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A B S T R A C T

It is widely known that the catecholamine group is formed by dopamine, noradrenaline and adrenaline.
Its synthesis is regulated by the enzyme called tyrosine hydroxylase. 3-hydroxytyramine/dopamine (DA)
is a precursor of noradrenaline and adrenaline synthesis and acts as a neurotransmitter in the central
nervous system. The three main nuclei, being the retrorubral field (A8 group), the substantia nigra pars
compacta (A9 group) and the ventral tegmental area (A10 group), are arranged in the die-mesencephalic
portion and are involved in three complex circuitries – the mesostriatal, mesolimbic and mesocortical
pathways. These pathways are involved in behavioral manifestations, motricity, learning, reward and also
in pathological conditions such as Parkinson’s disease and schizophrenia. The aim of this study was to
perform a morphological analysis of the A8, A9 and A10 groups in the common marmoset (Callithrix
jacchus – a neotropical primate), whose morphological and functional characteristics support its
suitability for use in biomedical research. Coronal sections of the marmoset brain were submitted to Nissl
staining and TH-immunohistochemistry. The morphology of the neurons made it possible to subdivide
the A10 group into seven distinct regions: interfascicular nucleus, raphe rostral linear nucleus and raphe
caudal linear nucleus in the middle line; paranigral and parainterfascicular nucleus in the middle zone;
the rostral portion of the ventral tegmental area nucleus and parabrachial pigmented nucleus located in
the dorsolateral portion of the mesencephalic tegmentum. The A9 group was divided into four regions:
substantia nigra compacta dorsal and ventral tiers; substantia nigra compacta lateral and medial clusters.
No subdivisions were made for the A8 group. These results reveal that A8, A9 and A10 are
phylogenetically stable across species. As such, further studies concerning such divisions are necessary in
order to evaluate the occurrence of subdivisions that express DA in other primate species, with the aim of
characterizing its functional relevance.

ã 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Although some recent research in neuroscience points to
modern possibilities of interventions to solve old problems,
fundamental characteristics of encephalic nuclei and the forma-
tion of neural circuits remain to be clarified (Lammel et al., 2014).
Studies focusing on nuclei that express dopamine fall under this
category, exploring its morphological and functional aspects, with
discussions on models of neurodegenerative diseases and also
therapeutic possibilities.

Close to fifty years ago, Arvid Carlsson and others developed
studies that generated new ways to study neuroscience. They
attested that the akinetic effects caused by reserpine (a drug whose
action is related to catecholamine depletion) could be reversed by
intravenous injection of 3,4-dihydroxyphenylalanine (DOPA), as it
is a precursor of dopamine, as well as noradrenaline and
adrenaline. In light of this finding, they suggested that the reversal
of the effects caused by reserpine was specifically related to
increasing levels of dopamine and not noradrenaline (Carlsson
et al., 1957). Later, they concluded that 3-hidroxityramine/
dopamine (DA) acted as a neurotransmitter in the central nervous
system, in addition to its role as a precursor of noradrenaline and
adrenaline synthesis (Carlsson et al., 1958; Bertler and Rosengren,
1959). As such, DA is a monoamine included in the catecholamine
group and is a major neurotransmitter in the modulation of brain
function, playing a crucial role in the adaptation of animal behavior
throughout evolution (Smeets and González, 2000; Jones and
Pilowski, 2002; Yamamoto and Vernier, 2011).

It is known that the catecholamine groups A8-A17 use DA as a
neurotransmitter (Dahlström and Fuxe, 1964; Björklund and
Dunnett, 2007a), because the neurons of these groups express
tyrosine hydroxylase (TH), but not dopamine beta-hydroxylase, the
active enzyme in the conversion step for noradrenaline/adrenaline.
Thus, they are typically considered dopaminergic groups
(Björklund and Dunnett, 2007b). Within ten mapped nuclei, A8,
A9 and A10 consist of larger nuclei and are coincident with the
retrorubral field (RRF), the substantia nigra pars compacta (SNC),
and the ventral tegmental area (VTA), respectively (Björklund and
Dunnett, 2007b). They are involved in three circuitries called
mesostriatal, mesolimbic and mesocortical (Dahlström and Fuxe,
1964; German and Manaye, 1993; François et al., 1999; Smith and
Kieval, 2000; Björklund and Dunnett, 2007b), related to motor
control, motivation, cognition, reinforcement learning and some
neurological/psychiatric disorders, such as Parkinson’s disease and
schizophrenia (Chudasama and Robbins, 2004; Nicola et al., 2005;
Fields et al., 2007; De Araujo et al., 2010; Freire and Santos, 2010;
Cohen et al., 2012).

Despite these nuclei being located in the ventral midbrain, their
ontogeny remains a matter of discussion. They are often genuinely
called mesencephalic, since these neurons are generated from the
midbrain floor plate during embryonic development and give rise
to the three groups mentioned above (Ono et al., 2007; Hegarty
et al., 2013). However, non-midbrain structures appear as potential
candidates for precursors of dopaminergic cells of the nuclei in
question. Studies from the TH expression in the nervous system of
embryos have identified the presence of dopaminergic cells in the
basal regions of prosomers (P1-3), within the isthmus and the
midbrain, suggesting that the A8, A9 and A10 cores are
dien-mesencephalic (Marín et al., 2005). Nevertheless, these
neuronal clusters can be parceled into cytoarchitectonic and
chemoarchitectonic grounds, as described in mice (Fu et al., 2012).

Considering the functional relevance and morphological
aspects above-mentioned, it is necessary to expand studies on
these structures, including species that are more similar to
humans. The marmoset (Callithrix jacchus) is a new world
primate, derived from the Amazon basin, belonging to the
Callithricidae family, of the Callitrichinae subfamily. It is a small
neotropical primate, measuring about 30 cm in body and with a
17 cm tail, which gives the animal balance. Marmoset weight
ranges from 230 to 420 g, and this relatively small size and social
organization in small family groups facilitates its captivity. The
marmoset becomes sexually mature at fifteen months, and is
then considered an adult animal until it reaches eight years old
(Abbot et al., 2003).

The marmoset has been adopted as a model for studies of a
number of neurological disorders such as Parkinson’s disease
(Gnanalingham et al., 1993; Santana et al., 2014), Huntington’s
disease (Kendall et al., 1998), Alzheimer’s disease (McLean et al.,
2000), stroke (Bihel et al., 2010), multiple sclerosis (Genain and
Hauser, 1997), and spinal cord injury (Iwanami et al., 2005), as well
as in basic neuroscience research (Pinato et al., 2007; Cavalcante
et al., 2011; Lima et al., 2012; Sousa et al., 2013).

This study aims to describe the morphological aspects of A8,
A9 and A10 dopaminergic nuclei of the marmoset by
TH-immunohistochemistry, in order to provide a foundation for
future research on hodological and functional aspects of these
neuronal groups in this species, and thereby broadening the basis
for understanding evolutionary processes associated with the
nuclear organization of this neuronal system.

2. Materials and methods

2.1. Animals and perfusion

Six young adult male marmosets were used in the study, aged
between 4 and 6 years old, from the primatology center of the
Federal University of Rio Grande do Norte were used. Approval for
the experiments was obtained from the local Animal Experimen-
tation Ethics Committee (Protocol 014/2014) in compliance with
National Institute of Health (NIH) guidelines. All efforts were made
to minimize the number of animals and their suffering.

Individuals were housed for a short adaptation period in
3.00 � 2.00 � 2.60 m masonry cages consisting of four wire screen
walls, ceramic tile ceilings with a natural soil floor, along with
creeping vegetation and rocks to simulate their natural habitat. The
animals were exposed to environmental temperature, air humidity
and light, and had unlimited access to food and water. Each
individual was pre-anesthetized with 5 mg/kg intramuscular
injections of tramadol chloridrate and xylazine chloridrate, and
maintained with isofluoran and 100% oxygen. Upon deep
anesthesia, they were perfused using a cannula positioned into
the ascending aorta, connected to a peristaltic pump
(Cole-Parmer). After cutting the right auricula, we infused
400 ml of 0.9% saline solution in 0.1 M pH 7.4 phosphate buffer
containing 5000 IU/ml heparin (Parinex, Hipolabor, Sabará, MG,
Brazil, 2 ml/1000 ml of saline solution) for approximately five
minutes. Next, 700 ml of 4% paraformaldehyde in a 0.1 M pH
7.4 phosphate buffer was administered.

2.2. Tissue processing

The skulls were removed after perfusion to expose the dorsal
surface of the encephalon, which was then sectioned into 3 blocks
by way of two coronal sections: one at the bregma level and the
other at the lambda level. Finally, the brains were removed from
the skull (Fig. 1), stored for four hours in a 30% sucrose and 4%
paraformaldehyde in 0.1 M pH 7.4 phosphate buffer solution. After
post-fixation, the brains were stored for 24–48 h in a 30% sucrose
solution in 0.1 M pH 7.4 phosphate buffer and then sectioned by dry
ice freezing onto a sliding microtome, obtaining 30 mm coronal
sections. The sections were sequentially collected into 6 compart-
ments for all cases, each containing one of every 6 sections, thereby
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representing a serial sequence with a distance of 180 mm between
the sections.

2.3. Nissl staining and immunohistochemistry

Sections from one series were immediately mounted on gelatin
coated glass slides and Nissl stained with thionin, in order to
visualize the cytoarchitectonic definitions of neuronal groups.
Sections from another series were submitted to immunohis-
tochemistry to reveal TH. All the immunohistochemical
procedures were performed at room temperature as follows:
Free-floating sections previously submitted to pre-treatment with
0,03% hydrogen peroxide (H2O2) for twenty minutes were
incubated in 5% Bovine Serum Albumin (BSA) for sixty minutes.
Next, the sections were incubated with mouse anti-TH antibody
(Sigma, 1:10,000) in 2% BSA/0.4% Triton X-100 for 18 h, under
gentle shaking. Afterwards, sections were incubated in the
secondary antibody, consisting of 1:1000 biotinylated donkey
anti-mouse (Jackson Immunoresearch Labs.) in 0.4% Triton
X-100 under gentle shaking for 90 min. In order to visualize the
reaction, we incubated the sections for 90 min incubation in an
avidin-biotin-HRP complex (Vector Elite ABC kit), followed by a
final reaction in a medium containing H2O2 as substrate and
3,30-diaminobenzidine tetrahydrochloride as chromogen. H2O2
was offered indirectly by mixing oxidase glucose and ß-D-glucose
into the solution, causing a reaction in which the former acting on
the latter releases H2O2 (Itoh et al., 1979). The sections were
thoroughly washed with 0.1 M pH 7.4 phosphate buffer at the
beginning, between each step and at the end. Sections were
mounted on previously gelatinized glass slides, which were rapidly
submersed in a solution of 0.05% osmium tetroxide after drying at
room temperature to enhance the visibility of the reaction product.
The sections were dehydrated in a battery of gradually increasing
alcohols, cleared, and then coverslipped in Entellan1 mounting
medium (Merck, Germany).

In order to evaluate staining specificity, a number of randomly
selected sections were submitted to immunohistochemical reac-
tions omitting the primary or secondary antibodies. In these cases,
no TH-immunoreactivity was obtained.

2.4. Photomicrographs

TH-immunostained sections were analyzed using an optical
microscope (Nykon eclipse Ni) under bright field illumination.
Digital images were obtained from representative sections using a
digital video camera (Motic 5.0) coupled to a microscope. The
digitized images were converted to gray scale, minimally corrected
for brightness and contrast, and mounted using Adobe Photoshop
Fig. 1. Photographs of the dorsal, lateral and ventral
CS5 software (Adobe Systems, Mountain View, CA, USA). Diagrams
were obtained from images of Nissl-stained coronal and sagittal
sections with Adobe Illustrator CS5 software (Adobe Systems,
Mountain View, CA, USA).

3. Results

In this study, immunohistochemistry against TH was used to
define the A8, A9 and A10 dopaminergic groups in adult
marmosets. The location of the TH-reactive (TH+) neurons was
determined using descriptions in the mouse brain atlas (Paxinos
and Watson, 2007) and stereotaxic atlas of marmosets (Stephan
et al., 1980; Yuasa et al., 2010). The adopted nomenclature followed
the abovementioned atlas, as well as a study conducted on mice
(Fu et al., 2012) and a primate species (McRitchie et al., 1998).

Thus, TH-immunohistochemistry coupled with the Nissl method
enabled us to define the subunits of the studied cores, their
respective cytoarchitectures and possible subdivisions of the studied
dopaminergic territory. Diagrams were assembled from representa-
tive coronal sections in order to facilitate the understanding (Fig. 2).

3.1. Ventral tegmental area (VTA/A10 complex)

The A10 complex could be divided into seven distinct neuronal
clusters: interfascicular nucleus (IF), rostral linear of raphe (RLi)
and caudal linear of raphe (CLi) located in the middle line;
paranigral (PN) and the parainterfascicular (PIF) nuclei located in
the middle zone; the rostral ventral tegmental area (VTAR) and the
parabrachial pigmented nucleus (PBP) located in the dorsolateral
portion of the midbrain tegmentum.

The VTAR and PBP are dorso-laterally located to the mammil-
lary nuclei, dorso-medially to the substantia nigra medial cluster
(SNCM) and substantia nigra pars reticulata (SNr). By analyzing
caudal levels, we could identify more relations between VTAR/PBP
and other midbrain structures as being dorso-lateral to the
interpeduncular nucleus (IP), ventral-lateral to the decussation
of the superior cerebellar peduncle (xscp) and its ventral provision
to more medial portions of the zona incerta (ZI). The VTAR neurons
are dispersed in an area equivalent to the passage of the fibers
comprising the oculomotor nerve. Their cell bodies are fusiform
and multipolar, and to a lesser extent, triangular. Furthermore,
they do not exhibit a clear dendritic organization pattern. The PBP
appears as a more populous grouping compared to VTAR. It is
mainly composed of ovoid shape multipolar neurons with a
relative incidence of bipolar piriform neurons, and features a
dendritic provision towards the dorsoventral portion (Fig. 3A–C).

The PN is located ventral-medially to SNCM and VTAR, laterally
to IP and dorsally to the most medial portions of the cerebral
 aspects of the brain of the common marmoset.



Fig. 2. Drawings of coronal sections of the common marmoset brainstem depicting
the location of the midbrain TH-immunoreactive neuronal groups (gray shaded
areas). See list for abbreviations.

Fig. 3. Photomicrographs of TH-immunostained brainstem coronal sections
illustrating (A) VTA/A10 complex. The boxed regions are shown in higher
magnification (B and C): (B) PBP, (C) VTAR. See list for abbreviations. Scale bar:
A = 500 mm; B and C = 200 mm.
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peduncle (cp). It is a well-defined cluster of neurons being mainly
composed of ovoid shaped multipolar cells and a medial-lateral
dendritic array (Fig. 4A and B). In addition, a less dense population
of TH-IR neurons can be observed at the same level. Furthermore,
the PIF is located in a dorsal portion of PN, medial to the VTAR and
dorsolateral to the IP. It consists of seemingly bipolar neurons with
an ovoid shape and with dendritic organization in the dorsome-
dial-ventrolateral direction (Fig. 4A and C).

The IF is positioned medially to the VTAR/PBP complex and
dorsally to the PIF and IP. This group consists of multipolar neurons
with piriform format and rarely fusiform, and does not present a
defined dendritic organization pattern (Fig. 4A and D). The RLi is
located dorsal to the IF, ventral to the periaqueductal gray (PAG),
constituted by a moderate population of bipolar/multipolar
neurons with piriform and triangular shapes, and with a slight
dorsoventral dendritic organization (Fig. 4A and E).



Fig. 4. Photomicrographs of TH-immunostained brainstem coronal sections illustrating (A) VTA/A10 complex. The boxed regions are shown in higher magnification (B–E): (B)
PN, (C) PIF, (D) IF and (E) RLi. See list for abbreviations. Scale bar: A = 250 mm; B–E = 100 mm.
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Most of the caudal levels of A10 showed the presence of CLi
ventrally to the cerebral aqueduct (Aq) and dorsally to IF. Formed
by a denser cluster of neurons, the CLi predominantly consists of
spindle bipolar neurons that are less frequently ovoid, with a
dendritic dorsoventral organization pattern (Fig. 5A and B).

3.2. Substantia nigra pars compacta (SNC/A9 complex)

The A9 was divided into the following regions: substantia nigra,
dorsal tier (SNCD); substantia nigra, ventral tier (SNCV); substantia
nigra, lateral cluster (SNCL) and SNCM, as cited above.

The first nigral dopaminergic neurons that arise in the
ventrolateral portion of the midbrain tegmentum belong to SNCM
and SNCD subunits, being located laterally to the mammillary
nuclei (Mn) and supramamilar (SUM), medial to the subthalamic
nucleus (STh), ventral to the ZI and the dorsal to the SNr. SNCM
neurons are predominantly multipolar ovoid, with random
dendritic organizations (Fig. 6A-B). Regarding SNCD, the most
rostral neurons were found to be predominantly bipolar spindles
and their dendritic organization in a horizontal pattern. Towards
the caudal part, the SNCD seems to cover a significant portion of
piriform bipolar ovoid neurons, with random dendritic organiza-
tion (Fig. 6A and C), while the SNCM possesses the same
aforementioned pattern.

Neurons related to SNCL were identified laterally to the SNCD.
This low neuronal density group was identified in the more lateral
portions of the midbrain tegmentum, also being dorsal to the SNr.
SNCL neurons are multipolar, and to a lesser degree, bipolar. They
also have an oval and often spindle shape. With respect to dendritic
organization, there is not a specific pattern (Fig. 6A and D).

TH-IR neurons were identified bilaterally and ventral to the
intermediate portions of the SNCD, and dorsally to cp inserted into



Fig. 5. Photomicrographs of TH-immunostained brainstem coronal sections illustrating (A) VTA/A10 complex. The boxed region is shown in higher magnification (B), named
CLi. See list for abbreviations. Scale bar: A = 250 mm; B–E = 100 mm.

Fig. 6. Photomicrographs of TH-immunostained brainstem coronal sections illustrating the SN/A9 complex (A). The boxed regions are shown in higher magnification (B–E):
(B) SNCM, (C) SNCD, (D) SNCL and (E) SNCV. See list for abbreviations. Scale bar: A = 250 mm; B–E = 100 mm.
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Fig. 7. Photomicrographs of TH-immunostained brainstem coronal sections illustrating (A) RRF/A8, SN/A9 and VTA/A10 clusters. The boxed region is shown in higher
magnification (B) RRF. See list for abbreviations. Scale bar: A = 500 mm; B = 100 mm.
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the SNr. These groups are called SNCV. This is a low density
neuronal subgroup formed by multipolar neurons, presenting a
dendritic dorsoventral direction (Fig. 6A and E).

3.3. Retrorubral field (RRF/A8)

The A8 group is located in the lower half of the midbrain
tegmentum, laterally to the CLi. These neurons are sparse,
multipolar ovoid and fusiform shaped, and do not present a
dendritic organization pattern. Thus, we were not able to identify
subdivisions in this field (Fig. 7A and B).

4. Discussion

4.1. General considerations

The dopaminergic system is currently the most studied
neurotransmitter system. According to Pubmed, approximately
25,000 have been published in the last five years from almost
140,000 articles available on neurotransmitter systems. Since the
first descriptions of these nuclei in the decade of the 60.s, DA has
been associated with key functions in the nervous system,
including motor skills, motivated behavior, reward, associative
learning and mood. As a result of these physiological roles, DA is
also involved in the etiology, symptoms and treatment of
neurological and psychiatric diseases such as Parkinson’s disease,
schizophrenia, mood disorders, attention deficit hyperactivity
disorder (ADHD) and drug abuse (Barrot, 2014).

Taking an adult brain as a basis, it is estimated that
approximately 75% of all neurons expressing DA are located in
the ventral portion of the midbrain (German et al., 1983;
Pakkenberg et al., 1991). These correspond to RRF/A8, SNc/A9
and VTA/A10, which were addressed in the present study and are
directly involved in the abovementioned mechanisms. These
three dopaminergic nuclei show a total number of neurons of
around 20,000–30,000 in mice and 40,000–45,000 in rats,
although a little more than half of these nuclei belong to the
A9 group. These numbers increase exponentially in monkeys and
in humans (160,000–320,000 and 400,000–600,000 respective-
ly), with 75% of these neurons located in A9 (Bjorklund and
Dunnett, 2007b).

4.2. Technical and morphological considerations

Regarding the experimental model, the common marmoset
(Callithrix jacchus) has been adopted in studies of infectious
diseases, reproduction and aging (Mansfield, 2003; Tardif et al.,
2011; Carrion and Patterson, 2012). The morphological and
functional similarities between marmosets and humans compared
to rodents make this animal a reasonable option for the
development of comparative studies (Okano et al., 2012).
Furthermore, tracing a parallel with the lissencephalic brain of
rodents and would help to explore deep regions of the brain in
future studies involving neurotracers (Santiago et al., 2007; Kaas,
2011).

There has long been an interest in understanding the
organization of subcortical centers of the marmoset, especially
the A8, A9 and A10 dopamine centers. Studies based on
histofluorescence technique (Schofield and Dixson, 1982) have
mapped the catecholaminergic neurons of this animal, while other
studies have sought to characterize the A8, A9 and
A10 dopaminergic centers in this species based on the TH
immunostained sections, and in contrast with the expression of
AADC (Karasawa et al., 2007). However, our study is distinctive in
the use of cytoarchitecture considerations from TH-immunohis-
tochemistry.

As mentioned in the introduction of the present study, TH is a
common enzyme for the synthesis of all catecholamines, and its
immunohistochemical expression reveals all subgroups of dopa-
minergic neurons as being noradrenergic or adrenergic. Evidence
from studies of physiological and pharmacological tools, as well as
hodological, clinical and molecular biology, enable us to believe
that the TH-immunoreactive neuronal groups in the midbrain,
diencephalon, telencephalon and retina consist of dopamine-
producing neurons, and thus TH-immunoreactivity can be
considered a reliable molecular marker for identifying A8,
A9 and A10 dopaminergic groups (Grimm et al., 2004; Prakash
and Wurst, 2006; Margolis et al., 2006).

Based on TH-immunohistochemistry, there has already been a
3D reconstruction made of the A8, A9 and A10 in mice (German
and Manaye, 1993), and analyses of the dopaminergic groups in
primates, rodents, bats, and proboscides (McRitchie et al., 1998;
Maseko et al., 2007, 2013; Fu et al., 2012; Cavalcanti et al., 2014;
Calvey et al., 2015), among other works. Thus, TH expression has
been shown to be satisfactory and chosen as the basis for this
research.

For a long time, the A8, A9 and A10 nuclei were seen as major
neuronal centers whose projections were made of from homoge-
neous groups of neurons. The separation of the projection system
into three functionally distinct pathways (mesostriatal, mesolim-
bic and mesocortical) as was defined decades ago, still remains
valid today (Bjorklund and Dunnett, 2007b). But in recent years
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much evidence has pointed to a new understanding that denotes
the existence of subdivisions of these nuclei, and above all,
different features for each of the subunits.

In rats (German and Manaye, 1993; McRitchie et al., 1996;
Paxinos and Watson, 2007), mice (Fu et al., 2012), rock cavies
(Cavalcanti et al., 2014.), baboons (Papio ursinus) (McRitchie et al.,
1998) and also in humans (McRitchie et al., 1996), A10 neurons
comprise the heterogeneous nuclear complex of subunits, making
it possible to arrange them into seven distinct components. In the
middle line, the interfascicular nucleus (IF) is located dorsally to
the IP and the raphe caudal linear nucleus (CLi), which is replaced
by the raphe rostral linear nucleus (RLi). Forming the medial group
are the paranigral (PN) and the parainterfascicular nucleus (PIF). In
the most lateral portion, there is the rostral part of the ventral
tegmental area (VTAR) and pigmented parabrachial nucleus (PBP).
Regarding the A9 complex, the following divisions can be
distinguished: substantia nigra compacta, dorsal tier (SNCD),
substantia nigra compacta, ventral tier (SNCV), substantia nigra
compacta, lateral cluster (SNCL), and the substantia nigra
compacta, medial cluster (SNCM). The A8 dopamine cell cluster
is contained in the caudal midbrain reticular formation, and
corresponds to the retrorubral field (RRF), not allowing for any
further subdivisions.

The DA groups have been studied in several rodent African
species, such as the Highveld gerbil (Tatera brantsii,Moon et al.,
2007), African pigmy mouse (Mus minutoides, Kruger et al., 2012),
Highveld mole-rat (Cryptomys hottentotus, Da Silva et al., 2006;
Bhagwandin et al., 2008), Cape dune mole-rat (Bathyergus suillus,
Bhagwandin et al., 2008), as well as the greater canerat
(Thryonomys swinderianus, Dwarika et al., 2008) and the Cape
porcupine (Hystrix africaeaustralis, Limacher et al., 2008). Other
non-rodent African species have been used in the study of DA
groups, such as the rock hyrax (Procavia capensis, Gravett et al.,
2009), rock elephant shrew (Elephantulus myurus, Pieters et al.,
2010), giraffe (Giraffa camelopardalis, Bux et al., 2010), and
strepsirrhine primates (Galago demidoff, Perodicticus potto and
Lemur catta, Calvey et al., 2015), among others.

According to all of these studies, the A10 complex is divisible
into the A10, which would correspond to the VTAR, PBP, PN and PIF;
A10c (central), which would correspond to the IF; and A10d
(dorsal), which would correspond to the CLi and RLi, and even the
A10dc (dorsal caudal), the latter being a dopamine neuronal cluster
spread in the periaqueductal gray territory of the dorsal raphe
nucleus. Those neurons are also considered a component of A10
group (Smeets and González, 2000). Although we have seen sparse
TH-IR neurons in this location in the marmoset brain, we did not
consider them a component of A10; this is in compliance with the
terminology adopted in Paxinos and Watson (2007). In the above-
mentioned species, the A9 complex could be subdivided into:
A9pc, which would correspond to SNCD; A9l, which would
correspond to SNCL; A9m, which would correspond to SNCM;
and A9v, which would correspond to SNCV. The A8 dopamine cell
cluster, contained in the caudal midbrain reticular formation
corresponds to the retrorubral field (RRF), not allowing for any
subdivisions.

4.3. Evolutionary considerations

In contrast to the brains of ancestral mammals, which in
addition to being small presented smooth telencephalons (Rowe
et al., 2011), modern mammalian brains may vary more than
100,000 times by mass (Count, 1947), but not uniformly. Thus,
different classes may have different volumes, and other morpho-
logical features (e.g. sulci and gyri and the ratio of mass and
number of brain neurons and glial cells) (Pillay and Manger, 2007;
Herculano-Houzel et al., 2014).
When discussing subcortical centers, our results showed that
the A8, A9 and A10 dopaminergic nuclei of the marmoset generally
possesses an organization similar to what has been described in
other mammalian species, with a slight variation on the
nomenclature used, suggesting that these structures are stable
across species.

Based on studies conducted in other animals, mainly referring
to the Rodentia order, we deduce that the nuclear complexity of the
analyzed dopaminergic centers seems to be able to switch between
the different orders, but not within themselves, while we also
noticed marked phenotypic differences. Thus, the authors suggest
that phenotypic changes in life habits and evolutionary character-
istics do not lead to variation in the dopaminergic nuclei for the
Rodentia order, for example (Manger, 2005). In addition, based on
this understanding, we established a phylogenetic relationship
between a group of primates and megachiropterans for similarities
between aspects of nuclear Organization (Calvey et al., 2015). This
should certainly be explored further within the order of primates,
especially when this kind of study is performed.
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