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Abstract

Employing orexin-A immunohistochemical staining we describe the nuclear parcellation of 

orexinergic neurons in the hypothalami of a lar gibbon and a chimpanzee. The clustering of 

orexinergic neurons within the hypothalamus and the terminal networks follow the patterns 

generally observed in other mammals, including laboratory rodents, strepsirrhine primates 

and humans. The orexinergic neurons were found within three distinct clusters in the ape 

hypothalamus, which include the main cluster, zona incerta cluster and optic tract cluster. In 

addition, the orexinergic neurons of the optic tract cluster appear to extend to a more rostral 
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and medial location than observed in other species, being observed in the tuberal region in 

the anterior ventromedial aspect of the hypothalamus. While orexinergic terminal networks 

were observed throughout the brain, high density terminal networks were observed within the 

hypothalamus, medial and intralaminar nuclei of the dorsal thalamus, and within the serotonergic 

and noradrenergic regions of the midbrain and pons, which is typical for mammals. The expanded 

distribution of orexinergic neurons into the tuberal region of the ape hypothalamus, is a feature 

that needs to be investigated in other primate species, but appears to correlate with orexin gene 

expression in the same region of the human hypothalamus, but these neurons are not revealed with 

immunohistochemical staining in humans. Thus, it appears that apes have a broader distribution of 

orexinergic neurons compared to other primate species, but that the neurons within this extension 

of the optic tract cluster in humans, while expressing the orexin gene, do not produce the 

neuropeptide.

Keywords

ape; brain evolution; hypocretin; immunohistochemistry; orexin; primates

1 | INTRODUCTION

The orexin neuropeptides (also known as hypocretin) were originally discovered in the 

hypothalamus of the rat brain. Based on the relationship of the orexinergic neurons to 

the hypothalamic “feeding center” and their ability to stimulate food intake, orexins were 

coined the “regulators of appetite” (de Lecea et al., 1998). The two orexin neuropeptides 

are involved in many physiological and behavioral activities, such as the control of drinking 

behavior, neuroendocrine homeostasis, and somatic motor control (Zhang, Yu, Zhuang, Zhu, 

& Wang, 2013). The orexin neuropeptides also play a crucial role in the regulation of 

wakefulness and sleep (Chow & Cao, 2016; de Lecea & Sutcliffe, 2005). This is supported 

by multiple lines of evidence that associate sleep disorders, such as narcolepsy in humans, 

with deficiencies in the orexinergic system (e.g., Nishino, Ripley, Overeem, Lammers, & 

Mignot, 2000; Peyron et al., 2000; Thannickal et al., 2000). Thus, the orexinergic system 

appears to form the interface that balances the need to be awake, alert and active in relation 

to the need to obtain nutrition (Malungo, Gravett, Bhagwandin, Davimes, & Manger, 2020).

The distribution of orexinergic cell bodies and terminal networks have been described 

in a range of mammalian species (e.g., Davimes et al., 2017; Dell et al., 2012; Dell, 

Karlsson, Patzke, Spocter, Siegel, & Manger, 2016; Dell, Patzke, Spocter, Bertelsen, Siegel, 

& Manger, 2016; Dell, Kruger, Pettigrew, & Manger, 2013; Dell, Patzke, Spocter, Siegel, 

& Manger, 2016; Gravett, Bhagwandin, Fuxe, & Manger, 2011; Iqbal, Pompolo, Sakurai, & 

Clarke, 2001; Khorooshi & Klingenspor, 2005; Kruger, Dell, Pettigrew, & Manger, 2010; 

Malungo et al., 2020; Nixon & Smale, 2007; Yamamoto et al., 2006; Zhang, Sampogna, 

Morales, & Chase, 2002), including strepsirrhine primates (Calvey et al., 2015) and humans 

(Elias et al., 1998; Moore, Abrahamson, & van den Pol, 2001; Thannickal et al., 2018; 

Thannickal, Moore, et al., 2000; Thannickal, Neinhuis, & Siegel, 2009). However, the 

detailed mapping and nuclear parcellation of orexinergic neurons has not been undertaken 

in other species of catarrhine (apes and Old World monkeys) or platyrrhine (New World 
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monkeys) primates, although the presence of these neurons has been noted and quantified 

in Macaca mulatta (e.g., Downs et al., 2007; Luna, Brown, Eghlidi, Kohama, & Urbanski, 

2017).

In mammals orexinergic neurons are primarily found within the hypothalamus and are 

typically organized into three distinct clusters: (a) a main cluster in the perifornical area; 

(b) a zona incerta cluster in the dorsal lateral hypothalamus; and (c) an optic tract cluster 

of the ventrolateral hypothalamus (e.g., Calvey et al., 2015; Dell et al., 2013; Nixon 

& Smale, 2007). For the most part, these three clusters are similar across mammals, 

although variations in neuronal numbers and the complement of clusters have been observed 

(Davimes et al., 2017; Dell et al., 2012, 2013, 2016,b,c; Kruger et al., 2010; Malungo et 

al., 2020; Maseko, Patzke, Fuxe, & Manger, 2013). Despite the relatively small population 

of hypothalamic orexinergic neurons, the axons that emanate from these neurons project 

extensively throughout the central nervous system (CNS), forming variable densities of 

terminal networks in different regions of the brain (e.g., Calvey et al., 2015; Chen, Dun, 

Kwok, Dun, & Chang, 1999; Dell et al., 2013; Gravett et al., 2011; Zhang et al., 2002). 

Employing orexin-A immunocytochemistry, we describe the location and distribution of 

the orexinergic neurons and high-density terminal networks in the brains of a lar gibbon 

(Hylobates lar) and a chimpanzee (Pan troglodytes), as well as provide a stereological 

analysis of orexinergic neuronal numbers and somal volumes.

2 | MATERIALS AND METHODS

2.1 | Specimens

Brains from two healthy adult apes, a male lar gibbon (H. lar) (body mass: 5.5 kg, brain 

mass: 112 g, 5.5 years old) and a female chimpanzee (P. troglodytes) (body mass: 47 kg, 

brain mass: 388.1 g, 21 years old), were obtained from the Copenhagen Zoo, Denmark, and 

the Borås Zoo, Sweden, respectively. Both animals were born in captivity and showed no 

behavioral problems or stereotypies indicative of any neurological impairments. The animals 

were treated and used according to the guidelines of the University of Witwatersrand 

Animal Ethics Committee (Clearance number 2017/010/73/O), which correspond with those 

of the NIH for care and use of animals in scientific experimentation. The brains were 

obtained after the animals had been euthanized with sodium pentobarbital (i.v.), in line with 

population management decisions of the zoos independent of the current study (Bertelsen, 

2018). Following euthanasia, the carotid arteries were cannulated, and the heads were 

perfused with an initial rinse of 0.9% saline solution at a temperature of 4°C followed 

by 4% paraformaldehyde in 0.1 M phosphate buffer (PB) at 4°C. The brains, which 

showed no signs of neuropathology, were removed from the skull and postfixed in 4% 

paraformaldehyde in 0.1 M PB (48 hr at 4°C) and allowed to equilibrate in 30% sucrose in 

0.1 M PB before being stored in an antifreeze solution at −20°C until use (Manger et al., 

2009).

2.2 | Sectioning and immunostaining

The brains were allowed to equilibrate in 30% sucrose in 0.1 M PB, and then frozen in 

crushed dry ice. The frozen brains were mounted to an aluminum stage and coronal sections 
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of 50 μm thickness were cut using a sliding microtome. Both brains were sectioned into 1 

in 20 series, of which three series were used in the current study. The remaining 17 series 

were placed in antifreeze solution and stored at −20°C for later use. The three series used 

in this study were stained for Nissl, myelin, and immunostained for orexin-A (see below). 

Sections used for Nissl staining were mounted on 1% gelatine coated glass slides, cleared 

in a solution of 1:1 chloroform and 100% alcohol overnight, after which the sections were 

stained with 1% cresyl violet. The myelin series sections were refrigerated for 2 weeks 

in 5% formalin then mounted on 2% gelatine coated slides and stained with a modified 

silver stain (Gallyas, 1979). The Nissl and myelin stained sections were used to define the 

architecture of the hypothalamus and surrounding structures.

The series of sections used for orexin-A immunohistochemistry were initially treated for 

30 min with an endogenous peroxidase inhibitor (49.2% methanol: 49.2% 0.1 M PB: 

1.6% of 30% H2O2), followed by three 10 min rinses in 0.1 M PB. The sections were 

then preincubated at room temperature for 3 hr in a blocking buffer solution comprised 

of 3% normal goat serum, 2% bovine serum albumin (BSA, Sigma) and 0.25% Triton 

X-100 (Merck) in 0.1 M PB. The sections were then placed in a primary antibody solution 

(blocking buffer with appropriately diluted primary antibody) and incubated at 4°C for 

48 hr under gentle shaking. To identify orexin-A containing cells bodies and axonal 

terminal networks, we used the AB3704 anti-Orexin-A rabbit polyclonal antibody from 

Merck-Millipore (AB3704, Merck-Millipore; RRID AB_91545; raised against a synthetic 

peptide corresponding to the c-terminal portion of bovine orexin-A peptide) at a dilution of 

1:3000. The pattern of staining of orexinergic neurons in the hypothalamus and projections 

throughout the brain was similar to that seen in other mammals (e.g., Li & Kiruoac, 2008).

The incubation in the primary antibody solution was followed by three 10 min rinses in 0.1 

M PB, after which the sections were incubated in a secondary anti-rabbit antibody solution 

for 2 hr at room temperature. The secondary antibody solution contained a 1:1,000 dilution 

of biotinylated anti-rabbit IgG (BA-1000, Vector Labs) in a solution containing 3% NGS and 

2% BSA in 0.1 M PB. This was followed by three 10 min rinses in 0.1 M PB after which 

the sections were incubated in AB solution (Vector Labs) for 1 hr. After three further 10 

min rinses in 0.1 M PB, the sections were placed in a solution of 0.05% diaminobenzidine 

in 0.1 M PB for 5 min, followed by the addition of 3 μl of 30% H2O2 to each 1 ml 

of solution in which each section was immersed. Chromatic precipitation of the sections 

was monitored visually under a low power stereomicroscope. This process was allowed 

to continue until the background staining of the sections was appropriate for architectonic 

analysis without obscuring any immunopositive structures. The precipitation process was 

stopped by immersing the sections in 0.1 M PB and then rinsing them twice more in 0.1 M 

PB. To check for nonspecific staining from the immunohistochemistry protocol, we omitted 

the primary antibody and the secondary antibody in selected sections, which produced no 

evident staining. The immunohistochemically stained sections were mounted on 1% gelatine 

coated slides and left to dry overnight. The sections were then dehydrated in graded series of 

alcohols, cleared in xylene and cover slipped with Depex.
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2.3 | Stereological analysis

To quantify the total numbers of orexinergic neurons in the lar gibbon and chimpanzee 

hypothalamus, an unbiased design based systematic random sampling stereological protocol 

was employed. We used a MicroBrightfield (MBF) (Colchester, Vermont) system with a 

three-plane motorized stage, Zeiss.Z2 Axio Imager Vario microscope and StereoInvestigator 

software (MBF, version 11.08.1; 64-bit). Initially pilot studies were conducted to optimize 

sampling parameters, such as the counting frame and sampling grid sizes, and achieve 

a coefficient of error (CE) below 0.1 (Dell, Patzke, Spocter, Siegel, & Manger, 2016; 

Gundersen, 1988; West, Slomianka, & Gundersen, 1991). In addition, we measured the 

tissue section thickness at every sampling site and the vertical guard zone, at both the 

top and bottom of the section, was determined according to tissue thickness to avoid errors/

biases due to sectioning artifacts (Dell, Patzke, Spocter, Siegel, & Manger, 2016; West et 

al., 1991), all undertaken using a 40× objective. Table 1 provides a detailed summary of 

the stereological parameters employed in the current study. To estimate the total number of 

orexinergic neurons, we used the optical fractionator probe (Dell, Patzke, Spocter, Siegel, 

& Manger, 2016; West et al., 1991), first estimating the total number within the right 

hypothalamus, and then doubling this estimate to obtain the total number of orexinergic 

neurons. To determine orexinergic neuronal volumes, we used the nucleator probe, with five 

rays being sampled in each probe. For all tissue sampled this probe was used concurrently 

with the optical fractionator while maintaining strict criteria, that is, only neurons with 

complete cell bodies were counted.

3 | RESULTS

As is typical of the orexinergic system, in both species of apes the neurons immunopositive 

to the orexin-A antibody used in the current study (OxA+ neurons) were found mostly 

within the hypothalamus. Within the hypothalamus, these neurons were arranged in three 

distinct clusters: (a) the main cluster; (b) the zona incerta cluster; and (c) the optic tract 

cluster (all three of which are typically observed across mammals), but it appears that 

there is an extended distribution of optic tract cluster neurons into the anterior ventromedial 

tuberal region of the hypothalamus (Figures 1–3). The OxA+ neurons gave rise to axons 

that formed terminal fields throughout the brain, but the densities of these terminal networks 

varied in the different regions. The distribution of both OxA+ neurons and terminal networks 

was very similar in the two species studied, thus the following description applies to both 

species unless otherwise noted.

3.1 | Distribution and morphology of orexinergic neurons

OxA+ neurons were found predominantly within the hypothalamus of both species. Within 

the hypothalamus, these neurons were found from close to the midline across to the lateral 

edge, and from the most ventral to the most dorsal portions of the hypothalamus (Figures 

1–3). Typically in mammals the OxA+ neurons have been parcellated into three distinct 

clusters, a main cluster which houses the majority of the OxA+ neurons in the perifornical 

region, a zona incerta cluster in the dorsolateral aspect of the hypothalamus and an optic 

tract cluster in the ventrolateral aspect of the hypothalamus (e.g., Calvey et al., 2015; Dell 

et al., 2013; Nixon & Smale, 2007). In both ape species these three clusters of OxA+ 
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neurons were clearly evident (Figures 1–5). As is typical for mammals, the main cluster 

comprised the majority of OxA+ neurons in the regions surrounding the passage of the 

fornix through the hypothalamus (Figures 1d–f, 2, 3). Extending dorsolaterally from this 

main cluster, a small number of OxA+ neurons were observed in the dorsal lateral aspect 

of the hypothalamus forming the zona incerta cluster (Figures 1d–f, 2, 3). These cells 

were most evident in the portion of the hypothalamus adjacent to the medial border of 

the zona incerta, with a few cells being located outside the hypothalamus, in the white 

matter immediately dorsomedial to the zona incerta (Figures 1–3). Extending ventrolaterally 

from the main cluster, a small number of OxA+ neurons were observed in the ventrolateral 

hypothalamus adjacent to the optic tract, these neurons being the optic tract cluster (Figures 

1b–f, 2, 3). Interestingly, and in contrast to all other mammals previously studied including 

strepsirrhine primates (Calvey et al., 2015), a small number of OxA+ neurons were observed 

in the anterior ventromedial portion of the hypothalamus, in what we broadly define as the 

tuberal region. These cells were found above the optic chiasm, bordering the ventrolateral 

margin of the third ventricle (Figures 1a–e, 2b,c, 3b). As this is a novel region of the 

hypothalamus to contain OxA+ neurons, and that these neurons appear contiguous with the 

“standard” optic tract cluster, we have termed these neurons the optic tract cluster extension.

While in some species, such as the elephant and cetartiodactyls (Davimes et al., 2017; Dell 

et al., 2016,b,c; Malungo et al., 2020; Maseko et al., 2013), there are differences in the 

morphology of orexinergic neurons in different parts of the hypothalamus, in both species 

of ape studied, the morphology of the OxA+ neurons in the three different clusters and the 

extension was very similar. The majority of these neurons were bipolar, but a noticeable 

proportion of these neurons were multipolar, especially in the main cluster. In the main 

cluster, optic tract cluster and extension, the dendrites emanating from these neurons showed 

no consistent orientation (Figures 4 and 5); however, the OxA+ neurons of the zona incerta 

cluster had dendrites that were oriented in a plane parallel to the upper border of the zona 

incerta (Figures 4b and 5b).

3.2 | Numbers and soma volumes of orexinergic neurons

As there was no distinct difference in the overall cell morphology between the clusters 

of orexinergic neurons (see above, but also see Maseko et al., 2013; Dell et al., 2016,b,c; 

Davimes et al., 2017; Malungo et al., 2020, where clear differences in soma size exist in 

the orexinergic neurons in elephants and cetartiodactyls), we estimated total orexinergic 

neurons numbers stereologically rather than quantify them as individual clusters. Within 

the hypothalamus of the lar gibbon, we estimated a total of 52,576 OxA+ neurons (CE, 

Gundersen m = 1, 0.08), while in the chimpanzee we estimated a total of 107,396 OxA+ 

neurons (CE, Gundersen m = 1, 0.09). Thus, the larger-brained chimpanzee (brain mass 

= 388.1 g) presented with substantially more OxA+ neurons than the smaller-brained 

lar gibbon (brain mass = 112 g). The median cell volume of the OxA+ neurons in the 

hypothalamus of the lar gibbon was 4,664 μm3 (CE = 0.003), while in the chimpanzee this 

median was 5,926 μm3 (CE = 0.004). Thus, the volume of the OxA+ neuronal soma was 

substantially larger in the chimpanzee compared to the lar gibbon.
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3.3 | Orexinergic terminal networks

OxA+ terminal networks were observed throughout the brains of both species studied, but 

the density of these terminal networks varied substantially between brain regions. These 

terminal networks were comprised of axons evincing boutons en passant, and as previously 

described in cetartiodactyls (Dell et al., 2015), both large and small boutons were observed 

on the terminal segments of the OxA+ axons. While not quantified, the number of small 

orexinergic boutons clearly outnumber the large boutons, as seen in the cetartiodactyls 

(Dell et al., 2015), and the proportions observed in cetartiodactyls appears to be reflected 

in the brains of both ape species studied. This proportion of OxA+ boutons was observed 

throughout all regions of the brain, regardless of variation in terminal network densities 

(Figures 4–8).

High density OxA+ terminal networks were observed throughout the entire hypothalamus 

(Figures 4 and 5), both in the regions where the OxA+ neurons were observed and in 

surrounding regions. The midline and intralaminar nuclei of the dorsal thalamus also showed 

high density OxA+ terminal networks (Figure 6), and, to an extent, provide a distinct outline 

for these dorsal thalamic nuclear complexes. Within the midbrain and the pons, high density 

OxA+ terminal networks were observed in the regions corresponding to the serotonergic 

dorsal raphe nuclear complex (Figure 7a,b), and also in the locus coeruleus nuclear complex, 

specifically in the locus coeruleus proper within the periventricular gray matter, and in the 

compact portion of the subcoeruleus in the adjacent tegmentum, where in both regions 

there is a high density of noradrenergic neurons (Figure 7c,d, pers. obs.). The remaining 

regions of the brain had relatively lower densities of orexinergic boutons, with the OxA 

terminal networks in cerebral cortex and dorsal striatopallidal complex being clear examples 

of regions with a low density of terminals (Figure 8).

4 | DISCUSSION

In this study we have provided an anatomical description of the orexinergic system in the 

brain of two apes, a lar gibbon and a chimpanzee. In general, the orexinergic system in 

the brains of the apes studied is very similar to that seen in other mammals, including 

humans. This similarity includes the location and parcellation of the orexinergic neurons 

in the hypothalamus, as well as the broad, but heterogeneous, projections of these neurons 

throughout the neuraxis and the presence of both large and small boutons en passant forming 

the orexinergic terminal networks. The one significant difference to other mammalian 

species is the presence of orexinergic neurons in the tuberal region of the ape hypothalamus, 

the extension of the optic tract cluster, which to a certain degree, is also present in the human 

hypothalamus. These findings are discussed in an evolutionary and functional context.

4.1 | Conserved features of the orexinergic system in mammals

The organization of the orexinergic system across mammals is, for the most part (but see 

below), quite consistent across mammals. The orexinergic neurons are primarily located 

within the hypothalamus (a few neurons are located within or adjacent to the zona incerta), 

and these neurons project throughout the neuraxis, with different regions having higher or 

lower densities of orexinergic terminal fields. In this sense, the apes studied closely resemble 
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other mammalian species, apart from the extension of the optic tract cluster of orexinergic 

neurons into the tuberal region of the hypothalamus. Despite this overall similarity, there are 

still characteristics of interest that require further detailed study to translate from commonly 

used animal models, such as laboratory rodents, to humans.

There is notable variation in the numbers of orexinergic neurons across species that have 

vastly different brain mass. Numbers of orexinergic neurons have been estimated for a range 

of mammalian species, including laboratory rat (n ≈ 4,000, brain mass ≈ 2 g, Kilduff & 

Peyron, 2000), laboratory mouse (n ≈ 2,000, brain mass ≈ 0.4 g, Brownell & Conti, 2010), 

domestic dog (n ≈ 30,000, brain mass ≈ 100 g, Thannickal et al., 2000), giraffe (n ≈ 15,003, 

brain mass ≈ 526.5 g, Dell et al., 2012), harbor porpoise (n ≈ 21,254, brain mass ≈ 494.5 

g, Dell et al., 2012), minke whale (n = 277,604, brain mass = 2,900 g; Dell, Karlsson, 

Patzke, Spocter, et al., 2016), river hippopotamus (n = 68,398, brain mass = 407.5 g, Dell, 

Patzke, Spocter, Bertelsen, et al., 2016), Arabian oryx (n = 24,549, brain mass = 166 g, 

Davimes et al., 2017), blue wildebeest (n = 11,717, brain mass = 390.1, Malungo et al., 

2020), macaque monkey (n ≈ 48,000, brain mass ≈ 90 g, Downs et al., 2007), lar gibbon 

(n = 52,576, brain mass = 112 g, current study), chimpanzee (n = 107,396, brain mass = 

388.1 g, current study) and human (n ≈ 70,000, brain mass ≈ 1,400 g, Thannickal, Moore, 

et al., 2000). What is clear is that the larger brains house more orexinergic neurons, but 

that this increase in neuronal numbers with increased brain mass is not a linear relationship 

and is likely to be a negative allometry (i.e., for every doubling in brain mass, the number 

of orexinergic neurons will increase by less than double). However, any allometric analysis 

needs to be cognizant of the phylogenetic relationships between the species being analyzed 

and the potential specializations of the orexinergic system, such as the parvocellular cluster 

in elephants and cetartiodactyls (Davimes et al., 2017; Dell et al., 2016,b,c; Malungo et al., 

2020; Maseko et al., 2013), that may complicate the analysis and interpretation. At present 

there is not enough data from a broad enough range of species to warrant undertaking an 

allometric analysis.

The second characteristic of this system that would be important to understand across 

species, in terms of translational research, are the densities of orexinergic boutons in 

homologous brain regions in different species, and the relative proportions of the large 

and small boutons across species. It would be important to understand whether orexinergic 

bouton densities scale with neuronal numbers, nonneuronal numbers, or with structure 

volume/mass. In addition, it appears that in all species studied (including humans, see Figure 

9), the orexinergic boutons en passant are of two types, large and small. In cetartiodactyls, 

the relative proportion of large and small orexinergic boutons in the terminal networks of 

the cerebral cortex appears to be quite stable across species and brain masses (Dell et al., 

2015); however, the proportions of these boutons in different brain regions has not been 

examined in the same species, or in homologous brain regions across species (apart from 

cetartiodactyls). Given that it is likely that the larger boutons are drivers of postsynaptic 

activity, while the smaller boutons are modulators of postsynaptic activity (Sherman & 

Guillery, 1998), potentially acting through volume transmission (Fuxe et al., 2010), a 

deeper understanding of this potential variation and how it may change with brain size 

and phylogenetic affinities may provide important insights into the function of this system.
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Understanding whether there are specific scaling laws that predict the numbers of 

orexinergic neurons in the brain of mammalian species, or bouton densities in various 

parts of the mammalian brain, or variations in the relative proportion of small and large 

orexinergic boutons, would be very important in understanding the potential effects and 

dose requirements of specific pharmaceuticals that may be developed in future to address 

dysfunctions of this system, such as seen in narcolepsy (e.g., Thannickal et al., 2009; 

Thannickal, Moore, et al., 2000).

4.2 | A novel cluster of orexinergic neurons in apes? Evolutionary considerations

As detailed above, the majority of the features of the orexinergic system observed in 

the two ape species studied are very similar to that observed across the majority of 

mammals. Nonetheless, the presence of orexinergic neurons in the tuberal region of the ape 

hypothalamus, the extension of the optic tract cluster, has not yet been explicitly reported in 

any mammal species studied. Across the breadth of mammalian phylogeny there is variation 

in the complement of orexinergic clusters present in the hypothalamus. For example, the 

optic tract cluster is not observed in microchiropteran bats (Kruger et al., 2010, although 

it is present in megachiropteran bats, Dell et al., 2013), while in the African elephant 

and cetartiodactyls (giraffe, Arabian oryx, blue wildebeest, river hippopotamus, harbor 

porpoise, minke whale), a medially located parvocellular cluster is observed (Davimes et 

al., 2017; Dell et al., 2012, 2016,c; Malungo et al., 2020; Maseko et al., 2013). However, 

the parvocellular cluster of orexinergic neurons in the elephant and cetartiodactyls is not 

equivalent to the optic tract cluster extension observed in the lar gibbon and chimpanzee, 

as these neurons in apes show the same morphology as the orexinergic neurons in the 

other hypothalamic clusters, while those of the parvocellular cluster in the elephant and 

cetartiodactyls are distinctly smaller than those observed in the main, zona incerta and optic 

tract clusters.

In primates, the only species in which the distribution and parcellation of orexinergic 

neurons has been provided in detail are three strepsirrhines (Galago demidoff, Perodicticus 
potto and Lemur catta) (Calvey et al., 2015) and humans (e.g., Thannickal et al., 2009; 

Thannickal, Moore, et al., 2000), although photomicrographs appear to show a similar 

organization in the macaque monkey (e.g., Downs et al., 2007; Luna et al., 2017). In 

these primates, the main, zona incerta and optic tract clusters were reported, but the optic 

tract cluster extension was not observed in these studies (see Figure 9 for an example 

of orexinergic immunostaining in the human hypothalamus). In contrast, in one study of 

humans using in situ hybridization directed against the orexin mRNA, expression was 

observed in neurons in the optic tract cluster extension in addition to the other regions 

of the hypothalamus where immunohistochemistry typically reveals orexinergic neurons 

(Krolewski et al., 2010, see their Figures 1f and 2f). Thus, in primates we have the unusual 

situation where there do not appear to be orexinergic neurons in the optic tract cluster 

extension of the tuberal region in strepsirrhines, while the orexin gene is expressed in this 

region of the human hypothalamus but does not appear to lead to the production of the 

orexin neuropeptide. In contrast, in the lar gibbon and chimpanzee, one would assume, 

given the immunolocalization of orexinergic neurons in the optic tract cluster extension of 

the tuberal region, that the orexin gene is also expressed in some of the neurons of this 
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region. Thus, at present, we can conclude that an optic tract cluster extension in the tuberal 

region is likely to be a shared feature of the Hominoidea (apes, including humans), but 

that this cluster appears to have become nonfunctional in humans. However, this conclusion 

must be reached tentatively, as the primary orexin-A antibody used in the current study is 

different to that used in the study of the human (Thannickal, Moore, et al., 2000), thus the 

disparate findings may be the result of different binding sites on the orexin neuropeptide 

for each antibody. In addition, it has to be noted that in mammals the relationship between 

protein expression and mRNA concentrations usually does not exceed 40% (Abreu, Penalva, 

Marcotte, & Vogel, 2009), which may provide some explanation as to the disparate results 

between the lar gibbon and chimpanzee compared to the human as reported here.

Whether this optic tract cluster extension of the tuberal region is a derived feature of the 

hypothalamus of the Hominoidea not shared by other primates remains to be determined, 

as detailed mapping studies of orexinergic neurons in other primates (Tarsiformes—

tarsiers, Platyrrhini—New World monkeys, and Cercopithecoidea—Old World monkeys) 

are required to reveal the full extent of the phylogenetic occurrence of this potentially 

novel orexinergic cluster. The outcome of such studies will be important in determining the 

confidence with which functional studies of the orexinergic system in laboratory rodents 

can be translated to humans, and will be instructive in the prediction of potential side-

effects that the administration of medicinal pharmaceuticals targeting the orexinergic system 

developed and tested in laboratory rodents may have on humans. Given the importance of 

the orexinergic system in relation to ailments such as narcolepsy (Thannickal et al., 2009; 

Thannickal, Moore, et al., 2000) and addiction (Thannickal et al., 2018), understanding the 

similarities and variances between model species and human targets is important.

4.3 | Potential functions of the optic tract cluster extension

Identifying this novel cluster of orexinergic neurons within the ape hypothalamus, and the 

unusual features of the neurons potentially forming this cluster in humans, is of interest, as 

it raises the question of what potential functions these neurons might subserve. Because 

it is not possible to record from and determine the precise anatomy and connectivity 

of these neurons in apes and humans, direct insights about function are limited. The 

postsynaptic action of orexin is, in general, excitatory (e.g., Bayer et al., 2004; Chrobok, 

Palus-Chramiec, Chrzanowska, Kepczynski, & Lewandowski, 2017) and this excitation 

acts in a chronologically relevant manner (Azeez, del Gallo, Cristino, & Bentivoglio, 

2018). However, the projection patterns of orexinergic neurons are often diffuse, spreading 

across much of the neuraxis (e.g., Peyron et al., 1998), although given the high density 

of orexinergic terminal networks within the hypothalamus, it would appear that they 

also project locally. This indicates the possibility that these optic tract cluster extension 

orexinergic neurons in the ape hypothalamus, may provide a stronger excitatory influence on 

the neurons located in the supraoptic and tuberal regions of the hypothalamus than would be 

the case if these neurons were not present. The neurons within the anterior and supraoptic 

regions of the hypothalamus are involved in a variety of functions, including blood pressure 

control and water balance, thermoregulation, eating, reproduction, daily rhythms, stress and 

metabolic control, and sleep and arousal (e.g., Pop, Crivii, & Opincariu, 2018). It is difficult 

to determine whether enhanced excitation of the neurons subserving these functions by optic 
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tract cluster extension orexinergic neurons would have a great influence on their function, 

but it is possible that even the smallest functional augmentation of the neurons in the 

supraoptic and tuberal regions of the hypothalamus may have a significant effect. At present 

further discussion regarding the potential functional attributes and correlates of these optic 

tract cluster extension orexinergic neurons awaits further study.
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Abbreviations:

3V third ventricle

4V fourth ventricle

A6 locus coeruleus nuclear complex

A7 subcoeruleus nuclear complex

A9m substantia nigra, medial division

ac anterior commissure

acp anterior commissure, posterior part

Amyg amydaloid body

ca cerebral aqueduct

Diag.B diagonal band of Broca

DRd dorsal raphe nucleus, dorsal part

DRl dorsal raphe nucleus, lateral part

DRp dorsal raphe nucleus, peripheral part

DRv dorsal raphe nucleus, ventral part

DT dorsal thalamus

F fornix

GPe globus pallidus, external part

Williams et al. Page 11

Anat Rec (Hoboken). Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



GPi globus pallidus, internal part

HyN hypophysis, pars nervosa

ic internal capsule

IH infundibular hypothalamic nucleus

Is.C island of Calleja

LPO lateral preoptic area

MB mammillary bodies

Mc main cluster of orexinergic neurons

me5 tract of the fifth mesencephalic nucleus

mmt mammillothalamic tract

MnPO median preoptic nucleus

MPA medial preoptic area

N.Bas nucleus basalis

NSt nigrostriatal tracte

OC optic chiasm

OT optic tract

OTc optic tract cluster of orexinergic neurons

OTce extension of optic tract cluster of orexinergic neurons

P putamen nucleus

Para anterior paraventricular nucleus of the thalamus

PC cerebral peduncle

PHA posterior hypothalamic area

R thalamic reticular nucleus

SNR substantia nigra, reticular part

SON supraoptic nucleus

ST stria terminalis

STN subthalamic nucleus

TO olfactory tubercle

VMH ventromedial hypothalamic nucleus
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VP ventral pallidum

zi zona incerta

Zic zona incerta cluster of orexinergic neurons
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FIGURE 1. 
Serial drawings of coronal sections through one half of the lar gibbon hypothalamus from 

the level of the decussation of the anterior commissure (ac) through to the mammillary 

bodies (MB). (a) is the most rostral section, (h) the most caudal. The architectural outlines 

were drawn using Nissl and myelin stains and orexinergic immunoreactive neurons marked 

on the drawings. The different colored dots represent individual orexinergic cluster, with 

each different color representing a specific nucleus or nuclear subdivision: Main cluster 

(Mc)—blue dots; zona incerta cluster (Zic)—orange dots; optic tract cluster (OTc)—red 
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dots; extension of the optic tract cluster (OTce)—green dots. The drawings are spaced 

approximately 1,000 μm apart. See list for abbreviations
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FIGURE 2. 
Photomicrographs of a rostral (a) to caudal (f) series of coronal sections through the 

hypothalamus of the lar gibbon (Hylobates lar) immunostained for the orexin-A antibody. 

Each section is approximately 1 mm apart. Note the presence of three clusters of orexinergic 

neurons in the gibbon hypothalamus, the main cluster (Mc) in the perifornical region, the 

zona incerta cluster (Zic) which extends dorsolaterally from the Mc, and the optic tract 

cluster (OTc) which extends ventrolaterally from the Mc toward the optic tract (OT). In 

addition to these three clusters, a distinct extension of the optic tract cluster of orexinergic 

neurons (OTce) was observed in the anteroventral aspect of the lar gibbon hypothalamus in 

the tuberal region. The OTce has not been identified in other mammals to date, including 

other primates. In all images dorsal is to the top and the midline to the left of the image. 

Scale bar in (f) = 2 mm and applies to all. See list for abbreviations
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FIGURE 3. 
Photomicrographs of a rostral (a) to caudal (f) series of coronal sections through the 

hypothalamus of the chimpanzee (Pan troglodytes) immunostained for the orexin-A 

antibody. Each section is approximately 1 mm apart. Note the presence of three clusters 

of orexinergic neurons in the chimpanzee hypothalamus, including the main cluster (Mc) 

in the perifornical region, the zona incerta cluster (Zic) which extends dorsolaterally from 

the Mc, and the optic tract cluster (OTc) which extends ventrolaterally from the Mc toward 

the optic tract (OT). In addition to these three clusters, a distinct extension of the optic 

tract cluster of orexinergic neurons (OTce) was observed in the anteroventral aspect of the 

lar gibbon hypothalamus in the tuberal region. The OTce has not been identified in other 

mammals to date, including other primates. In all images dorsal is to the top and the midline 

to the left of the image. Scale bar in (f) = 2 mm and applies to all. See list for abbreviations
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FIGURE 4. 
Photomicrographs of coronal sections through the hypothalamus of the lar gibbon 

(Hylobates lar) immunostained for the orexin-A antibody showing the morphology of the 

orexinergic neurons. In the lar gibbon we could identify three distinct neuronal clusters, 

as well as a novel extension of the optic tract cluster (OTce), shown in: (a) the main 

cluster (Mc), located in the perifornical region that contained the majority of the orexinergic 

neurons; (b) the zona incerta cluster (Zic), located in the dorsolateral portion of the 

hypothalamus, comprised of a small number of orexinergic neurons; (c) the optic tract 

cluster extension (OTce), only observed to date in the apes studied herein, located in 

the anteroventral medial portion of the hypothalamus, comprised of a small number of 

orexinergic neurons; and (d) the optic tract cluster (OTc), located in the ventrolateral aspect 

of the hypothalamus, comprised of a small number of orexinergic neurons. In all images 

dorsal is to the top and medial to the left. Scale bar in (d) = 250 μm and applies to all. See 

list for abbreviations
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FIGURE 5. 
Photomicrographs of coronal sections through the hypothalamus of the chimpanzee (Pan 
troglodytes) immunostained for the orexin-A antibody showing the morphology of the 

orexinergic neurons. In the chimpanzee we could identify three distinct neuronal clusters, 

as well as a novel extension of the optic tract cluster (OTce), shown in: (a) the main 

cluster (Mc), located in the perifornical region that contained the majority of the orexinergic 

neurons; (b) the zona incerta cluster (Zic), located in the dorsolateral portion of the 

hypothalamus, comprised of a small number of orexinergic neurons; (c) the optic tract 

cluster extension (OTce), only observed to date in the apes studied herein, located in 

the anteroventral medial portion of the hypothalamus, comprised of a small number of 

orexinergic neurons; and (d) the optic tract cluster (OTc), located in the ventrolateral aspect 

of the hypothalamus, comprised of a small number of orexinergic neurons. In all images 

dorsal is to the top and medial to the left. Scale bar in (d) = 250 μm and applies to all
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FIGURE 6. 
Photomicrographs of coronal sections through the midline and intralaminar dorsal thalamic 

nuclei (a–d) and hypothalamus (e,f) of the lar gibbon (Hylobates lar, a, c, e) and chimpanzee 

(Pan troglodytes, b, d, f) immunostained for the orexin-A antibody showing the orexinergic 

axonal terminal networks. The low power images (a,b) in each species shows that the 

midline and intralaminar nuclei of the dorsal thalamus receive a dense innervation of 

orexinergic axons (c, d). Dense orexinergic terminal networks are also seen throughout 

the hypothalamus of both species (e, f). In the higher magnification images (c–f) note the 
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presence of both small and large boutons, with the small boutons being more numerous. In 

all images dorsal is to the top. Scale bars in (a) and (b) = 1 mm and apply to those images 

only. Scale bar in (f) = 50 μm and applies to (c) to (f)
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FIGURE 7. 
Photomicrographs of coronal sections through the dorsal raphe nuclear cluster (a,b) and the 

locus coeruleus complex (c,d) of the lar gibbon (Hylobates lar, a, c) and chimpanzee (Pan 
troglodytes, b,d) immunostained for the orexin-A antibody showing the morphology of the 

orexinergic axonal terminal networks in these nuclear complexes. Note the presence of a 

moderate to high terminal network density in both the serotonergic dorsal raphe nuclear 

complex and the noradrenergic locus coeruleus complex in both species. In all images dorsal 

is to the top and medial to the left. Scale bar in (d) = 500 μm and applies to all images. See 

list for abbreviations
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FIGURE 8. 
Photomicrographs of coronal sections through the neocortex (a,b), putamen (c) and caudate 

nucleus (d) of the lar gibbon (Hylobates lar, a, c) and chimpanzee (Pan troglodytes, b, d) 

immunostained for the orexin-A antibody showing the morphology of the orexinergic axonal 

terminal networks. In many regions of the brain in both species low density orexinergic 

terminal networks were observed, and these images provide examples of what we term low 

density. Note also the presence of both small and large orexinergic boutons in both regions, 

the small boutons being more numerous. In all images dorsal is to the top and medial to the 

left. Scale bar in (d) = 50 μm and applies to all images
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FIGURE 9. 
Low magnification (a, c, e, g) and high magnification (b, d, f, h) photomicrographs of 

the human hypothalamus (a, c, e, g) (these images come from the reference atlas of Mai, 

Paxinos, & Assheuer, 2004) and immunostained for orexin (b, d, f, h) (although these 

images are not previously published, the sections imaged here were used in the study of 

Thannickal et al., 2009). The small white rectangles in a, c, e, and g represent the location 

where the images of the orexin stained sections in b, d, f, h were taken. Note the lack 

of immunostained orexinergic neurons in the tuberal region of the human hypothalamus, 
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despite their presence in both the lar gibbon and the chimpanzee, the clear staining of 

orexinergic neurons in the more caudal regions of the human hypothalamus (h), and the 

expression of the orexin gene in this region of the human hypothalamus (see Figures 1f and 

2f of Krolewski et al., 2010). The numbers in a, c, e, g represent the distance (in millimeters) 

caudal to the level of the anterior commissure (ac) at which these sections were taken. Scale 

bar in f = 50 μm and applies to b, d and f. See list for abbreviations
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