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Distribution of leptin receptors in the brain stem: possible route in the
pathophysiology of neuromuscular control of airway resistance during
sleep
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Introduction: Leptin, a hormone related to satiety, has been studied because of its association with

obesity and sleep apnea. The distribution of leptin receptors in the brain stem, and in the hypoglossal

nucleus, has not yet been described. The stimulation of these muscles has been studied in the treatment

of sleep apnea.

Objective: to detail the presence of leptin receptors in the nuclei of these nerves to enable studies of

stimulation of this region through leptin. Methods: the brains of five cadavers, removed during necropsy,

collected at the Death Verification Service were included. An informed consent was signed by a family

member (wife, mother or son/daughter) who answered specific questionnaire concerning comorbities.

Anthropometric measurements were recorded. The medulla oblongata and pons fragments were iden-

tified. Immunohistochemical staining analysis was performed to identify the location of the leptin

receptors.

Results: In the immunohistochemical analysis an intense staining signal of the brownish coloration of

neurons was evidenced in the hypoglossal nerve nucleus, moderate in the olivary nucleus and mild in the

dorsal nucleus of the vagus and trigeminal nucleus. In motor neurons, more intense brown pigmentation

can be observed in the nucleus and cytoplasm when compared to sensory neurons.

Conclusion: The immunoexpression of leptin receptor was demonstrated in the motor neurons of the

human hypoglossal nucleus. These results may contribute to unravel details of the pathophysiology of

neuromuscular control of airway collapse during sleep and to the development of new drugs capable of

improving the neuromuscular tone of upper airway in apneic individuals.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Leptin is a hormone related to satiety and food intake control. It

has beenwidely studied in recent decades because of its association

with obesity, diabetes, and respiratory disorders. This hormone

comprises 167 amino acids and is encoded by the OB gene, on the

long arm of chromosome seven. It is found in a high level in the

adipose tissue as it is produced by adipocytes. Its expression in the

gastrointestinal tract has also been reported [1e3].

The circulation of leptin in the bloodstream occurs either in free

form or bound to the sLEPR protein. Both forms of leptin are

metabolized in the kidneys. Free leptin is the bioactive form, and its

level increases in obese individuals [2]. Leptin enters the central

nervous system through the LEP-Ra receptors, a short isoform of

the leptin receptor (LEP-R) present in the bloodebrain barrier

endothelium. This transport through the bloodebrain barrier is

clearly decreased in obese rodents and can be considered inversely

proportional to serum triglyceride levels. In addition to the leptin

receptors of the bloodebrain barrier, tanycytes (ependymal cells of

the third and fourth ventricles) can also carry leptin to the neurons

of the hypothalamus [4e10].
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Leptin receptors (LEP-R or OB-R) are encoded by the DB gene

and belong to the type I cytokine receptor family [2]. These re-

ceptors have an extracellular part comprising 840 amino acids, a

transmembrane part comprising 34 amino acids, and an intracel-

lular part of a variable size depending on the isoform [9e13].

The long-isoform OB-RB receptor contains binding sites for

signaling proteins, namely, Janus tyrosine kinase two and STAT3.

These binding sites are not present in short isoforms [2,10,11]. OB-

RB receptors are expressed in rodents and human brain, anterior

and posterior hypothalamus, choroid plexus, and cerebellum as

well as in other peripheral tissues [2,10,13].

The effects of leptin on weight reduction may be mediated by

the activation of JAKeSTAT signal transduction in the intracellular

OB-RB domain in the hypothalamus [11,13]. Leptin also activates the

insulin receptor phosphatidylinositol-3-OH kinase, signaling the

hypothalamus to reduce food intake and increase energy expen-

diture [14,15]. Berger et al. described the activation of the hypo-

glossal nucleus by the administration of leptin in mice, with

consequent stimulation of the pharyngeal and hypopharyngeal

muscles, improving obstructive sleep apnea (OSA) indices. This

important finding considered as another possible function for

leptin: to stimulate the hypoglossal nucleus, maintaining the tone

of the oropharynx musculature, preventing its collapse [16].

The existence of this hormone was initially suggested by Cole-

man (1969) while studying mice with the db/db obesity mutation.

These mice had obesity, hyperphagia, and diabetes [1]. Coleman

performed a parabiosis experiment between db/db obese mice and

control (nonobese) mice, surgically joining two mice by skin-to-

skin anastomosis from the shoulder to the pelvic girdle and

vessel anastomosis, establishing a cross-circulation between them.

After joining the mice, the nonobese mice died within a short

period. Necropsy revealed no glycogen in the liver and empty

stomach and intestines. These results suggested that db/db obese

mice produced such a powerful satiety factor that when carried in

the blood, it could induce the normal partner to starve, even with

limited cross-circulation between the parabiotic pair members [1].

This substance was later identified in 1994 by Jeffrey Friedman and

called leptin [2,3].

Additional studies involving mutant db/db mice found that this

hormone was encoded by the OB gene, also called LEP gene, was

produced in the adipose tissue, and had receptors in the ventro-

medial and arcuate nuclei of the hypothalamus, providing negative

feedback to the control of fat mass through appetite modulation [1].

Mutations in the leptin gene in mice and humans are the

starting point for studies that investigate the molecular and cellular

pathways involved in obesity, a metabolic disease with physiolog-

ical and molecular bases still unclear [2].

A hypothesis that arises then is that the administration of

exogenous leptin could resolve obesity issues in mutant mice.

However, previous studies have suggested that intravenous or oral

leptin therapy are ineffective in curing obesity because of the

resistance of the involved receptors to leptin, which does not allow

it to pass through the bloodebrain barrier, mainly the short iso-

forms, like OB-Ra, that are involved in the endocytosis and trans-

port of leptin through the bloodebrain barrier [1,2,9e13,17]. A

leptin-resistant state seems to be an inevitable result of chronic

leptin signaling and causes a cycle that is extremely difficult to

interrupt [2].

Recent studies in mice have shown that when leptin is intra-

nasally administered, it acts on the central nervous system,

decreasing food intake and, consequently, body weight. An

improvement in obstructive sleep apnea (OSA) has been reported

to occur with the administration of intranasal leptin by increasing

the tone of the oropharynx musculature, preventing its collapse

[16]. In this study, mice with diet-induced obesity with a high fat

diet for 16 weeks, received intranasal leptin (single dose of 0.4 mg/

kg). The authors observed that acute intranasal leptin administra-

tion decreased oxygen desaturation events in REM sleep, and

increased ventilation in NREM and REM sleep. Chronic intranasal

leptin administration decreased food intake and body weight.

However, the intraperitoneal administration had no effect. The

connection pathways of leptin to the hypothalamic and medullary

centers are demonstrated by the phosphorylation of the STAT3

protein in areas that express the OB-RB leptin receptor. STAT3

phosphorylation was proved positive in the hypoglossal and vagal

nuclei after the intranasal administration of leptin [16].

OSA is closely associated with obesity, because of an increased

neck circumference, cardiovascular and metabolic complications,

increasing cardiovascular morbidity, and mortality. OSA is charac-

terized by recurrent collapse of the upper airway during sleep

resulting in snoring, hypercapnia, hypopnea and apnea. The main

treatment for OSA is continuous positive airway pressure (CPAP),

but there is a low adherence by patients, leading to an endless

search for new treatments [16e20]. Undoubtedly, weight loss is an

important key to the treatment of apnea, but this goal is not always

easy to achieve.Weight loss improves lung function, decreases neck

and abdominal circumference measurements and decreases the

risk of metabolic, osteoarticular and cardiovascular diseases.

Several authors emphasize improvement in these parameters as

well as in sleep ventilatory disorders in obese patients after bar-

iatric surgery. Turnbull et al., in an MRI study in obese patients

associated increased volume of upper airway structures with worse

OSA parameters. Considering the important role of leptin in satiety

and, consequently, in weight loss, as well as its possible stimulation

of the hypoglossal nucleus, increasing the tone of the oropharynx

muscles and preventing collapse, it encourages the use of leptin in

the treatment of sleep disorders [16,21,22].

Some authors have studied in animals the relationship between

leptin and OSA by analyzing its role in the central regulation of

upper airway permeability and diaphragmatic control. Leptin

deficiency and leptin resistance inmice are associatedwith a higher

occurrence of flow limited breathing and pharyngeal obstruction.

Expression of leptin receptor ObRb in the hypoglossal nucleus in-

dicates a possible direct role of leptin in OSA [23,24]. Respiratory

changes presented by obese mice can be minimized with the

administration of leptin [23]. Leptin can also modulate genioglossal

muscle activity reducing the collapse of the airways during sleep

[24].

Yao et al. [24] studied the effects of intracerebrovascular leptin

administration on upper airway obstruction and respiratory control

during sleep inmice (ob/ob). Theminute ventilation increased after

administration. Inspiratory flow limitation and obstructive hypo-

pneas were attenuated by leptin administration to the lateral but

not to the fourth cerebral ventricle. They concluded that relieves

upper airway obstruction in sleep apnea by activating the forebrain,

possibly in the dorsomedial hypothalamus. In contrast, leptin

upregulates ventilatory control through hindbrain sites of action,

possibly in the nucleus of the solitary tract.

Another treatment proposal for OSA also seek to stimulate the

oropharyngeal musculature to prevent its collapse, such as elec-

trostimulators implants. Studies have shown a significant

improvement in apnea and hypopnea indices in patients with hy-

poglossal nerve electrical stimulator implants, even in the long

term [19,20,24e26]. This alternative treatment with stimulator

implants can generate discomfort, and it highlights the importance

of researching other possible ways to stimulate the hypoglossal

nerve.

The hypoglossal efferent nerve portion innervates tongue

extrinsic muscles such as genioglossus, hyoglossus, styloglossus,

geniohyoid and thyrohyoid muscles, responsible for the tongue
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movement, and also innervates the intrinsic muscles, as the supe-

rior and inferior longitudinal, transversal and vertical muscles,

responsible for the tongue structure maintenance. These muscles

ensure the elaborate performance of articulation, swallowing,

mastication and speech, in addition tomaintaining the tongue in an

anatomical position, without dopping the base of the tongue, which

is associated with airway obstruction [27]. Tongue position and its

tone could be guaranteed with hypoglossal nucleus stimulation

preventing sleep apnea [16].

As studies in rodents suggest the possible retrograde stimula-

tion of the hypoglossal nucleus through leptin improving respira-

tory parameters in OSA, this motivated us to study its receptors in

the central motor nuclei in humans. The distribution of leptin re-

ceptors has already been described in many tissues of the human

body, such as the liver, lung, ovary, and hypothalamus. However, to

our knowledge, the distribution of these receptors in the brain

stem, and specifically in motor nuclei such as the hypoglossal nu-

cleus, has not yet been described in detail in humans [2,3]. We did

not identify studies in humans related to leptin receptors in the

hypoglossal and vagus nuclei, which motivated us to carry out the

present study. Human studies, although important, have especially

ethical limitations that make it difficult to carry out them. Because

the hypoglossal and vagus nerves are responsible for the innerva-

tion of the pharyngeal and hypopharyngeal muscles, this study

aimed to detail the presence of leptin receptors in the nuclei of

these nerves to determine whether the experiments previously

performed with rodents are applicable to humans and could be

alternatives in the treatment of OSA [16,24].

2. Materials and methods

For this observational study, the human brains from five adult

cadavers removed during necropsy, collected at the Death Verifi-

cation Service of the city of S~ao Paulo, Brazil, were included. The

study was previously submitted and approved by the ethics com-

mittee of the Hospital das Clínicas, Faculty of Medicine of S~ao Paulo

University. This approval is consistent with the protection of pa-

tient and family privacy and confidentiality. An informed consent

was signed by a family member (wife, mother, siblings, daughter or

son) who answered specific questionnaire concerning, comorbid-

ities, habits, and addictions.

This sample was limited to five cases due to the non-inclusion of

cases with deaths from neurological causes, such as tumors,

vascular alterations, central nervous systemmalformations, among

others that could alter the local anatomy and compromise our

analyzes. Also no cases were collected inwhich familymembers did

not agree to participate in the study.

Anthropometric measurements such as age, sex, weight, height,

body mass index, neck circumference were registered as well as

other comorbidities (cardiovascular disease, diabetes, hypertension

and smoking). The sample size corresponded to the number of

cadavers obtained during the study period. No previous sample

calculation was performed.

During the autopsy procedure, after the removal of the brain,

the brainstem was properly identified and dissected with care to

preserve the medulla oblongata and the pons, avoiding lacerations

during handling. Cases with post mortem interval above 8 h were

excluded from the study.

2.1. Identification of the hypoglossal nucleus location

The five pons fragments were dissected in the dimensions

5 mm � 10 mm � 5 mm and didactically identified with the letter

“P”; the six medulla oblongata fragments were dissected with the

same dimensions and identified with the letter “B” (Fig. 1).

For greater accuracy in identifying the location, the fragments

received a sequential numbering starting from the transition be-

tween the pons and the medulla oblongata. Thus, the medulla

oblongata fragments were identified as B1, B2, B3, B4, B5, and B6,

and the pons fragments were identified as P1, P2, P3, P4, and P5. B1

was the medulla oblongata fragment closest to the pons, and P1

was the pons fragment closest to the medulla oblongata. According

to the anatomical atlas and its correlation with hematoxylineeosin

histological slides, the level of the B2 fragment was considered the

most appropriate location for identifying the hypoglossal nucleus

(Fig. 1), image created with BioRender © [28].

The study was approved by the Human Research Ethics Com-

mittee of the University of S~ao Paulo, Brazil, under the protocol

number 05219119.8.0000.0065. The anatomical parts were

removed during the autopsy session collected at the Death Verifi-

cation Service of the city of S~ao Paulo, Brazil. The cause of death was

confirmed on the death certificate. Medical records were consulted,

ensuring confidentiality of patient data. The closest family mem-

bers (wife, mother, siblings, daughter or son) signed an informed

consent form authorizing the removal of the anatomical part for the

study. In unauthorized cases, the decision of the family member

was respected. During the removal of the anatomical part, surgical

dissection techniques were used with delicate tissue manipulation,

performed by two professional surgeons and authors of the study.

2.2. Light microscopy

C Sample preparation for hematoxylineeosin (HE) staining

For the light microscopy study, the fragments were immediately

preserved in 10% formalin with subsequent paraffinization of the

specimen, from which histological slides were made. For this pur-

pose, 6-mm thick slices were prepared and stained with

hematoxylineeosin (Fig. 2A e B). Hematoxylineeosin is a simple

technique for staining tissues, suitable for the identification and

differentiation of basic substances such as cytoplasm and acidic

substances such as cellular nuclei, in this way we consider it suit-

able for histological identification of these structures.

C Sample preparation for immunohistochemical staining

An immunohistochemical analysis was performed using the

paraffinized slides from the previous step to identify the location of

the leptin receptors by polymer method (Novolink™).

In brief, following this sequence was applied: deparaffinization;

antigen recovery, performed with a 10:1 citrate solution (ScyTek,

Inc.), pH 6.0, in a Pascal pressure chamber at 125 �C; endogenous

peroxidase block using a 1:1 solution of methanol and hydrogen

peroxide for 15 min; rinsing in a phosphate buffered saline solu-

tion; protein block (Novolink™ Protein Block) for 15min; overnight

incubation with the primary antibody, a polyclonal anti-leptin re-

ceptor antibody, ab60042 (Abcam®), at a 1:1600 dilution; incuba-

tion with secondary antibody (Novolink™ Post Primary) for

30 min; incubationwith polymer (Novolink™ Polymer) for 30 min;

development with DAB 1:50 for 5 min; counter-staining of the

nucleus with hematoxylin for 30 s; and assembly with Entellan.

For the immunohistochemical analysis, two observers counted

the cells observed in the topography of the nucleoli at 400x

magnification with light microscopy. The cells were classified as

positive or negative for immunohistochemistry. Subsequently, a

comparison was made between the averages of the percentages

obtained in the hypoglossal nucleus, dorsal nucleus of the vagus,

trigeminal nucleus and olivary nucleus (Fig. 3AeD). Areas with

more than 80% of stained nuclei in the observed sites were

considered as intense positivity, areas with 80%e60% stained nuclei
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was considered with moderate positivity and areas with less than

60% of stained nuclei was considered with mild positivity.

The structure of the arcuate nucleus of hypothalamus was used

as a positive control (Fig. 3E).

3. Results

C Anthropometric measurements

The brain stems of five autopsy cases of adult males aged 31e69

(mean 54.2) years were studied. The bodyweight ranged from 60 to

109 (mean 85.6) kg; the BMI ranged from 19.8 to 33.9 (mean 27.9)

kg/m2, neck circumference ranged from 37 to 53 (mean 45.02) cm.

Smoking history, family history of cardiovascular diseases and

causes of death are presented in Table 1 (Table 1).

C Histopathological and immunohistochemical analysis

The nuclei of the vagus, hypoglossal, trigeminal nerves and

olivary complex were identified on the HE staining (Fig. 2AeB), and

the positivity for leptin receptor on these structures was evaluated

in the sequential formalin fixed paraffin embedded (FFPE) prepa-

rations (Fig. 3AeC).

In the immunohistochemical analysis an intense staining signal

of the brownish coloration of neurons was evidenced in the hy-

poglossal nerve nucleus (96%), moderate in the olivary nucleus

(76%) and mild in the dorsal nucleus of the vagus (40%) and tri-

geminal nucleus (54%). In motor neurons, more intense brown

pigmentation can be observed in the nucleus and cytoplasm when

compared to sensory neurons (Fig. 3AeD).

4. Discussion

This study identified more intense immunoexpression of the

leptin antibody in the central motor nuclei of the hypoglossal nerve

and olivary nucleus, and less intense in the vagus and trigeminal

nuclei. Although the sample size of this study was small, the leptin

receptor was observed in all cases, indicating the histological

presence of this receptor in the studied sites. Other sites in humans

where leptin receptors have been identified include lungs, kidneys,

adipose tissue, ovaries, testicles, liver, and carotid bulbs. In the

central nervous system, the presence of leptin receptor in the

choroid plexus and the anterior hypothalamus was described by

Burguera et al. [11].

We know the important role of the hypoglossus in the main-

tenance of lingual tone. Thus, it is assumed that the stimulation of

its motor nucleus may result in nerve contraction and, conse-

quently, increase in airway permeability at this anatomical level,

especially during sleep, benefiting individuals with sleep-

disordered breathing. The action of leptin on the lingual muscula-

ture had already been demonstrated by Polotsky et al. when they

performed electromyography of the genioglossus muscle in leptin

Fig. 1. Brain stem sections.

Fig. 2. Light microscopy results of the hematoxylineeosin staining showing the hy-

poglossal nucleus. A: 40x magnification, B: 400x magnification.
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Fig. 3. Light microscopy results showing immunohistochemical positivity in 400x magnification. A: nucleus nervi hypoglossi, B: nucleus dorsalis nervi vagi, C: nucleus spinalis nervi

trigemini; D: nucleus olivaris inferior, E: hypothalamus nucleus arcuatus.

Table 1

Anthropometric measurements, habits and comorbidities.

Case number Case 1 Case 2 Case 3 Case 4 Case 5

Age (year and months) 68y10m 59y 9m 31y 8m 44y 10m 69y 7m

sex Male Male Male Male Male

Weight (kg) 85.8 80 109 60 94

Height (m) 1.76 1.73 1.79 1.74 1.72

Body mass index (kg/m2) 27.7 26.7 33.9 19.8 31.7

Neck circumference (cm) 45.6 38.5 51 37 53

Smoking Yes Yes No no Yes

History of Obesity treatment No No No No no

Diabetes Yes No No No Yes

hypertension Yes Yes No Yes yes

Family history of cardiovascular disease Yes Yes Yes Yes yes

Cause of death Acute myocardial infarction Acute myocardial infarction bronchopneumonia Pulmonary thromboembolism Aortic aneurysm

rupture
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deficient animal models and observed an increase in the activity of

this muscle after subcutaneous administration of leptin, concluding

that leptin modulates neuromuscular response to upper airway

resistance [29].

Shapiro et al. conducted a study with 23 obese women candi-

dates for bariatric surgery and three men seeking to determine the

degree of airway collapse under hypotonic conditions (critical

pharyngeal pressure), active neuromuscular responses to upper

airway obstruction during sleep, and overnight fasting serum leptin

levels. The authors evaluated peak inspiratory airflow (VImax),

inspired minute ventilation (VI), and pharyngeal critical pressure

(PCRIT) between the active and passive conditions. Increases in

serum leptin concentrations were significantly associated with in-

creases in VImax, VI, and PCRIT, independent of BMI, waist-to-hip

ratio, neck circumference, or sagittal girth. The authors conclude

that leptin may augment neural compensatory mechanisms in

response to upper airway obstruction, minimizing upper airway

collapse during sleep [30]. However, the authors do not detail the

action mechanism of leptin in this neuromuscular control. Perhaps,

the immunohistochemical results of our study, detecting leptin

receptors in the central motor nuclei of the hypoglossal nerve, may

clarify part of the pathophysiology of this neuromuscular control,

which contributes to the increase in airway permeability.

The confirmed presence of leptin receptors in the hypoglossal

nuclei shows a possibility of retrograde stimulation, as previously

reported by Berger et al. in their study involving mice. Their study

demonstrated the stimulation of the hypoglossal nucleus through

the administration of intranasal leptin, with a consequent

contraction of the oropharyngeal muscles and decreased OSA

events [16]. In intranasal administration, no influence of a possible

resistance of the bloodebrain barrier receptors is noted; this might

be because leptin reaches the cerebrospinal fluid through peri-

neural and perivascular nasal transport and thus reaches the hy-

poglossal and vagal nuclei, causing an increased contraction of the

genioglossus muscle and the diaphragm [16,20,31].

Freire et al. [32] also discussed the effects of opioids on the

upper airway and hypoglossal motor activity and the association of

opioid use and obstructive sleep apnea, giving importance to the

stimulation of the musculature of the oropharynx through the

hypoglossal nucleus for the treatment of sleep apnea.

In a recent study Fleury Curado et al. [33]. activated the genio-

glossus muscle and improved pharyngeal patency and breathing

during sleep in mice through the intralingual administration of

designer receptors exclusively activated by designer drugs.

The study of pharyngeal muscle retrostimulation through

medications still requires advances, but it has already showed

promising results in the treatment of sleep apnea.

Although the study was carried out with a small sample size, we

were able to detect the immunosuppression of leptin receptors in

the hypoglossal nucleus. Similar studies with a larger sample size

should be encouraged to corroborate these findings. We also

consider the use of polyclonal antibody a limiting factor in the

study, but despite this, the labeling was significantly higher in the

hypoglossal nucleus.

5. Conclusions

The immunoexpression of leptin receptor was demonstrated in

the motor neurons of the human hypoglossal nucleus. This is the

first study in humans with this findings and it corroborates with

the observed findings in murine models. Our results may

contribute to the development of new drugs capable of improving

the neuromuscular tone of upper airway in apneic individuals.
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