right body axis development.
This means that the asymmetry of other regions or circuits of the
brain that may be responsible behavioural lateralization would be
also reversed, obscuring the role of habenular asymmetry on the
reversal of behavioural lateralization. Furthermore, the aforemen-
tioned studies looked at the relation between behaviour and the
categorical direction of habenular asymmetry. The current study is
one of only two studies that have looked for the relation between

lateralized behaviour and natural continuous variation in habenu-
lar asymmetry.

The sex differences in the interaction between habenular asym-
metry and behavioural lateralization are consistent with previous
findings in convict cichlids showing differences in lateralized
behaviours between males and females. Reddon and Hurd [37]
found an interaction between sex, aggressiveness and behavioural
lateralization. These authors showed that while relatively non-
aggressive females tented to turn right in a detour task and female
aggressors turned left, the opposite was true for males. Further-
more, the strength of lateralization was also influenced by sex and
aggressiveness. Female non-aggressors were more strongly later-
alized than male non-aggressors but male aggressors were more
strongly lateralized than female aggressors.

In a subsequent study, the same authors [39] showed that
female convict cichlids have a stronger preference for viewing
positively conditioned stimuli with one particular eye, whereas
males have a stronger eye preference when viewing negatively
conditioned stimuli. Recently, Arnott and Elwood [68] found that
during intrasexual agonistic encounters, female convicts tended
to use more frontal display whereas males used more lateral dis-
play, suggesting differences in eye use with regard to aggressive
behaviours.

As mentioned above, we found no differences in the asymmetry
of the habenula between males and females. Therefore, sex differ-
ences in behavioural lateralization observed in the convict cichlid
cannot be explained by a direct, universal correspondence with
habenular laterality. It is possible that another region or regions of
the brain is responsible for the lateralization of behaviour and the
habenulo-IPN pathway interacts with this region(s). Another pos-
sible explanation for the sex differences in the relation between
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habenular and behavioural asymmetries that we observed is that
male and female convicts exhibit different motivations in the
detour task. The habenula has been shown to play a central role in
the control of motivation in mammals by inhibiting dopaminergic
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Fig. 5. The linear relationship between habenular laterality index and behavioural
laterality index in A. nigrofasciata. Males: closed circles and solid line; females:
open circles and dashed line (males: p=0.01; females: p=0.30, sex by habenular
Ll interaction: p<0.01).

circuits downstream, which in turn, inhibits motor behaviour
(reviewed in[17]).Itis not known whether the habenula also shares
this function in fish, but there is some evidence to suggest that it
may [22]. Differences in motivation are known to affect the pat-
tern of lateralization observed in other species of fish, for example
sexually deprived female poeciliid fish show a different pattern of
lateralized eye use when viewing male conspecifics than those that
have recently been mated, which has been attributed to differences
in sexual motivation [41]. If male and female convicts interpret our
detour task differently and have different motivations when behav-
ing in it, this may explain the sex specific concordance between
brain asymmetry and detour direction that we observed. The fact
that male and female convicts showed on average different detour
directions (males turned right and females turned left) might lend
some support for this interpretation. It is possible that the habe-
nula does not play any direct role in behavioural lateralization
and that the correlations between asymmetry of the habenula and
asymmetry of behaviour observed in the current study and in pre-
vious studies owes entirely to the role the habenula plays in the
motivational system. Determining whether the habenula plays a
direct role in functional lateralization or an indirect one through
its effects on motivation is an important direction for future
research.

This study illustrates the importance of a comparative approach
to the study of the habenular asymmetry and its relation to
behaviour. Cichlids have gone through large adaptive radiations,
both in Africa and in the Americas, totaling about 2200 species, fill-
ing a diverse array of ecological niches and exhibiting an expansive
variety of social behaviours [69,70]. This could make cichlids an
excellent model group to study the evolution and development of
habenular asymmetry and its relation to behaviour.
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