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A B S T R A C T   

Dopamine is present in all vertebrates and the functional roles of the subsystems are assumed to be similar. 
Whereas the effect of dopaminergic modulation is well investigated in different target systems, less is known 
about the factors that are causing the modulation of dopaminergic cells. Using the zebra mbuna, Pseudotropheus 
zebra, a cichlid fish from Lake Malawi as a model system, we investigated the activation of specific dopaminergic 
cell populations detected by double-labeling with TH and pS6 antibodies while the animals were solving different 
learning tasks. Specifically, we compared an intense avoidance learning situation, an instrumental learning task, 
and a non-learning isolated group and found strong activation of different dopaminergic cell populations. 
Preoptic-hypothalamic cell populations respond to the stress component in the avoidance task, and the forced 
movement/locomotion may be responsible for activation in the posterior tubercle. The instrumental learning 
task had little stress component, but the activation of the raphe superior in this group may be correlated with 
attention or arousal during the training sessions. At the same time, the weaker activation of the nucleus of the 
posterior commissure may be related to positive reward acting onto tectal circuits. Finally, we examined the co- 
activation patterns across all dopaminergic cell populations and recovered robust differences across experimental 
groups, largely driven by hypothalamic, posterior tubercle, and brain stem regions possibly encoding the valence 
and salience associated with stressful stimuli. Taken together, our results offer some insights into the different 
functions of the dopaminergic cell populations in the brain of a non-mammalian vertebrate in correlation with 
different behavioral conditions, extending our knowledge for a more comprehensive view of the mechanisms of 
dopaminergic modulation in vertebrates.   

1. Introduction 

The biogenic amine dopamine (DA) is a potent neuromodulator in all 
bilaterian animals (Wintle and Van Tol, 2001; Callier et al., 2003; Moroz 

et al., 2021) and plays a fundamental role in the regulation of approach 
and avoidance behaviors (O’Connell and Hofmann, 2011). In humans, 
dysregulation of the dopaminergic system underlies numerous neuro
logical and psychiatric disorders [e.g. Parkinson’s disease, 
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schizophrenia, attention deficit hyperactivity disorder (ADHD)] (Callier 
et al., 2003; O’Connell et al., 2011). Due to its critical role in regulating 
neural and behavioral processes, the dopaminergic system has therefore 
been studied in great detail, especially in mammals. The first evidence of 
the presence of dopamine-producing neurons came in the early 1960 s 
by Annica Dahlström and Kjell Fuxe, who also introduced the conven
tional numbering of the catecholaminergic cell populations from A1 to 
A12 in the rat brain (Dahlström and Fuxe, 1964). Later on, additional 
cell populations were added (A13 - A17) (Hökfelt, 1984; Lindvall and 
Björklund, 1984). This nomenclature of dopaminergic cell populations is 
still used today because dopaminergic cells are not located in a specific 
nucleus and furthermore their locations and distributions vary between 
vertebrates and even between different species of mammals (Yamamoto 
and Vernier, 2011). In general, dopaminergic cells (A8 to A17) are 
divided in different populations: retinal (A17), olfactory bulb (A16), 
diencephalic (A11–A15) and diencephalo-midbrain (A8–A10) pop
ulations (Smeets and González, 2000), while A1 to A7 cells are norad
renergic neurons localized in the medulla oblongata and pons (Nagatsu, 
2007). In the central nervous system (CNS) of mammals, dopaminergic 
cell populations distribute their fibers in five major pathways (meso
cortical, mesolimbic, nigrostriatal, tuberoinfundibular, and spinal tract 
systems). The mesocortical and mesolimbic pathways originate from the 
A10 neurons of the ventral tegmental area (VTA) and project respec
tively to the cortex and the nucleus accumbens (Horvitz, 2000; Wise, 
2009). Together, they form the mesocorticolimbic system, which plays a 
central role in reward and motivation (Kelley and Berridge, 2002). 

There is ample evidence that stressful and aversive stimuli can also 
result in dopamine release from the mesolimbic system (Ikemoto and 
Panksepp, 1999), suggesting the involvement of the dopaminergic sys
tem in the stress response (Salamone et al., 1997; Berridge and Rob
inson, 1998). The nigrostriatal pathway is involved both in learning and 
motor function and is formed by the A9 dopaminergic neurons in the 
substantia nigra projecting to the striatum (Hikosaka et al., 2002). 
Dopaminergic neurons from the arcuate and periventricular nuclei of 
the hypothalamus project to the pituitary gland, resulting in the tuber
oinfundibular pathway, which is involved in the regulation of the 
secretion of prolactin from the pituitary (Demarest et al., 1984). Finally, 
the spinal projecting dopaminergic system originates from A10 and A11 
cell populations (Qu et al., 2006). It is thought to modulate locomotion, 
but is also involved in sensory processing as it modulates nociception in 
the spinal cord (Piña-Leyva et al., 2022). 

The dopaminergic system of non-mammalian vertebrates, especially 
that of teleost fishes, has received much less attention. Several studies 
have described dopaminergic neuron populations and, in some cases, 
fiber projections in a handful of species [e.g. goldfish Carassius auratus 
(Hornby et al., 1987), the brown ghost knifefish (Apteronotus lepto
rhynchus; Sas et al., 1990), the zebrafish (Danio rerio; Rink and Wulli
mann, 2001; Kaslin and Panula, 2001), and Burton’s mouthbrooder 
cichlid (Astatotilapia burtoni, O’Connell et al., 2011; O’Connell et al., 
2013a)]. Although some differences exist to the situation in mammals, 
there is broad consensus that the major dopaminergic components found 
in mammals are conserved in teleosts. However, to which extent the 
teleost dopaminergic system is functionally similar to its mammalian 
counterpart is much less clear. 

DA plays an important role in learning in many vertebrates. Many 
areas in the telencephalon are rich of dopamine receptors like the 
striatum, amygdala, and hippocampus and their involvement in learning 
is well established (El-Ghundi et al., 2007; Puig et al., 2014). There is 
also evidence for the role of DA in learning in motor and sensory areas 
(Macedo-Lima and Remage-Healey, 2021). Although homologies of 
telencephalic areas between mammals and teleosts are uncertain, DA 
seems to play a role in learning also in fishes (e.g. Naderi et al., 2016). 

Several studies have assessed the activation of different brain areas 
during different behavioral contexts using neural marker (i.e. immediate 
early genes – IEGs – for a review see Calvo and Schluessel, 2021). To get 
a more detailed understanding of the function of the dopaminergic 

system in teleost, the IEGs have been used to selectively mark the acti
vation of dopaminergic cell populations. O’Connell et al., (2013b) 
investigated whether social stimuli would induce c-fos expression in 
dopaminergic populations in the brain of A. burtoni. They observed an 
increase of c-fos in the Vc of both intruder and reproductive opportunity 
contexts compared to the control group (O’Connell et al., 2013b). The 
same animal model was used by Weitekamp and Hofmann (2017) to 
assess whether cooperation would increase the activity of specific 
dopaminergic cell populations (Weitekamp and Hofmann, 2017). In 
larvae of zebrafish, handling stress, chemical stressor and pH change 
were reported to induce c-fos expression in the dopaminergic cell pop
ulations of the posterior tuberculum and hypothalamus (Semenova 
et al., 2014) and olfactory deprivation has an effect of the dopamine 
system within the olfactory bulb (Kress and Wullimann, 2012). These 
studies focused on specific dopaminergic subsystems. 

Whereas zebrafish offer several advantages to study basic functions 
of the nervous system, other fish groups have also been subjects of 
different behavioral and anatomical studies. Cichlids are well studied 
and the organization of their brains and their complex behavior well 
documented (e.g. Pollen et al., 2007; Shumway, 2008, 2010). The dis
tribution of tyrosine hydroxylase positive (TH+) cell populations and 
dopaminergic receptors has been investigated in detail (O’Connell et al., 
2011). In addition, activity markers have been applied to study the 
activation of many different brain areas during different learning situ
ations (Calvo et al., 2023). 

In the present study, we examined the activation of the dopaminergic 
systems in the zebra mbuna cichlid, P. zebra, by co-labeling TH with the 
phosphorylated ribosome marker pS6, now commonly used to visualize 
neural activation in fish (Calvo et al., 2023 and references therein). In 
particular, we investigated the activation of thirteen different dopami
nergic cell populations in fish subjected to two learning tasks that 
differed in the level of stress, locomotion, motivation, and reward. We 
hypothesized that different behavioral components would activate 
different dopaminergic populations. 

2. Material and methods 

2.1. Behavioral experiments 

Animals used in this study (N = 30) were zebra mbuna cichlids, 
Pseudotropheus zebra, from the east African Lake Malawi. Fish were 
obtained from a commercial aquarist shop and were between 4.0 cm and 
11.0 cm in total length. All individuals were maintained in captivity and 
sex could not be determined phenotypically. The same individuals were 
assessed in a previous study concerning activation of different brain 
areas by investigating the activity of the ribosomal marker pS6 (Calvo 
et al., 2023). For a detailed explanation of the experimental procedures 
and setups, we refer the reader to Calvo et al., 2023. Briefly, fish were 
kept in isolation for one week prior to being stressed (Avoidance group), 
trained (Trained group) and/or killed (Isolation group). Fish were 
housed in aerated and filtered 50-L aquaria (62 cm × 31 cm × 31 cm) at 
a temperature of 25–26 ◦C. Fish in the Isolation group (N = 10) did not 
receive any treatment and were killed after seven days of isolation. Fish 
in the Avoidance group (N = 10) were moved to a new smaller tank (31 
cm × 15 cm x 15 cm) after seven days of isolation and chased with a net 
for one hour to simulate a strong stressor. Fish were killed 90 min after 
the chase ended. Fish in the Trained group (N = 10) underwent a daily 
visual training after seven days of isolation. During the training, the fish 
had to make a choice between the two different training symbols [a 
black dot over a white background (positive stimulus) and a white 
background without a symbol (alternative, negative stimulus)] pro
jected onto the plexiglass of the experimental tank (see Schluessel et al., 
2018 for details of the experimental setup). A correct choice was 
rewarded with food. After the learning criterion was achieved (seven or 
more correct decisions out of ten trials in three consecutive sessions), 
fish went through a so called “supersession” (1-hour non-stop training). 
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Then, the fish were killed 90 min after the supersession was finished. To 
process the brains, fish were anesthetized with tricaine methanesulfo
nate (MS-222). The spinal cord was transected and the brain was 
removed and fixed overnight in 4% paraformaldehyde (PFA) at 4 ◦C, 
then cryo-protected overnight in 30% sucrose at 4 ◦C. The following day, 
the brains were embedded in O.C.T compound (freezing medium, Leica 
Biosystem Richmond) and frozen at − 20 ◦C. Thirtyfive μm thick sec
tions were cut at − 20 ◦C with a cryostat (Leica CM1520) and collected 
in three series on slides. One series was used for tyrosine hydroxylase 
immunohistochemistry (IHC) alone, one series for double-labeling with 
TH and pS6 antibodies and one series for cresyl violet staining for a 
cytoarchitecture reference. To minimize differences in stain intensity, 
IHC was performed twice within three days, each time including five 
brain per group (i.e. 5 control, 5 avoidance, 5 trained), starting from the 
day after the cutting. 

2.2. Immunohistochemistry for tyrosine hydroxylase 

Immunohistochemistry was performed as described previously 
(Calvo et al., 2023). Briefly, frozen sections were bleached in 1% H2O2 in 
phosphate-buffered saline (PBS), 0.01 M, pH 7.4, washed, and blocked 
in 10% normal goat serum (NGS) for 1 h then transferred to a primary 
antibody solution [5% NGS / 1X PBS - 0.3% Triton X-100, rabbit 
anti-tyrosine hydroxylase antibody - Neuronal Marker ab112 (abcam, 
Cambridge MA): 1:500] overnight at 4 ◦C, before being washed several 
times in PBS. The second antibody reaction (VECTASTAIN biotinylated 
anti-rabbit IgG secondary antibody, Vector Labs., USA: 1:500) was 
performed in 5% NGS / 1X PBS - 0.3% Triton X-100, followed by 
repeated washes in PBS. Then, signal amplification was initiated using 
the ABC method (1:1500, 1X PBS - 0.3% Triton X-100, VECTASTAIN 
ABC-Peroxidase kit, Vector Labs., USA) and visualized using the 
chromogen-solution [one 3,3’-Diaminobenzidine-Tetrahydrochloride 
(DAB) buffer tablet (Merck KGaA, Germany) dissolved in 15 ml distilled 
water, 500 μL 1% ammonium nickel sulphate, 12 μL 30% H2O2] for ~30 
min. Sections were then dehydrated in ascending alcohols to xylene 
before cover slipping with Eukitt (Carl Roth, Germany). 

2.3. Fluorescent co-labeling of pS6 and TH 

To quantify the activation of dopaminergic neurons, pS6 and TH 
were co-localized by fluorescent double-labeling immunohistochemistry 
using a mix of 1:500 rabbit anti-tyrosine hydroxylase antibody 
(Neuronal Marker ab112 abcam, Cambridge MA) and 1:500 mouse anti- 
pS6 (Ser235/236 antibody, Cell Signaling E2R1O). To our knowledge, 
there are no published reports on the mouse anti-pS6 antibody used in 
this study. A rabbit anti-pS6 antibody from Cell Signaling ((Ser235/236) 
antibody, Cell Signaling 2211 S) has been used successfully in several 
studies on fish, including cichlids (for references see Calvo et al., 2023). 
Dr. Ross DeAngelis, from Hans Hofmann’s laboratory group in Austin 
(Texas, United States), performed a double-labeling rabbit anti-pS6 and 
mouse anti-pS6 in the cichlid Astatotilapia burtoni showing no differences 
in the staining, that is rabbit anti-pS6 and mouse anti-pS6 stained the 
exact same cells (results not shown here). After incubation overnight in 
primary antibody, slides were washed twice in PBS and then incubated 
in a mix of 1:500 goat anti-rabbit IgG (H+L) cross-absorbed secondary 
antibody Alexa Fluor 594 and 1:500 goat anti-mouse IgG (H+L) cross 
adsorbed secondary antibody Alexa Fluor 488 (ThermoFisher scientific, 
Dallas, Texas, United States). Slides were then rinsed twice in PBS and 
cover-slipped with 4’, 6-diamidino-2-phenylindole (DAPI) hardset 
fluorescent mounting media (Vector Laboratories, Burlingame, CA, 
USA). 

The anti-tyrosine hydroxylase antibody was the same as in the single 
DAB immunohistochemistry protocol. The staining pattern in the 
double-labeling and single-labeling material was identical. Further
more, the staining was very similar to the one reported by O’Connell 
et al. (2011). They noted that their antibody recognized both forms of 

TH (TH1 and TH2), but with a weaker staining of TH2. 

2.4. Cell count 

Thirteen dopaminergic cell populations were analyzed in each in
dividual. The locations of the cell populations throughout the cichlid 
brain are shown in Fig. 1 and listed in Table 1. 

Each of the 30 fish brains used in this study was screened for dopa
minergic cell populations from rostral to caudal using a Zeiss Axioscope 
microscope with three filter set. First, the cytoarchitecture was visual
ized and identified with the DAPI stain, then the TH+ cell populations 
were visualized and photographed with the rhodamine filter set. For 
visualizing pS6 stained cells, the filter cube was changed to a FITC filter 
set and the same population photographed again. Both photographs 
were merged to an RGB image with the TH+ cells in the red channel and 
the pS6 stain in the green channel. 

The images contained all TH+ cells that were found for a given area 
and animal. Since only every third section was stained with the double- 
labeling procedure and some sections were damaged, only a subset of 
TH+ cells could be tested for co-localization with pS6. Because some 
TH+ cell populations are very small, sometimes no TH+ cells could be 
found for a given area in an animal. However, this is not critical because 
the statistical test used is based on the sum of all cells per group (see 
below). 

After all necessary images were obtained, counting was performed 
with the help of a custom-made program (Hofmann, MH). The user 
selected a brain area to be analyzed and the computer generated a 
random list of images to be used for counting. The counting was done 
blind, i.e. the user did not know from which animal group the image was 
selected from by the computer. The images were viewed as RGB images, 
but the user could also view each channel independently by pushing a 
key on the keyboard. This allowed for a better evaluation of double- 
labeling compared to the yellowish color of red and green channels 
combined. Frequently, the brightness of the different cells could vary in 
the red and green channels, and the combination would give all kinds of 
yellowish shades. Focusing on a cell with the red channel and switching 
back and forth between the red and green channels, proved to be a way 
more reliable to detect double-labeled cells, independently of their 
brightness. 

First, the user marked all TH+ cells in the area of interest and then 
counted the number of double-labeled cells. The computer kept track of 
all counting and stored the value under the correct animal name, un
known to the person counting. The data were exported to a spreadsheet 
program and tables and bar graphs generated from there. 

If the same dopaminergic cell population was detected in several 
different sections in the same animal, the counts were combined 
computationally. The entire procedure was repeated until all animals 
were counted. This resulted in a list with all individual TH+ cell 
numbers for each area and the number of double-labeled cells for each 
dopaminergic area and behavioral group (Isolation, Avoidance, 
Trained). For the micrographs shown in Fig. 3, the RGB images were 
split into the individual red and green channels with ImageJ to sepa
rately auto-adjust each image for brightness and contrast. The channels 
were subsequently combined again into a single RGB image. 

2.5. Statistics and data analysis 

The primary data set contained binary data, a given TH+ cell can be 
co-labeled with pS6 or not. Furthermore, some areas within a group 
were never double-labeled (0%) or always double-labeled (100%). For 
these kinds of data, a parametric test is not appropriate and we used the 
Fisher’s exact test, which is designed for such cases. A matrix was 
created in the spreadsheet program, featuring the numbers of both 
double-labeled and single-labeled TH+ cells as well as the sums of the 
column and rows. Fisher’s exact test was used to calculate whether there 
were significant differences in the expression pattern found among 
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Fig. 1. Dopaminergic cell populations. Schematic drawing of the thirteen dopaminergic cell populations analyzed (see list of abbreviations). Scale bar in H equals 
500 µm and applies to all cross sections. Scale bar of the sagittal view equals 1 mm. The schematic sagittal diagram of P. zebra brain shows the approximate locations 
of each section. 
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Avoidance, Trained, and Isolation groups. A significant level of p < 0.05 
was chosen to reject the null hypothesis. Details on the Fisher test can be 
found in the supplementary materials. In addition, the non-parametric 
Mann-Whitney-test was calculated to test for group differences. 

We used the R package pheatmap (Kolde, 2012) to perform hierar
chical clustering analyses of the dataset, clustering both individuals and 
double-labeled TH+ cell populations, using average linkage as 
agglomeration method and correlation as distance metric. Using the R 
package pvclust (Suzuki and Shimodaira, 2006), we then estimated the 
robustness of any resulting clusters by multiscale bootstrap resampling. 
Clusters for which p < 0.05 are indicated with bootstrap values ≥ 95. 
Because of the multivariate nature of the dataset, we conducted a 
Principal Components Analysis (PCA) in R. For the PCA and cluster 
analysis, it was necessary to replace missing values. We calculated the 
mean and standard deviation within each brain area and group and 
replaced missing values with a Gaussian random number created from 
the mean and standard deviation. This would preserve the mean and 
also the variance in the data set. Since there is a high number of missing 
values in some areas, we tested the procedure by creating 1000 data sets 
of random numbers and checked for variability in the first principle 
component of the PCA. There were little variations in the loadings of the 
components and the PCA was very robust and reproducible (see Fig. S2). 

3. Results 

3.1. TH immunoreactive cell populations 

The distribution of dopaminergic cell bodies in the brain of P. zebra 
was investigated with an antibody against TH and DAB as a chromogen. 
All major cell populations identified (Figs. 1, 2) were then used to study 
dopamine activation in three behavioral contexts, i.e. isolation, avoid
ance and visual discrimination learning. Differences in cell morphology 
and cell size were not measured systematically, but Fig. 2 shows high 
magnification photographs of all areas. 

The first population of TH immunoreactivity was found in the ol
factory bulb, internal granular layer (IGL, Figs. 1A, 2A). While TH+ cell 
bodies were found in the cellular (granular) layer, fibers were localized 
in the mitral layer. A population of large TH+ cell bodies extended along 
the medial olfactory tract and many more were located in the central 
nucleus of the ventral division of the telencephalon (Vc, Figs. 1B, 2B). 

Two prominent TH+ cell populations were located in the preoptic 
area. An anterior population between the anterior commissure and the 
beginning of the optic chiasm (POAa, Figs. 1C, 2C) was distinguished 
from a more posterior population (POAp, Figs. 1D, 2D). At the level of 
the rostral POAp population, the suprachiasmatic nucleus contained also 
some TH+ cells (SCN, Figs. 1D, 2E). 

A large number of small TH+ cell bodies was located in the ventro
medial thalamic nucleus (VM, Figs. 1E-F, 2F). Their fibers seemed to be 
orientated dorsolateral, towards the tectum opticum. More caudally, 
another cell population was present in the periventricular pretectal 
nucleus just below the posterior commissure, dorsal to the fasciculus 

retroflexus (PP, Figs. 1G, 2H). It extended caudally along the posterior 
commissure. More caudally, TH+ cell populations were observed above 
the tract of the posterior commissure, but those cells seemed to be 
continuous with the ventral cell population and are thus also part of PP. 
Additional TH immunoreactivity was found in the cells of the periven
tricular posterior tuberculum (pTP, Figs. 1F, 2G). This population 
showed large cells with fibers oriented lateral and seemed to extend into 
a small tract visible between the lateral end of the tectum opticum and 
the torus lateralis. This tract could be followed into the brain stem (data 
not shown). 

Scattered big TH+ cells were found more caudally and ventrally to 
the pTP. They showed fibers larger than the ones of the pTP, with ex
tensions into the brain stem tract (Figs. 1G, 2I). However, many of the 
fibers followed a more dorsal route. Although these cells are located in 
the area of the nucleus of the posterior tubercle (nTP), they constitute 
only a subset of cells of the nTP. 

Ventral to the nTP, two further populations of TH+ cells were found. 
Small cells were found along the ventricle in the periventricular caudal 
hypothalamus (Hc, Figs. 1G, 2J). A small number of weakly stained cells 
were also present around the posterior recess (nPR, Figs. 1G, 2K). 

At the isthmic region, a small number of very large cells were 
TH+ and identified as the locus coeruleus (LC, Figs. 1H, 2L). TH is 
present in all cells that produce catecholamines. Dopamine is produced 
in all forebrain areas; the locus coeruleus is the only cell population that 
produces noradrenaline. Although our study focuses on the dopami
nergic system, we included the locus coeruleus because it is also an 
important modulatory system and was stained with both TH and pS6 
antibodies. 

At the same level, smaller TH+ cells were located along the midline, 
identified as the raphe superior (Ras, Figs. 1H, 2M). 

Other TH+ cell populations were present in the vagal region in the 
brain stem, but were not included in this study. There were also some 
TH+ cells in the paraventricular organ, but they were very weakly 
stained and visible in only a few individuals. Therefore, this region was 
not included in our study. 

3.2. Co-localization of TH and pS6 

Examples of cell populations analyzed for co-localization of pS6 and 
TH-+ are shown in Fig. 3. Co-localization of the two proteins was 
visualized by the overlap of the two secondary antibodies’ colors (green 
for pS6 and red for TH), resulting in a yellowish colored cell. The 
experimental groups are shown in different columns, i.e. Isolation, 
Avoidance, Trained, from left to right. 

3.2.1. Isolation group 
In the cell populations of the Isolation group (Fig. 3 “Isolation” col

umn, A1-M1), there was little co-localization of TH and pS6. A few cells 
showed co-localization in the nPR (Fig. 3, K1) and all cells in the locus 
coeruleus were double-labeled (Fig. 3, L1). 

3.2.2. Avoidance group 
The Avoidance group (Fig. 3 “avoidance” column, A2-M2) showed 

the biggest number of cell populations with double-labeled cells 
compared to the Isolation and the Trained group. In particular, co- 
localization of TH and pS6 was found in Vc (Fig. 3, B2), POAa (Fig. 3, 
C2), POAp (Fig. 3, D2), SCN (Fig. 3, E2), VM (Fig. 3, F2), pTP (Fig. 3, 
G2), PP (Fig. 3, H2), nTP (Fig. 3, I2), Hc (Fig. 3, J2), LC (Fig. 3, L2) and 
Ras (Fig. 3, M2). 

3.2.3. Trained group 
In the Trained group (Fig. 3 “trained” column, A3-M3) co-localiza

tion of TH and pS6 was found in cells of pTP (Fig. 3, G3), PP (Fig. 3, H3), 
nTP (Fig. 3, I3), LC (Fig. 3, L3) and Ras (Fig. 3, M3). 

Besides direct co-localization of TH and pS6, there was a marked 
increase of pS6-ir cell bodies in some areas, especially in the Avoidance 

Tablee 1 
List of brain areas analyzed.  

IGL internal granular layer of the olfactory bulb 
Vc central nucleus of the ventral division of the telencephalon 
POAa preoptic area, anterior part 
POAp preoptic area, posterior part 
SCN suprachiasmatic nucleus 
VM ventromedial thalamic nucleus 
pTP periventricular posterior tuberculum 
PP periventricular pretectal nucleus 
nTP nucleus of the posterior tubercle 
Hc caudal hypothalamus 
nPR nucleus of the posterior recess 
LC locus coeruleus 
Ras raphe superior  
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Fig. 2. Representative micrographs (A-M) of the dopaminergic cell populations investigated. On the left of each micrograph, a drawing highlighting the localization 
in the brain of the respective cell population is shown. Scale bar: 50 µm. 
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Fig. 3. Double-labeling micrographs. Double-labeling (yellow) of pS6 (green) – TH (red) in the three different groups (Isolation, Avoidance and Trained) in the 
thirteen dopaminergic cell populations analyzed (IGL, Vc, POAa, POAp, SCN, VM, PP, pTP, nTP, Hc, nPR, LC, Ras – see list of abbreviations). Scale bar: 20 µm. 
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Fig. 3. (continued). 
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group. Sometimes, the additionally labeled pS6 cell bodies were located 
in between the TH+ cells, often they were found around the TH+ cell 
population. This could be seen in the POAa (Fig. 3, C) and POAp (Fig. 3, 
D), the PP (Fig. 3, H), and the Hc (Fig. 3, J) populations. Here, there was 
an increase in double-labeled cells, but there were many more addi
tionally activated pS6 labeled cells that were not TH+ . In the nTP, 
almost all cells were double-labeled in the Avoidance group and no cells 
were exclusively pS6 labeled. In the SCN, half of the TH+ cells were 
stained for pS6, with many additional cells that only showed pS6 stain. 

3.3. Quantification of co-localization 

For quantification, the number of TH+ cells in the different areas and 
the number of TH+ cells that were double-labeled with pS6 antibodies 
were counted. Fig. 4A shows the percentage of double-labeled cells for 
each animal and Fig. 4B the averages in each area for the three experi
mental groups. In Fig. 4C, the differences are visualized in a bubble chart 
and Fig. 4D lists the p-values calculated according to the Fisher and 
Mann-Whitney tests. Detailed information about the raw data, the actual 
cell counts, and statistical tests can be found in the supplementary ma
terial. The Avoidance group showed the majority of the double-labeled 
cell populations. The large cells in the nTP showed the largest extent of 
activation. A strong activation was found also in the SCN, compared to 
the Isolation group. The Avoidance group showed an increase in double- 
labeled cells also in almost all other TH+ areas, except the IGL, where no 
activation was detected. The nPR cell population was the only area 
where fewer double-labeled cells were found relative to the Isolation 
group. In the locus coeruleus almost all big cells were double-labeled, in 
all groups. This is in contrast to the Ras, which showed a strong acti
vation in both the Avoidance and the Trained group, but not in the 
Isolation group. 

In addition to the Ras, the Trained group showed an increase of 
activation in the PP and the nTP. In the PP, the activation was not strong, 
similar to the Avoidance group. In the nTP, there was less activation 
than in the Avoidance group, but still significantly more than in the 
Isolation group. 

3.4. Co-activation patterns of dopaminergic cell populations 

Above, we described the average group values of the activation of 
TH+ cells in the different brain areas, but the variations within each 
group was not taken into account. Fig. 4A shows the individual values 
within each group and area, which shows that the response is sometimes 
very heterogeneous and nonlinear. This is especially apparent in the SCN 
in the Avoidance group and the nTP in the Trained group. Some animals 
showed zero activation whereas others showed a high proportion of 
double-labeled cells. The Fisher test does not take this into account, but 
other statistical tests are not compatible because the data are not normal 
distributed, variances are not equal between groups, and there are many 
zero values in the data set. The non-parametric Mann-Whitney test 
shows some agreement with the Fisher test, but it is not applicable in 
some cases with many zero values (ties in the ranks). However, there are 
two other methods that we used to investigate the variability of the 
animals. These are based on the pattern of activation in all brain areas 
rather than on investigating each area separately. 

First, we conducted a Principal Components Analysis (PCA) to 
identify the double-labeled TH+ cell populations that most strongly 
separated the experimental groups. We discovered that principal 
component (PC) 1, which explained 69.0% of the variance (Fig. 5A), 
significantly clustered the three experimental groups from each other 
(ANOVA: F27, 2 = 135.4, p = 8.4 * 10–15; Fig. 5D, E). This clustering 
was largely driven by the nTP cell population as well as, to a lesser 
extent, by double-labeled TH+ in the SCN and raphe (Fig. 5B). The three 
groups can be separated by the first component alone with no overlap 
(Fig. 5E). Double-labeled TH+ in the SCN and raphe loaded even more 
strongly on PC2 (Fig. 5C), which further separated the Trained group 

from both the Isolation and Avoidance groups (ANOVA: F27, 2 = 17.95 
p = 1.1 * 10–5; Fig. 5F). 

The second analysis was a hierarchical clustering that is grouping the 
animals by similarity in their activation pattern. The cluster analysis 
itself is not aware of any group memberships, but a post-hoc visualiza
tion showed that the cluster analysis reconstructed the groups almost 
perfectly with just two animals misplaced into the wrong group (Fig. 6). 

4. Discussion 

4.1. Dopaminergic cells distribution and double-labeling 

The dopaminergic system is well investigated in many vertebrate 
groups mainly by using antibodies against tyrosine hydroxylase (TH), 
the enzyme that catalyzes the rate limiting step in catecholamine syn
thesis (Fernstrom and Fernstrom, 2007) and thus present in all cells 
producing catecholamines. In the brain, noradrenaline is found only in 
the locus coeruleus and all TH+ cell populations rostral to the brain 
stem are considered to be dopaminergic (Ma, 1994). There are several 
TH+ cell populations described, extending from the olfactory bulb and 
preoptic area into the di- and mesencephalon, as well as rhomben
cephalon and spinal cord. In mammals, an A1-A17 classification scheme 
has been established (Lindvall and Björklund, 1984; Hökfelt, 1984; 
Smeets and González, 2000; Nagatsu, 2007). Studies in fish have mainly 
used a teleost-specific nomenclature (see references below), even 
though more recent studies in zebrafish have adopted the mammalian 
classification. To facilitate the comparison with older fish literature, we 
use here the traditional terminology. The areas we identified in P. zebra 
correspond well to other studies in a variety of fish species (Carassius, 
Hornby et al., 1987; Anguilla, Roberts et al., 1989; Apteronotus, Sas et al., 
1990; Clarius, Corio et al., 1991; Dicentrarchus, Batten et al., 1993; 
Salmo, Manso et al., 1993; Gnathonemus, Meek et al., 1993; Solea, 
Rodríguez-Gómez et al., 2000; Danio, Rink and Wullimann, 2001; Rho
deus, Pushchina, 2009; Poecilia, Parafati et al., 2009; Filippi et al., 2010; 
Astatotilapia, O’Connell et al., 2011; O’Connell et al., 2013a; Cirrhinus, 
Kumar et al., 2014; Porhichtys, Goebrecht et al., 2014; Nothobranchus, 
Borgonovo et al., 2021). 

Although the location of the cell populations and the distribution of 
their processes is well known, specific connections of TH+ cells are not 
known and additional studies are required. Moreover, little is known 
about the function of the different subsystems in teleost fish. Activation 
markers have been used to study some subcomponents, but the more 
commonly used nuclear markers c-fos and egr-1 may not be expressed in 
all dopaminergic systems. In contrast, the ribosomal marker pS6 shows 
activation in many more areas (Calvo et al., 2023). We investigated here 
the activation of TH+ cells in 13 different areas in two experimental 
groups and the Isolation group. This shows for the first time how 
different behavioral situations are changing the balance between the 
different dopaminergic subsystems that all act together to determine the 
complex emotional, motivational, and hormonal state of the animal. 

The activation of TH+ cells shows considerable variations both be
tween but also within groups. In some areas, some animals within a 
group may show no activation whereas others had a high percentage of 
double-labeled cells. This may be due to nonlinear response properties. 
In addition, many areas showed zero activation, particularly the Isola
tion group. This made it difficult to find an appropriate statistical test. 
Tests based on normal and equal distributions are not appropriate 
whereas non-parametric tests based on ranks do not take the magnitude 
of the activation into account and values with many zeros (ties) are 
problematic. The Fisher exact test was used to test for significant dif
ferences here. In this test, all TH+ cells found in all animals of a group 
were pooled for each brain area and the number of double-labeled cells 
compared among groups. The Fisher test can be applied for such data, 
but it ignores all within-group variations. The non-parametric Mann- 
Whitney test can compare within-group variations based on ranks, but 
fails in cases with many zero values (ties in the ranks). As an alternative 
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Fig. 4. Charts of the activation of the 13 dopaminergic cell populations. A: Dot plot showing the activation of all animals of the three groups for each brain area in 
percent on the y axis. Individual animals are spread out in the x axis if they have the same value. B: Mean percent of co-localization of pS6 and TH in all three groups. 
A star indicates significant (p < 0.05) differences according to the Fisher test between the groups. C: Bubble plot of the activation data showing the percent of 
activated TH+ cells in the three groups as a matrix with the size of the circles reflecting the magnitude. D: p-values according to the Fisher test and the Mann-Whitney 
test for all brain areas and all possible group combinations. P (adj.) are the Bonferroni adjusted values. Green cells indicate p-values < 0.05. All original values and 
cell counts can be found in the supplementary materials. The Fischer test has always one degree of freedom. 
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to statistical tests, we made a principle component analysis and a cluster 
analysis that are both based on the pattern of activation in all brain 
areas. 

The data for each of the 30 animals were analyzed with these 
methods that are initially not aware of any group memberships. The PCA 
showed in the first two components the combination of areas with the 
largest variance in the data set. When these data are plotted in a scatter 
plot and post-hoc color coded for groups, it becomes clear that the 
largest variations in the data set are due to group differences. This was 
tested with an ANOVA. An ANOVA is possible now because the values 

for the ANOVA are the sum of the weighted reconstructions of the 
principle components. This clearly showed that the different treatments 
(groups) are dominating the variances seen in the data set and not the 
within-group variances. In fact, the first principle component is very 
similar to the actual group differences shown in Fig. 4B. 

The second analysis we performed was the cluster analysis. Here, all 
30 animals were analyzed and grouped by the similarities based on their 
activation pattern. A post-hoc color coding shows that the activation 
pattern is highly characteristic for each group. Only two animals were 
assigned to the wrong clusters. 

Fig. 5. PCA analysis of the activation in the 13 dopaminergic cell populations. (A) shows that the first component contains most of the variances in the data set. (B) 
shows the different contributions of the areas to the first component (PC1) and (C) the composition of the second component (PC2). The scatter plot in (D) shows the 
location of the groups with the PC1 and PC2 space. The differences between groups are mostly caused by SCN, nTP, and Ras in PC1. PC2 can still separate the Trained 
group from the others. (E) shows the box plots of the groups on the PC1 axis and (F) on the PC2 axis. All three groups can be separated by PC1. The Trained group is 
different from the others in PC2 due to the activation of Ras and a lack of activation in SCN in contrast to the strong activation in the Avoidance group. Groups are 
abbreviated as Isolation ’I’, Avoidance ’A’ and Trained ’T’. See Table 1 for a list of brain part abbreviations. Axes in D are scaled eigenvalues. 
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Both, the PCA and the cluster analysis showed that there is a distinct 
pattern of the percentages of double-labeled TH+ cells that is group 
(treatment) specific. Although the activation of a single area in a given 
animal can be highly variable, the combined pattern across all areas is 
highly characteristic for each group. 

4.1.1. Telencephalic cell populations 
A large population of TH+ cells was located in the olfactory bulb as 

in all other vertebrates investigated so far. Other TH+ cells are located 
in different ventral telencephalic areas. In our material, most cells were 
found in the Vc and those were used to quantify double-labeling with 
pS6. Ventral telencephalic TH+ populations were found in all other 
studies in fishes, but their assignment to the different ventral areas 
differs. Some authors located also TH+ cells in Dc (Hornby et al., 1987; 
Roberts et al., 1989; Piñuela and Northcutt, 2007; O’Connell et al., 
2011; O’Connell et al., 2013a), in Dp (Piñuela and Northcutt, 2007; 
O’Connell et al., 2011), in Dl (O’Connell et al., 2011; O’Connell et al., 
2013a), and in Dm (Piñuela and Northcutt, 2007). TH+ cell populations 
in the telencephalon in addition to the IGL were also found in elasmo
branchs (Meredith and Smeets, 1987), lampreys (Pierre et al., 1997; 
Pombal et al., 1997), and lungfish (Reiner and Northcutt, 1987) and 
seem to be basal vertebrate characteristic that was lost in tetrapods. 

In our study, a specific activation of the TH+ cells was not found in 
the olfactory bulb although general pS6 activity did increase in the IGL 
in the Avoidance group (Calvo et al., 2023). Apparently, the pS6 

activation did not affect the TH+ cells in the IGL. In contrast, the ventral 
telencephalic cell population (Vc) showed a specific activation of the 
TH+ cell population in the Avoidance group. The functional significance 
of this activation is not clear. The medial olfactory tract sends fibers into 
the area and the ventral telencephalon responds well to olfactory stim
ulation. However, there are projections from many other areas to the 
ventral telencephalon that could also affect the TH+ cells in this region. 
Most processes of the ventral telencephalic TH+ cells course laterally to 
innervate heavily Dp (O’Connell et al., 2011). This would indicate a 
modulation of information processing in the Dp. Interestingly, unilateral 
olfactory deprivation in zebrafish led to a down regulation of TH+ cells 
in the olfactory bulb but did not show changes in the ventral telen
cephalon (Kress and Wullimann, 2012) as indicated with co-localization 
of TH+ cells with egr-1. However, this study is not directly comparable 
to ours, as Kress and Wullimann (2012) investigated larval zebrafish that 
are about to be imprinted to kin odors and they used the nuclear marker 
egr-1, which is acting at a different level compared to the ribosomal pS6 
marker. 

4.1.2. Preoptic-hypothalamic system 
TH+ cells in the preoptic-hypothalamic area are located in four 

specific populations, the POAa, POAp, Hc, and nPR. These areas are 
known to be involved in hormonal control and stress response acting on 
the pituitary (Tuomisto and Männistö, 1985; Semenova et al., 2014; 
Fontaine et al., 2015). The dopaminergic neurons of the POAa are 

Fig. 6. Hierarchical cluster analysis of the data set. The animals are grouped according to the similarity of the activation pattern of TH+ cell populations. The 
heatmap of the activity pattern of each animal is scaled by column. Numbers on the dendrogram represent the p-values of the branchings. The color code next to the 
dendrogram shows the group assignments of the animals. The cluster analysis was reconstructing the correct groups almost perfectly, there were only two animals 
belonging to the Trained group that were clustered incorrectly (arrows). 
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known to regulate the production of gonadotropin releasing hormone 
(GnRH) in an inhibitory way. In stressful situations, an increased 
dopaminergic level suppresses the production of GnRH, which in turn 
downregulates the release of gonadotropins in the pituitary (Kah et al., 
1984; Kah et al., 1986; Kah et al., 1987; Anglade et al., 1993; Linard 
et al., 1996; Weltzien et al., 2006; Chabbi and Ganesh, 2015; Bhat and 
Ganesh, 2020). Dopaminergic cells in the nucleus of the posterior recess 
project directly to the pituitary and control the release of prolactin. 
Higher dopamine release suppresses the production of prolactin from 
the pituitary (Ben-Jonathan, 1985; Anthony et al., 1993; Freeman et al., 
2000; Torner, 2016). It has been demonstrated that restraint stress in 
rats causes a decrease in the tubero-infundibular activity of dopami
nergic neurons, with a consequent increase of circulating levels of pro
lactin (Shin, 1979; Moore et al., 1987). Thus, in stressful situations the 
dopaminergic activity in the POA would rise to suppress the release of 
gonadotropins and the dopamine production in the tubero-infundibular 
system would decrease to allow higher prolactin levels. This is exactly 
what we found in the Avoidance group. The POA TH+ cells showed 
higher pS6 co-localization but in the nPR co-localization was lower than 
in the Isolation group, indicating a deactivation. In the Trained group, 
no differences were found in both the POA cell populations or nPR. 

4.1.3. Suprachiasmatic nucleus 
Although we know the suprachiasmatic nucleus should be included 

in the “preoptic-hypothalamic system”, we found it necessary to discuss 
it as a separate system, as the SCN contains the main pace maker of the 
circadian clock, which synchronizes other clock oscillators in the brain 
and throughout the body (Reppert and Weaver, 2002; Lowrey and 
Takahashi, 2011; Lu and Kim, 2022). The most important signal for the 
entrainment of circadian rhythms is light. The responses of several brain 
areas to photic stimulation have been well studied in many animals (e.g. 
Enger, 1957; Takeuchi et al., 1991; Leard et al., 1994). The effect of 
non-photic stimulations is mainly studied in mammals (Tahara and 
Shibata, 2018). Especially arousal stimuli like handling, social in
teractions, locomotor activity, and stress can change the circadian 
rhythm in mice and hamster (Antle, Mistlberger, 2000; Mistlberger and 
Skene, 2004; Mistlberger and Antle, 2011). Some studies in goldfish 
showed that different feeding times can be remembered 
(Sánchez-Vázquez et al., 1997; Sunuma et al., 2009). This shows that 
events can be associated relative to the circadian clock. 

In some vertebrates, an important signal to synchronize different 
clock oscillators in the brain is dopamine (Mendoza and Challet, 2014; 
Moore and Whitmore, 2014; Korshunov et al., 2017; Grippo et al., 
2020). In the present study, there was strong activation of TH+ cells in 
the SCN in the Avoidance group. Although there was no change in the 
light regime in our experiments, the timing of a strong event relative to 
the circadian clock may be an important signal that leads to an activa
tion of the SCN. 

4.1.4. Ventral thalamic and pretectal populations 
In the diencephalon there are two dorsal cell populations with a large 

number of TH+ cells. One was located in the ventral thalamus (VM) and 
the other one in the periventricular pretectum adjacent to the posterior 
commissure (PP). Dopaminergic cells in the ventral thalamus were 
found in most other studies in fish. They may correspond to the VM of Ito 
et al. (1986), who investigated the connections of this nucleus in 
Rockfish Sebastiscus marmoratus. The VM receives inputs from many 
sources including the retina, TS, TO and telencephalon and it projects 
back to many of them. The specific connections of the TH+ cells are not 
known. 

TH+ cells in the PP were also reported in many other fishes. Less is 
known about the connections of this cell population, but tracer in
jections into the tectum opticum consistently labeled cells in this area 
(Grover and Sharma, 1981; Luiten, 1981; Fiebig et al., 1983; Striedter, 
1990; Schlussman et al., 1990; Perez-Perez et al., 2003; de Arriba and 
Pombal, 2007). Although double-labeling with TH antibodies was not 

done in those tracer studies, it seems the VM and PP are the major source 
of TH+ fibers in the tectum opticum and probably also to the torus 
semicircularis. The tectum opticum (colliculus superior) receives also 
dopaminergic projections in mammals. One source of these fibers is 
TH+ cells in the zona incerta (Bolton et al., 2015), which may not be 
homologue to the VM or PP in fishes. In reptiles and birds, cell pop
ulations were present in a location that could correspond to the PP of 
fishes (Smeets et al., 1986; López-García et al., 1992; Rodman and 
Karten, 1995). Although the homologies of the dopaminergic cells 
projecting to the tectum opticum is uncertain across vertebrate groups, 
studies in mammals show that information processing in the tectum 
(colliculus superior) is modulated by dopamine (Takakuwa et al., 2017; 
Valdés-Baizabal et al., 2020; Montardy et al., 2021). Our study showed 
an activation of PP in the Avoidance and Trained groups and an addi
tional, although low, activation of VM in the Avoidance group only. This 
may indicate a specific modulation of tectal and/or toral information 
processing possibly due to the visual stimulation present in both groups. 

4.1.5. Posterior tubercle 
There were two TH+ cell populations in the posterior tubercle in our 

fish. One was a compact population in the pTP and another one with 
larger cells was located in the nTP. The posterior tubercle dopamine 
cells project primarily down into the brains stem and spinal cord (Tay 
et al., 2011), but some ascending projections to the telencephalon were 
also present (Rink and Wullimann, 2001). In this respect, they are 
similar to the A11 cell population of mammals (Björklund and Skager
berg, 1979; Takada et al., 1988; Takada, 1993). Traditionally, they are 
thought to modulate locomotion in the spinal cord, but there is accu
mulating evidence that descending projections also effect early sensory 
processing (Reinig et al., 2017; Haehnel-Taguchi et al., 2018). The nTP 
cells showed the largest activation in the Avoidance group and only 
weak activation in the Trained group. There was also some activation in 
the pTP. Individuals in the Avoidance group received very strong 
stimulation by being chased with a net, which enforced locomotion. But 
this also stimulated other senses with primary centers in the brain stem 
and spinal cord (lateral line, cutaneous mechanoreception, hear
ing/vestibular system). More refined experiments are necessary to 
discriminate between an activation of locomotion and the modulation of 
sensory processing. 

4.1.6. Superior raphe 
The superior raphe is known as a source of most of the serotonergic 

innervation within the brain. A subset of raphe cells are also known to 
produce dopamine in mammals (e.g. Ochi and Shimizu, 1978; Trulson 
et al., 1985; Stratford and Wirtshafter, 1990). It has been demonstrated 
that in mice their activity can be affected by learning (Groessl et al., 
2018; Lin et al., 2020; Cho et al., 2021) and that are also involved in the 
formation and expression of aversive memory (Groessl et al., 2018; Lin 
et al., 2020), arousal and response to significant external events (Cho 
et al., 2017). Furthermore, the activity of dopaminergic neurons of the 
raphe reflects the incentive salience of the stimulus (Lin et al., 2021). In 
particular, dopaminergic neurons in the raphe are activated by 
rewarding stimuli, similar to the VTA neurons. Unlike these, raphe 
dopaminergic neurons are activated also by aversive stimuli (Matthews 
et al., 2016; Cho et al., 2017; Groessl et al., 2018). Therefore, experi
mental data show that raphe dopaminergic neurons encode the salience 
but not the valence of the stimuli (Lin et al., 2021). In fish, there are only 
two studies showing TH+ cells in the raphe (Ekström et al., 1990; Batten 
et al., 1993), but TH+ cells were consistently detected in the superior 
raphe in our material. The reason why other studies failed to detect 
TH+ cells in the raphe could be related to the observation that dopa
minergic cells in the raphe respond to social isolation or the recovery 
from it (Matthews et al., 2016). They may have significant amounts of 
TH only under these conditions or they may have been overlooked since 
most studies focus on forebrain dopaminergic system in fish. Never
theless, there was a strong activation of TH+ Ras cells in both the 
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Avoidance and Trained groups. Whether this is due to general arousal in 
these groups need to be determined with more refined experiments. 

4.1.7. Locus coeruleus 
Although the locus coeruleus is not dopaminergic, it is included in 

our study because it shows TH+ staining due to the production of 
another catecholamine, noradrenaline (Smeets and González, 2000). It 
shows 100% co-labeling with pS6 antibodies in the Isolation group, 
whereas the co-labeling was very low in other TH+ areas. In the 
Avoidance and Trained groups some non-double-labeled cells were 
found, but this was not significant. We don’t know why the locus 
coeruleus shows a permanent activation in contrast to the dopaminergic 
cell populations. The locus coeruleus is interesting as it may play a role 
in attention and arousal (Ross and Van Bockstaele, 2021; Maness et al., 
2022). However, it is unlikely that pS6 is modulating the arousal level 
because of the 100% labeling with pS6 in the Isolation group and the 
presence of pS6 in other larger neurons as well. 

4.2. Multivariate analyses 

Our multivariate analyses revealed complex co-activation patterns of 
dopaminergic and noradrenergic cell populations. Specifically, hierar
chical clustering of the double-labeled TH+ cell populations demon
strated robust group differences in activity patterns. There is only one 
Trained specimen grouped together with the Avoidance cluster and one 
Isolation in the Trained cluster (see Fig. S1). PC1 of the PCA we con
ducted confirmed that differences between groups were largely driven 
by co-activation of a combination of the SCN, nTP, and superior raphe, 
suggesting that these activated TH+ cells might encode aspects of 
(negative) valence and possibly high salience associated with stressful 
stimuli of both the Avoidance stimulus and Trained task. Interestingly, 
double-labeled TH+ cells in the SCN and superior raphe loaded even 
more strongly on PC2, though in opposition to each other, thereby 
separating the Trained group from the other two experimental groups. 
This result may suggest that dopaminergic neurons in SCN and superior 
raphe may also have a learning and memory function in teleosts. Clearly, 
more detailed studies are required to understand these relationships 
better, and our results point at potentially profitable avenues of future 
research. 

5. Conclusions 

In the present study, we investigated the activation of dopaminergic 
cell populations by co-labeling TH and pS6 in individuals of the cichlid 
fish P. zebra subjected to different behavioral conditions. The dopami
nergic system is composed of different subsystems with different func
tions ranging from sensory perception, hormonal control, regulating 
locomotion, to reward driven learning. The nature of each situation and 
any past experiences can change the balance of these subsystems and 
determine a complex emotional or motivational state of the animal. It is 
the first time the dopaminergic system has been investigated so in depth 
in a teleost, in particular showing how the activity of different dopa
minergic cell populations are modulated in different behavioral 
conditions. 
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