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ABSTRACT 
Introduction. Sleep apneas represent the most common and hazardous form of sleep-related 

breathing disorders (SBD). Depending on their origin, sleep apneas can be categorized as 

central sleep apneas (CSA), when they arise from a disruption in the central transmission of 

the signal for inspiration, or as obstructive sleep apneas (OSA), when an obstruction of the 

airways occurs. Regardless of their nature, they produce a series of life-threatening 

cardiovascular, metabolic, and neurocognitive dysfunctions. However, despite the evident 

clinical significance, our understanding of the mechanisms and genetic factors contributing 

to these conditions, particularly OSA, remains limited. Moreover, current therapies are not 

fully efficacious or targeted and this challenge is further exacerbated in individuals with 

craniofacial abnormalities, such as in Down Syndrome (DS), CDKL5 deficiency disorder 

(CDD), and Pierre Robin sequence (PRS), where SBDs are even more prevalent. 

Aim. To investigate whether the genetic mouse models of DS (Ts65Dn mice, TS), CDD 

(CDKL5-knockout mice, CDKL5-KO), and PRS (BMP7-knockout, BMP7-KO mice) could 

replicate the respiratory disturbances observed in human patients. 

Methods. Experiments were performed on age-matched male mice. Specifically, we 

employed 12 TS mice and 14 euploid controls (EU) for the model of DS, 14 CDKL5-KO 

and 10 wild-type mice (CDKL5-WT) for the model of CDD, and 3 BMP7-KO and 3 control 

mice (BMP7-WT) for the model of PRS. Each mouse was implanted with specific electrodes 

for sleep stage discrimination and diaphragmatic activity (DIA) detection and was recorded 

twice inside a whole-body plethysmograph (WBP) for 8 hours during the light (resting) 

period. Then, the hypnic and respiratory phenotypes were assessed and apneas occurring 

during sleep were categorized as either CSA or OSA according to the DIA and WBP signals. 

Results on the DS mouse model. We observed a decreased occurrence of CSA during non-

rapid-eye-movements (NREM) sleep in TS mice when compared to EU controls. TS mice 

also exhibited a higher frequency of apneas with an obstructive element during rapid-eye-

movements (REM) sleep, which was accompanied by an increased amplitude of 

diaphragmatic bursts, likely indicating a greater diaphragm effort. Finally, we found that all 

apneic events, regardless of their type, were associated with bradycardia. 

Results on the CDD mouse model. CDKL5-KO mice showed a reduced occurrence of 

sighs during NREM sleep and a heightened frequency of apneas with an obstructive 

component during REM sleep when compared to CDKL5-WT mice. While there is a lack of 

direct evidence for OSAs in human CDD pathology, these findings suggest a potential link 
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between CDKL5 kinase and the regulation of breathing, possibly involving the control of 

upper airway musculature. 

Results on the PRS mouse model. Preliminary data indicated that almost all apneic events 

occurring during NREM sleep were CSA in both BMP7-KO and BMP7-WT mice, whereas 

both CSA and OSA occurred during REM sleep. Moreover, despite considerable variability 

among mice within the same experimental group, BMP7-KO mice appeared to exhibit an 

augmented increased occurrence rate of CSA during NREM sleep, as well as an augmented 

frequency of both CSA and OSA during REM sleep in comparison to BMP7-WT mice. 

Conclusions. We demonstrated that mice are valuable models for the investigation of SBDs, 

as they exhibited OSAs and varying degrees of airway obstruction like humans. Notably, we 

found that TS and CDKL5-KO mice, which respectively recapitulate the core aspects of DS 

and CDD, can be used as valid models of OSA, whereas BMP7-KO mice, model of PRS, 

require further investigation. Therefore, this insight will help not only to enhance our 

comprehension of the mechanisms underlying the genesis of obstructive events, but also 

holds the potential to expedite the development of targeted therapies. 
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INTRODUCTION 

1. SLEEP 

1.1 DEFINITION OF SLEEP 

Sleep is a spontaneous, cyclically occurring, and reversible brain process characterized by a 

loss of responsiveness to the environment, unconsciousness, and absence of voluntary 

movements1,2. 

Sleep, in the strictest sense of the word, had been historically set aside only for mammals 

and birds because its different stages could be easily distinguished by clear behavioral 

schemes and specific brain electrical activity2,3. However, sleep is a fundamental and 

ubiquitous behavior in the animal kingdom4 and sleep-like states are highly conserved during 

evolution3. Therefore, thanks to the advent of the molecular revolution, the investigation of 

the mechanisms and genetics of sleep has been extended to simpler models (e.g., Drosophila 

melanogaster, Caenorhabditis elegans, and Danio rerio), which required new criteria for the 

definition of this phenomenon2,5. Notably, these include a behavioral quiescence with loss of 

locomotion, a species-specific posture or a resting place aimed at minimizing sensory 

stimulation, the need for an elevated arousal threshold to environmental stimuli, an 

homeostatic regulation following circadian mechanisms, a rapid reversibility, and the 

presence of state-related changes in neural function1,2,5,6. 

 

1.2 SLEEP FUNCTIONS 

The intrinsic biological importance of sleep is evidently demonstrated by the high 

conservation of a sort of rest behavior throughout the entire animal kingdom4 and by the fact 

that humans usually spend up to one-third of their lives sleeping7. Furthermore, sleep appears 

even more vital when focusing on the deleterious effects of sleep deprivation, which is 

associated with a higher risk of premature mortality due to cardiovascular diseases, 

malignant neoplasms, cerebrovascular diseases, accidents, diabetes, septicemia, and 

hypertension8,9. Indeed, as confirmed by numerous studies on the effects of sleep loss, sleep 

is evidently involved in various and numerous physiological body functions, such as glucose 

and lipid metabolism, energy expenditure/intake, respiration, DNA repair, hormone 

homeostasis, arterial blood pressure, inflammation, vigilance, memory, learning, brain 

development, response to stress, and mood8–15. However, notwithstanding extensive efforts 
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have been made to investigate mechanisms, molecular pathways, and specific processes 

associated with sleep, there is still little scientific consensus regarding the actual function of 

sleep, which remains one of the biggest enigmas of neurobiology2,12,16.  

During the last decades, a lot of different hypotheses about the function of sleep have been 

developed and discussed by the major experts in the field. These theories are not mutually 

exclusive and consider several and different aspects, ranging from high-order activities 

(learning and memory) to housekeeping and homeostatic functions (detoxification and 

restoration).  

The cognitive hypothesis proposes that sleep is essential for learning and memory. Indeed, it 

has been demonstrated that information and memories encoded during the wake period are 

transferred from the hippocampus (i.e., the temporary store) to the neocortex (i.e., the long-

term store) during non-rapid-eye-movements (NREM) sleep17. This process, necessary for 

long-term memory consolidation, is enabled by coupling between electrical events in these 

two regions2 and by the consolidation of synapses18. 

In line with the previous theory, the synaptic homeostasis hypothesis concerns that sleep is 

fundamental for the maintenance of cerebral synaptic plasticity, which, in turn, is essential 

for high-order functions. During normal wakefulness, the interaction with the environment 

and the acquisition of information induces an increase in the number and size of synapses, 

changes in dendritic spines and synaptic boutons, and a potentiation of existing synapses2. 

Thus, this imposes a great cost on the brain in terms of energy consumption, delivery of 

cellular supplies, cellular stress, and increased support from glial cells19. Therefore, sleep 

aims to restore normal brain function by selectively downscaling specific subsets of synapses 

to a baseline level that is energetically sustainable and by saving space in the gray matter19,20 

in order to prevent learning saturation. 

The restorative hypothesis suggests that sleep is necessary for re-equilibrating a cumulative 

condition occurring during the waking state, which mainly involves brain energy, 

macromolecular synthesis, and/or detoxification2. 

In 1995, Benington and Heller first developed the brain energy hypothesis, according to 

which sleep, specifically NREM sleep, is essential for the replenishment of cerebral 

glycogen stores that are depleted during waking. Indeed, when the brain is strongly active 

and the metabolic demand is high, ATP production, starting from cerebral glycogen, causes 

the continuous accumulation of extracellular adenosine, which acts as a signal of energy 

depletion and promotes sleep onset21. Nevertheless, a recent review22 rejected the central 

involvement of glycogen metabolism in sleep regulation in favor of more complex cellular 
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mechanisms, while not denying the evident role of sleep in brain energy balance and 

homeostasis2,23. 

Furthermore, a lot of studies corroborate the macromolecules synthesis theory, according 

to which sleep exerts a restorative function by promoting the synthesis of proteins, peptides, 

or lipids necessary for normal waking function2,24 and by actively changing intracellular 

dynamics25. For instance, NREM sleep fosters the synthesis of proteins26,27 and RNA28,29 in 

the brain of various animal models (rats, macaques, rabbits)2. Notably, this positive 

correlation between sleep and macromolecule synthesis was found for some synaptic 

proteins and neurotrophins, which are involved in memory consolidation and synaptic 

plasticity30–33, and for some genes involved in cholesterol synthesis, protection from 

oxidative stress, energy regulation, lipid transport, membrane trafficking, neuronal 

transmission, and vesicle maintenance and transport2,24,30,34,35. 

In addition, sleep may be also involved in the elimination of something accumulated above a 

desirable level2. Indeed, the glymphatic clearance hypothesis focuses on the role of sleep in 

the elimination of waste products of metabolism36. This cleaning function is realized in both 

mice37,38 and humans39,40 by the glymphatic system, which is a highly organized series of 

cerebral lymph vessels that drive the exchange of interstitial fluid (ISF) with cerebrospinal 

fluid (CSF)41. Particularly, CSF flows from the subarachnoid space into the brain through a 

barrier constituted by the end-feet of the astrocytes lining the blood vessels, which are 

equipped with aquaporins and allow water and small molecular solutes to enter the ISF of the 

brain parenchyma. Then, ISF leaves the parenchyma through perivascular spaces around the 

venules and veins to return excess metabolic wastes and toxins to the general 

circulation2,42,43. Interestingly, the connection between the glymphatic system and sleep 

comes from the evidence that the interstitial space expands highly during sleep, consequently 

causing a dramatic increase in the exchange of substances between CSF and ISF36. In turn, 

these convective fluxes increase the clearance rate during sleep, enhancing the removal of 

potentially neurotoxic waste products36, such as the lactate produced by neural activation 

during wakefulness41 and the soluble β-amyloid37. 

Finally, the emerging use of simple animal models in the field of the genetics of sleep paved 

the way for new and intriguing findings and, consequently, a great number of modern 

theories about sleep function. However, these theories need cautious interpretation. Indeed, 

these advanced technologies have allowed the discovery of several genetic components 

related to sleep that are conserved across different species5. Nevertheless, while some of 

them are involved in circadian rhythm regulation (e.g., SIK3 promotes sleep in mice, fruit 

flies, and roundworms)44, most of the identified molecular pathways are not explicitly 
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connected to sleep but to a variety of different and unspecific cellular events (e.g., Epidermal 

Growth Factor, protein kinase G, cyclic adenosine monophosphate, dopamine, histamine, 

and N-methyl-D-aspartate)5.  

 

1.3 CLASSIFICATION OF SLEEP STAGES 

The traditional approach to study sleep began with the measurement of brain electrical 

activity through electroencephalography (EEG)1, which was first introduced by Hans Berger 

in 192445 and then applied in the field of sleep study by Alfred Loomis in 193746. This 

technique was later improved with the introduction of the electrooculogram (EOG) by 

Aserinsky and Kleitman47 and of the electromyogram (EMG) thanks to the studies of Jouvet 

in cats48. Nowadays, the objective study of sleep physiology and disorders requires the use of 

polysomnography, which involves recording multiple physiological parameters relevant to 

sleep, such as EEG from central and occipital derivations, EOG activity from the right and 

the left eye, chin EMG, respiratory effort from thorax and abdomen, nasal and oral airflow, 

snoring, electrocardiography (ECG), blood oxygen saturation, and body position1,49–51. 

 

SLEEP IN HUMANS 

The human sleep stage classification system52,53 relies on EEG, EOG, and submental EMG 

activity in conventional time domains of 30 seconds1. According to the American Academy 

of Sleep Medicine Manual for the Scoring of Sleep and Associated Events, revised in 

February 2023, we can identify three main behavioral states: wakefulness (W), NREM sleep, 

and rapid-eye-movements (REM) sleep. 

W is characterized by low-voltage EEG, predominantly localized in the alpha range (8-13 

Hz) mixed with beta activity (13-30 Hz) when the eyes are closed. However, opening the 

eyes or performing a cognitive task such as counting leads to the reduction or inhibition of 

alpha activity in favor of beta waves (stopping reaction). In addition, strong muscle activity 

together with either rapid or slow eye movements is present during W1,51. 

NREM sleep onset is identified when the alpha waves occupy less than 50% of an epoch, or 

when delta activity (0.5-4 Hz) or peculiar wave patterns of sleep occur (e.g., vertex waves, 

K-complexes, sleep spindles)1,51. This sleep stage can be further divided into three sub-

stages1,51: 
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• N1 corresponds to the sleep onset and is identified by a low-voltage mixed-

frequency EEG in the absence of K-complexes or spindles, with slow eye 

movements and preserved muscle activity. 

• N2 is characterized by an EEG activity at relatively low voltage and mixed 

frequency with high amplitude delta waves that occupy less than 20% of the epoch. 

Additionally, sleep spindles (i.e., symmetric bursts at 12-14 Hz) and K-complexes 

(i.e., high amplitude and symmetric waveforms with a sharp negative start followed 

by a slow positive phase) are present. The muscle tone is reduced, while eye 

movements are absent. 

• N3 represents the deepest stage of sleep and is defined by the predominance of a 

high-amplitude activity in the delta range (slow waves) which occupies more than 

20% of the epoch with no eye movements. 

REM sleep is characterized by a low-voltage mixed-frequency EEG activity with “saw-

tooth” theta waves (4-7 Hz), muscle atonia with episodic tonic twitches, and rapid eye 

movements, which occur isolated or in bursts1,51. 

 

SLEEP IN MICE 

Mice sleep can be classified into three stages (W, NREM sleep, and REM sleep) according 

to criteria derived from the standard human classification of sleep stages52–54. Similarly to 

humans, mouse W is characterized by desynchronized EEG patterns accompanied by high 

muscle tone. NREM sleep, whose different phases are not easily distinguishable in mice55, is 

identified by synchronized EEG activity, primarily composed of delta waves, and decreased 

muscle tone. REM sleep is associated with skeletal muscles atonia and predominant EEG 

activity in the theta range56–58.  

However, despite the numerous similarities in genomic sequence, EEG pattern, and brain 

circuitry55, some marked differences between humans and mice must be considered. 

The first difference is represented by the percentage of time spent in each sleep stage over 

the total sleep time. Indeed, a healthy adult usually spends approximately 70-75% of sleep 

time in NREM sleep, with a prevalence in N2, and the remaining 20-25% in REM sleep, 

with negligible differences between men and women1,51. Conversely, in mice, NREM and 

REM sleep occupy 85-90% and 10-15%, respectively59. 

Second, the circadian distribution of sleep is normally monophasic in humans, as sleep is 

usually taken in one session during a 24-hour period, while mouse sleep is polyphasic55. In 

fact, humans show a regular pattern of reoccurrence of sleep cycles during the nighttime: 
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individuals first enter the N1 stage of NREM sleep for a few minutes, which is followed by 

10-25 minutes of N2 (or interrupted by W), then by 20-40 minutes of N3, and finally by 4-8 

minutes of REM sleep. Moreover, although NREM and REM sleep continue to alternate 

throughout the night in a cyclical fashion for 7-8 hours, NREM sleep episodes are more 

abundant in the first hours of sleep, becoming rare or absent near the morning awakening, 

while REM sleep episodes tend to increase in duration in the last sleep cycles1,51. On the 

other hand, even if mice are preponderantly awake during the dark (active) phase and asleep 

during the light (resting) phase, being nocturnal animals, they show a significant quote of 

NREM and REM sleep episodes distributed also during their active period55,60,61. 

Consequently, due to the intrinsic nature of the sleep cyclic pattern, sleep episodes in mice 

appear to be shorter (2-4 minutes) and more fragmented when compared with human beings, 

even under normal conditions55,59. 

Finally, other differences can be found in the duration of wake-sleep transitions. Humans 

spend from 10 seconds to a few minutes to pass from W to sleep, while mice need only a few 

seconds or less because of the rapid stabilization of the NREM sleep state56,62,63. 

 

1.4 REGULATION OF SLEEP 

The coordination between sleep and wake is governed by a range of internal and external 

drivers which maintain the autonomic nervous system in a dynamic balance. The alternation 

of wake and sleep is entrusted to complex systems distributed throughout the brain, which 

can be outlined as two main mechanisms that synergically operate: the homeostatic sleep 

drive (or process S) and circadian rhythms (or process C)1,64,65. 

Homeostatic processes represent sleep debt, which exponentially increases along daily W 

and subsequently diminishes during sleep. This time trend strongly correlates with the EEG 

slow-wave activity (SWA) measured during NREM sleep, a well-characterized marker of 

sleep homeostasis64. Indeed, SWA increases in the presence of longer W episodes and 

progressively declines during a sleep episode in different species66,67, revealing a possible 

downscaling of synaptic strength, which is important for neural function20. On the other 

hand, circadian mechanisms regulate the propensity for sleep throughout the entire day 

independently of prior W episodes68. Strong evidence suggests that the principal mammalian 

timekeeping structure, from which the circadian process arises, is the suprachiasmatic 

nucleus (SCN) of the anterior hypothalamus69, that receives a major retinal input via the 

retinohypothalamic tract64,70. 
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NEURAL CIRCUITS OF WAKE 

Normal W is driven by a specific pathway which that originates from the rostral brainstem 

and, ascending through the paramedian region of the midbrain, it divides into two branches: 

the dorsal one leads to the thalamus, while the ventral one innervates the hypothalamus, the 

basal forebrain (BF), and the cortex58. 

This wake-promoting pathway involves many different neuronal regions which likely 

synergically work and share many anatomic interconnections and targets (Figure 1)58: 

• The locus coeruleus (LC) is a norepinephrine-producing forebrain nucleus which 

receives arousal inputs from the brainstem and the prefrontal cortex71 and projects to 

several nuclei throughout the central nervous system72. Therefore, due to its 

extensive interconnectivity, LC works as a broadcast system and is essential in the 

response to stress and stimuli related to reward or threat73. 

• The dorsal raphe (DR) and median raphe (MR) are serotonin-producing forebrain 

nuclei which regulate not only the wake/sleep cycle but also mood, reward, and 

patience since they innervate and receive reciprocal inputs from the amygdala, the 

insula, and the prefrontal cortex74. 

• Dopamine-releasing neurons of the ventral tegmental area (VTA) promote wake 

under conditions of high motivation75, even if they lack the typical firing pattern of 

other monoamine neurons76. 

• The hypothalamic tuberomammillary nucleus (TMN) promotes cortical activation 

and generalized wake arousal, probably in synergy with the neurotransmitter 

gamma-aminobutyric acid (GABA)77. 

• The BF is a wide brain region consisting of numerous populations of neurons 

producing acetylcholine, GABA, or glutamate, which innervate both the cortex and 

local BF nuclei to promote wake78–80, and the amygdala and the dorsal hippocampus 

to drive theta activity79,81. 

• Glutamatergic neurons of the parabrachial nucleus (PB) promote arousal in 

response to a variety of interoceptive stimuli, such as an increase in blood carbon 

dioxide (CO2)82. 

• The lateral hypothalamus (LH) contains a neuronal population that produces 

orexins, fundamental neurotransmitters for maintaining long periods of wake83,84 and 

for regulating the wake/sleep cycle85,86. These neurons diffusely project throughout 

the entire neuroaxis87,88 and excite all the above-mentioned wake-promoting brain 

regions, the thalamus, and the cortex89. Additionally, orexins signaling also 
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influences the maintenance of arousal in response to stress, reward, and defense 

against homeostatic challenges, such as food deprivation90–92. 

To conclude, further studies are still required to discover the effective function of other 

presumptive wake-promoting areas. Among them, it is worthy to mention the dopaminergic 

neurons of the ventral periaqueductal gray93, the cholinergic, GABAergic, and glutamatergic 

neurons of the pedunculopontine and laterodorsal tegmental nuclei94, and the GABAergic 

neurons in the LH95,96. 

 

NEURAL CIRCUITS OF NREM SLEEP 

NREM sleep regulation is mediated by specific promoting substances called somnogenes, 

which increase during W and act as paracrine mediators to promote sleep58; for instance, 

they include adenosine, prostaglandin D2, interleukin-1, and tumor necrosis factor-α97. 

Among them, adenosine is certainly the most understood and studied. We know that this 

neurotransmitter, predominantly released by astrocytes in the extracellular environment98,99, 

increases during prolonged periods of W and declines during sleep99,100. Particularly, it 

promotes sleep by directly inhibiting wake-promoting brain areas and activating sleep-

promoting neurons101. 

Neuronal circuits for the promotion of NREM sleep include several brain regions (Figure 2): 

• The preoptic area (POA), located in the anterior hypothalamus102,103, contains 

neurons selectively active during NREM and REM sleep104. Notably, the 

ventrolateral preoptic area (VLPO) and median preoptic nucleus (MnPO) contain 

Figure 1. Schematic representation of wake-promoting brain regions. 

Basal forebrain (BF), locus coeruleus (LC), dorsal and median raphe (DR/MR), ventral tegmental area 

(VTA), tuberomammillary nucleus (TMN), Parabrachial Nucleus (PB), and lateral hypothalamus (LH). 

 

 

Figure 1 
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GABA- and galanin-producing neurons essential for promoting NREM sleep105,106 

and for mediating the homeostatic response to sleep deprivation58, as they inhibit 

arousal-promoting brain regions (i.e., BF, orexin neurons, TMN, DR/MR, PB, and 

LC)107–109. 

• The BF includes some GABAergic neuronal populations which are active during 

NREM sleep110 to directly inhibit cortical neurons111 and, possibly, the neighboring 

wake-promoting neurons via somatostatin79,112. 

• The parafacial zone (PZ), located in the caudal brainstem113, encompasses 

GABAergic/glycinergic neurons whose activation induces sustained periods of 

NREM sleep with high EEG delta power by the direct inhibition of PB114. 

Nevertheless, even though the function of POA, BF, and PZ is clearly established in the 

regulation of NREM sleep, their role in the generation of the transition from W to NREM 

sleep and in the sustainment of NREM sleep episodes still needs extensive studies. In 

addition, further research will also clarify the role of cortical neuronal nitric oxide synthase 

(nNOS)-expressing neurons, which are active during NREM sleep115,116 and are thought to 

synchronize slow cortical rhythms58. 

 

 

 

Figure 2. Schematic representation of non-rapid-eye-movement (NREM) sleep-promoting brain 

regions. 

Basal forebrain (BF), Ventrolateral Preoptic Area (VLPO), Median Preoptic nucleus (MnPO), 

Parafacial Zone (PZ), Locus coeruleus (LC), Dorsal and Median Raphe (DR/MR), Ventral Tegmental 

Area (VTA), Tuberomammillary Nucleus (TMN), and Parabrachial Nucleus (PB). 

 

 

Figure 2 
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NEURAL CIRCUITS FOR REM SLEEP 

The principal brain regions involved in the neural circuits required for the regulation of REM 

sleep are mainly located in the pons58 (Figure 3): 

• Pedunculopontine and laterodorsal tegmental nuclei (PPT/LDT) include a 

cholinergic population of neurons which, although they have long been considered 

the key generator of REM sleep117, are now seen as modulators probably promoting 

transitions from NREM to REM sleep118. 

• The sublaterodorsal nucleus (SLD) contains glutamatergic neurons essential for the 

generation of muscle atonia119, even though its mechanisms are still debated58. 

Particularly, one model proposes that the SLD excites neurons in the ventromedial 

medulla (VMM) that, in turn, inhibit spinal motoneurons120–122, while another 

hypothesizes that SLD neurons directly innervate spinal interneurons to inhibit 

motoneurons123. 

• LC and DR contain specific monoaminergic neurons thought to abolish REM sleep 

during W since they project to the SLD124 and to PPT/LDT125,126 to suppress the 

activity of REM sleep-active neurons. 

• The ventrolateral periaqueductal gray matter and the lateral pontine tegmentum 

(vlPAG/LPT) inhibit REM sleep via GABAergic projections to the SLD123,127–129. 

• Dorsal paragigantocellular reticular (DPGi) and lateral paragigantocellular (LPGi) 

nuclei may promote REM sleep by inhibiting pontine REM sleep-suppressing 

neurons (i.e., LC, DR and vlPAG/LPT)129,130. 

Finally, the hypothalamus has been recently identified as a brain region which helps to 

generate and regulate REM sleep (Figure 3). Notably, VLPO131, melanin-concentrating 

hormone (MCH)-producing neurons of LH and posterior hypothalamus (PH)132–134, and 

orexinergic neurons of LH84,135–137 promote REM sleep by inhibiting REM sleep-suppressing 

neurons of the brainstem. Additionally, MCH-producing neurons also innervate the SLD138, 

directly promoting the entrance into REM sleep. 
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However, notwithstanding the extensive studies on REM sleep, a complete model that can 

explain its regulation is still missing. Therefore, future research is further required to 

determine whether the pons, medulla, or both together mainly drive REM sleep, to 

investigate whether glutamatergic and GABAergic neurons in the PPT/LDT regulate REM 

sleep, and to establish the relative contributions of all the different neuronal pathways 

involved in the control of REM sleep atonia. 

Table 1 resumes the brain centers involved in the wake-sleep cycle regulation. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Schematic representation of rapid-eye-movement (REM) sleep-promoting brain regions. 

Basal forebrain (BF), Pedunculopontine and Laterodorsal Tegmental Nuclei (PPT/LDT), Sublaterodorsal 

Nucleus (SLD), Ventromedial Medulla (VMM), Locus coeruleus and Dorsal Raphe (LC/ DR), 

Ventrolateral Periaqueductal Grey matter and the Lateral Pontine Tegmentum (vlPAG/LPT), Dorsal 

Paragigantocellular reticular nucleus (DPGi), Lateral Paragigantocellular nucleus (LPGi), Ventrolateral 

Preoptic Area (VLPO), and lateral and posterior hypothalamus (LH and PH, respectively). 

 

 

Figure 3 
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Table 1. Brain centers involved in the wake-sleep cycle regulation. 

Brain regions involved in wakefulness regulation: Locus coeruleus (LC), Dorsal and Median Raphe 

(DR/MR), Ventral Tegmental Area (VTA), Tuberomammillary Nucleus (TMN), Basal forebrain 

(BF), Parabrachial Nucleus (PB), and lateral hypothalamus (LH). 

Brain regions involved in non-rapid-eye-movements (NREM) sleep regulation: Preoptic Area (POA), 

Basal forebrain (BF), and Parafacial Zone (PZ). 

Brain regions involved in rapid-eye-movements (REM) sleep regulation: Pedunculopontine and 

Laterodorsal Tegmental Nuclei (PPT/LDT), Sublaterodorsal Nucleus (SLD), Locus coeruleus (LC), 

Dorsal Raphe (DR), and Ventrolateral Periaqueductal Grey matter and the Lateral Pontine 

Tegmentum (vlPAG/LPT). 

Table 1 
 

 

 

 

CIRCADIAN REGULATION OF SLEEP 

The SCN, the master circadian pacemaker, consists of heterogeneous neuronal populations 

capable of self-sustaining and producing circadian oscillations of both neuronal activity and 

gene expression to regulate sleep139,140. Notably, the autoregulatory ability of this network 

relies on the strong interconnection that characterizes its different neurons141 and on the 

interaction between both positive and negative pathways involving specific patterns of 

transcription-translation and post-translational modifications142. Among them, it is worthy to 

mention the transcription factors Clock and its analogues which drive the transcription of 

numerous clock-controlled genes, such as Period and Cryptochrome genes, that, in turn, 

disinhibit Clock activity in a cyclic fashion every 24 hours143–145. 

State Brain center Neurotransmitters 

Wakefulness LC Norepinephrine 
 DR/MR Serotonin 
 VTA Dopamine 
 TMN Histamine 
 BF Acetylcholine, GABA, or Glutamate 
 PB Glutamate 
 LH Orexins 

NREM sleep POA GABA and Galanin 
 BF GABA and Somatostatin 
 PZ GABA and Glycine 

REM sleep PPT/LDT Acetylcholine 
 SLD Glutamate 
 LC Monoamines 
 DR Monoamines 
 vlPAG/LPT GABA 
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Moreover, other evidence of the crucial role of the SCN in the circadian regulation of the 

wake/sleep cycle can be found in its anatomical connections. Indeed, this nucleus heavily 

innervates other hypothalamic areas (such as the subparaventricular zone and the 

dorsomedial nucleus)70,146, suggesting its involvement in the promotion of arousal during the 

active period and of sleep during the rest period, as well as in the sustainment of circadian 

rhythms of heart rate, blood pressure, body temperature, locomotor activity, feeding, and 

daily melatonin secretion58. 
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2.  RESPIRATION 

The respiratory system consists of specific organs and structures, extending from the nares 

and mouth to the lungs, allowing breathing. This vital body function is essential for gas 

exchange with the environment and is characterized by the continuous alteration between an 

inspiratory phase, enabling air to enter the lungs, and an expiratory phase to expel the air147. 

 

2.1 ELEMENTS OF RESPIRATORY ANATOMY AND 

PHYSIOLOGY 

The upper airway commences with the nares and the mouth, serving as entry points for air 

into the body and to filter, heat, and humidify it. The path then extends through the pharynx 

and larynx, with the epiglottis permitting air passage while preventing food from entering the 

airway. This portion also permits some other non-breathing activities, such as talking and 

swallowing. Interestingly, due to the lack of bony or cartilaginous support (with the sole 

exception of the posterior vertebral column), this region is highly deformable and vulnerable 

to collapse during sleep, when a diffuse reduction in the respiratory muscles activity 

occurs148–151. 

The lower airway starts from the larynx and continues through the trachea, which splits into 

two primary bronchi, both fortified with cartilaginous rings to maintain their patency. These 

structures enter the lungs, which are situated within the thoracic cavity and enveloped by the 

visceral pleura, while the chest wall is lined by the parietal pleura. The thoracic cage, which 

serves as a protective housing for the lungs, is composed of the ribs and various respiratory 

muscles that allow the cyclic alternation of inspirations and expirations, including the 

diaphragm, intercostal muscles, abdominal muscles, and accessory muscles like the 

sternocleidomastoid and scalene muscles148–151. 

Inside the lungs, the bronchi further divide into a hierarchical network of smaller bronchial 

segments, giving rise to the non-cartilaginous bronchioles, which play dual roles in air 

conduction and gas exchange with the blood circulation. Beyond the bronchioles, there are 

the alveoli, which are sac-like structures connected to the bronchioles through alveolar ducts. 

It is within the alveoli that gas exchange occurs through diffusion, enabling oxygen to pass 

into the lung capillaries while CO2 is released from the blood into the lungs148–151. 
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Inspiration is made possible by the expansion of the rib cage caused by the contraction of 

specific muscles, the most prominent of which are represented by the diaphragm and 

external intercostal muscles152. However, there are other muscles that contribute to the 

expansion of the chest, such as the parasternal intercostal, sternocleidomastoid, and scalene 

muscles153–155. In addition, other groups of muscles help regulate the airflow by adjusting the 

resistance of the upper airways during inspiration. For instance, the dilator naris anterior 

muscle and the alar part of the nasal muscle help open the naris156–158, while the muscles of 

the tongue reduce the collapsibility of the pharynx159,160, and jaw movements161 aid in this 

process as well152. Finally, larynx muscles also dilate to allow airflow into the lungs162–165. 

Expiration does not require muscle effort in resting breathing. However, in case of high 

energetic demand, abdominal and internal intercostal muscles can be engaged155,166, 

facilitating air outflow to optimize breathing efficiency and enhance oxygen supply to the 

blood and brain (active expiration)167,168. Active expiration occurs in the case of exercise, 

high altitude, or during apneas, when the cessation of breathing generates low levels of 

oxygen and high levels of CO2 in the blood169,170. Additionally, the muscles of the face, the 

tongue, and the larynx contract to regulate airway patency and reduce the flow of air, 

prolonging the duration of gas exchange163,164,171–174. 

 

2.2 CONTROL OF BREATHING RHYTHM 

The regular pattern of breathing is governed by groups of neurons called central pattern 

generators (CPG) and located in the brainstem. Specifically, the preBötzinger Complex 

(preBötC) is responsible for inspiration and coordinating the different stages of the 

respiratory cycle175–178, the lateral portion of the parafacial respiratory group (pFL) generates 

active expiration during periods of increased metabolic demand178,179, and the post-

inspiratory Complex (PiCo) is hypothesized to generate the post-inspiratory phase together 

with the  Kölliker-Fuse nucleus (KFn)174,180.  

These three CPGs orchestrate the sequential contractions in the inspiratory and expiratory 

muscles to optimize the flow of air by adapting to the biomechanics of the body181–186. 

Specifically, they maintain the equilibrium of respiratory and blood gases, with a particular 

focus on arterial CO2 (PaCO2), ensuring that its level remains within a relatively narrow and 

stable range (35–45 mmHg)150,187. 
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PREBÖTZINGER COMPLEX 

The preBötC plays a crucial role in activating the muscles involved in the 

inspiration147,175,188,189. It accomplishes this by directly projecting to multiple respiratory 

motor nuclei, however, indirect projections are more commonly observed152. Specifically, 

preBötC influences the contraction of the diaphragm by sending activating signals through 

the phrenic nerve, originating from the phenic nucleus, via the rostral ventral respiratory 

group (rVRG)190. It also controls the musculature of the tongue through the hypoglossal 

nerve and nucleus via the parahypoglossal region of the reticular formation189,191,192. The 

preBötC also influences the facial muscles innervated by the facial nerve (VII) through the 

intermediate reticular formation189,193,194. 

In addition, preBötC is strongly connected with other brain regions involved in respiratory 

control152. Specifically, it influences and receives information from other CPGs (Bötzinger 

complex, PiCo, and pFL), areas involved in the modulation of breathing (KFn, lateral and 

medial PB, and PAG), in the chemosensitivity (the retrotrapezoid nucleus – RTN – and the 

LC), in the integration of cardiorespiratory stimuli (the nucleus tractus solitarii, NTS), and 

the limbic system (LH and PH)189,192,193,195–197. It also presents strong projections to the 

contralateral preBötC to promote their synchronization190 and receives inputs from various 

areas of the neocortex, which are believed to be involved in the voluntary regulation of 

breathing198,199. 

 

KÖLLIKER-FUSE NUCLEUS 

KFn is prominently involved in the switch from inspiration to expiration173,200. Indeed, most 

of its neurons are active during inspiration and cease firing at its end, signaling the transition 

from inspiration to expiration173,201,202. However, KFn is not the sole nucleus responsible for 

terminating inspiration, as when the activity in the KFn is bilaterally blocked, the termination 

of inspiratory activity is not completely abolished173. 

The KFn exhibits robust connections with the other CPGs (preBötC, Bötzinger complex, 

PiCo, and pFL), with central chemoreceptor areas (NTS and RTN), and with areas 

implicated in modulating breathing (lateral and medial PB, and PAG)152,189,192,195,196,198,203–213. 

The KFn also forms connections with premotor neurons responsible for controlling the 

respiratory muscles (rostral – rVRG – and caudal ventral respiratory group – cVRG –), 

hypoglossal and facial nuclei, to facilitate the contraction of valve muscles, thus helping 

regulate the outflow of air during expiration152,180,212–223. 
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POST-INSPIRATORY COMPLEX 

PiCo is located in the ventral part of the intermediate reticular formation and has been 

identified as a potential contributor to respiratory control174,210,224. Indeed, the PiCo exhibits 

rhythmic activity peaking during the post-inspiratory phase174,225 and its optogenetic 

stimulation has been shown to extend the duration of post-inspiration210. This suggests that 

the PiCo likely plays a role in regulating respiration, possibly as part of an integrated 

network rather than being a primary pattern generator174,225. However, further investigation is 

required to fully understand its function226,227. 

The PiCo receives strong inputs from the KFn and PAG, from the NTS and the 

paraventricular nucleus of the hypothalamus210. Additionally, the preBötC projects to the 

PiCo, indicating a link between these two respiratory regions189. Although there is a current 

lack of comprehensive studies on the efferent connections of the PiCo, there have been 

demonstrations of projections to the preBötC and the RTN198,228. 

 

LATERAL PARAFACIAL NUCLEUS 

The pFL plays a crucial role in initiating active expiration by engaging expiratory abdominal 

muscles via the cVRG and muscles controlling upper airways168,178,179,229–233. In embryonic 

and newborn rodents, pFL exhibits rhythmic activity during periods of rest234,235, but this 

activity gradually diminishes during early development236,237. Conversely, in adult 

anesthetized rats, pFL is silent during normal ventilation and rhythmically active in case of 

increased respiratory demand (exercise, high levels of CO2 and low levels of 

oxygen)167,168,179. Additionally, active expiration has been recently observed during sleep in 

both rats238,239 and humans240. Specifically, it predominantly occurs following episodes of 

apnea or irregular breathing and is associated with the stabilization and regularization of the 

respiratory rhythm, as well as an increase in the volume of air inhaled.  

pFL is activated by excitatory input originating from the NTS and the RTN, which carries 

chemosensitive signals from the carotid bodies, in the presence of elevated blood levels of 

CO2
195,241–243. Moreover, pFL receives input from various other sources, including the 

preBötC, Bötzinger complex, RTN, rVRG, KFn, reticular formation, caudal raphe, lateral 

and medial PB, and PAG195.  

Figure 4 summarizes the location of the brain regions involved in the control of breathing. 
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2.3 CONTROL OF VENTILATORY STABILITY 

During W, the determination of the amount of air inhaled and exhaled in a breathing cycle 

(i.e., tidal volume, VT), required to maintain stable levels of oxygen and CO2 in the body, 

relies on both conscious control and metabolic pathways. However, as sleep begins, the 

wakefulness-related stimuli diminish, thus leaving the sole metabolic demand as the primary 

determinant of minute ventilation (i.e., the air volume inhaled or exhaled from the lungs per 

minute, VE). Therefore, the onset of sleep, bringing a significant decrease in the activation of 

compensatory mechanisms that are responsible for maintaining proper ventilation, promotes 

hypoventilation and the development of sleep-related breathing disorders in predisposed 

individuals150. 

 

FACTORS AFFECTING BREATHING STABILITY 

Ventilatory control mechanisms respond to chemical, mechanical, and behavioral 

information to adjust the depth of ventilation based on the body's metabolic demands and to 

Figure 4. Illustration of the brain regions involved in the control of breathing. 

Periaqueductal gray (PAG), parabrachial nuclei (PB), Kölliker-Fuse nucleus (KF), post-inspiratory 

complex (PiCo), parafacial respiratory groups (pF), the nucleus tractus solitarii (NTS), Bötzinger 

complex (BötC), preBötzinger complex (preBötC), rostral ventral respiratory group (rVRG), and 

caudal ventral respiratory group (cVRG). Image from Schottelkotte and Crone, 2022186. 

 

Figure 4 
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allow flexibility in breathing patterns to accommodate different activities, such as speech, 

swallowing, and other tasks150,187,244,245. 

Chemical information is received from the central chemoreceptors in the ventral medulla and 

peripheral chemoreceptors located in the carotid body and in the aortic body150,187,244. 

Specifically, the arterial concentration of oxygen (PaO2) is sensed by glomus cells of the 

carotid and aortic bodies, which transmit signals via the glossopharyngeal and vagus nerves 

to the NTS and trigger an increase in ventilation when the PaO2 falls below 60 mmHg. At 

the same time, both the carotid body and the central chemoreceptors are sensitive to the 

PaCO2. 

Mechanical information comes from receptors in the lung and chest wall in response to 

irritation, stretching, or changes in position and is conveyed to either the NTS through vagal 

afferent pathways or the cortex. When these receptors are stimulated, a rapid, shallow 

breathing pattern occurs to provide a feedback loop, known as the Herring-Breuer reflex, 

which helps maintain the lungs' optimal inflation and ensures that they do not become overly 

distended during the breathing process150,187,244. 

Finally, in addition to chemical and mechanical factors, the depth of ventilation is also 

influenced by behavioral information originating from higher cortical centers in the brain to 

allow many non-breathing functions (e.g., singing, laughing, talking, eating, crying, and 

speaking). In these cases, the efferent pathways responsible for executing these activities 

may bypass the traditional respiratory centers located in the medulla. As a result, the body 

prioritizes the performance of specific actions over maintaining strict control of ventilation 

solely based on metabolic needs150,187,244. 

 

RESPIRATORY LOOP GAIN 

The mechanism controlling the stability of ventilation can be approximated to a loop circuit. 

Each loop circuit consists of a plant, which represents the system characteristics to be 

controlled, and of a controller, which is a unit that generates signals to reduce the deviation 

of the actual value from the desired value to almost zero or the lowest possible value. When 

a perturbation occurs in the plant (plant gain), the controller tends to modify the system 

(controller gain) to restore the initial situation. So, the loop gain of the system is represented 

by the ratio of the disturbance and the consequent response150,244. Specifically, in the 

respiratory system, the plant is the level of CO2 present in the lungs, body tissues, and blood, 

the controller is the CPGs, and the respiratory loop gain is the ratio of the ventilatory 

response for a given ventilatory disturbance. 
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When PaCO2 changes for a given change in ventilation, the signal arrives to the brain with a 

circulatory delay due to the transit time from the pulmonary capillaries to the central and 

peripheral chemoreceptors. At this point, CPGs provide a transient modification in the 

ventilatory drive, which is translated into a transient modification of ventilation, to restore 

the previous level of PaCO2
150,244. Particularly, a high loop gain indicates an unstable system 

susceptible to frequent oscillations, making it challenging to achieve a steady state; 

conversely, a low loop gain is characteristic of a stable respiratory system150,246,247. 

The key components of the controller gain to maintain chemical homeostasis in the 

respiratory loop gain model are represented by the hypoxic (HOVR) and hypercapnic 

(HCVR) ventilatory responses. These correspond to an increase in ventilation in reaction to 

reductions in PaO2 or rises in PaCO2, respectively. 

 

2.4 EFFECTS OF SLEEP ON VENTILATION 

Sleep can be considered a vulnerable state due to the diminished efficiency of breathing, 

resulting in inadequate oxygen intake and the removal of CO2 from the body. These factors 

contribute to respiratory failure and insufficient gas exchange and homeostasis248. 

First, at sleep onset, there is a significant reduction in the activity of the upper airway 

muscles and the respiratory pump151,248–251, due to the diminished tonic drive to respiratory 

motoneurons with the transition from W to NREM sleep, which is further reduced in REM 

sleep248,252,253. This leads to decreased compliance and lumen size in the upper airway and 

reduced muscle tonicity, thus making the airway more flexible, facilitating the tongue to fall 

backward, and creating a higher resistance to the passage of the air flow187,251,254. 

Additionally, at sleep onset, a sustained hypoventilation occurs causing an increase in PaCO2 

(2-4 mmHg) and a reduction in PaO2 (3-9 mmHg)150,151,249,255–259. This is due, not only to the 

muscular hypotonicity, but also to the decreased metabolic rate of sleep187,260,261. Second, the 

functional residual capacity (FCR, the air volume remaining in the lungs after a normal, 

passive exhalation) is also reduced151,248,262,263.  This decrease may be attributed to altered 

respiratory timing from the CPGs, a decreased compliance of the chest wall and lungs, an 

accumulation of blood in the thoracic region, and relative weakening of the diaphragm264. 

Third, VT and VE experience a reduction during NREM sleep, which is even higher during 

REM sleep (25% and 84% for VT and VE, respectively)151,265–268.  

Moreover, during sleep, the regulation of breathing relies predominantly on the metabolic 

control system, with the ventilation closely connected to the input received from 

chemoreceptors and pulmonary mechanoceptors244. Existing data indicates that HOVR and 
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HCVR are reduced during NREM sleep and fall further during REM sleep187,269–272.  

However, the exact mechanisms or reasons for this decline are still debated even if leading 

studies suggest it may result from a reduction in chemosensitivity or an increase in upper 

airway resistance during sleep150,187,273. To further destabilize ventilation during sleep, the 

critical level of PaCO2 under which central respiratory drive ceases and an apnea occurs 

(known as “apnea threshold”) is reduced by about 1-2 mmHg during sleep respect to W. 

Finally, during REM sleep, the mean inspiratory flow is reduced, consistent with shallow 

breathing patterns150. 

Therefore, taken together, these changes during sleep can contribute to alterations in 

respiratory parameters and gas exchange, potentially impacting overall respiratory function 

and contributing to the development of sleep-related breathing disorders. 
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3. SLEEP-RELATED BREATHING DISORDERS  

Sleep-related breathing disorders (SBD) represent a wide range of pathologies encompassing 

impaired ventilation during sleep54 and are extremely common in both children274 and 

adults275. Indeed, it has been estimated that 0.7-33% of children and 14-67% of adults suffer 

from a form of breathing problem during sleep274–278. In addition, these numbers are expected 

to rise due to the increasing prevalence of obesity and obesity-related conditions in 

industrialized countries54,279. 

According to the Third Edition of the International Classification of Sleep Disorders (ICSD-

3), SBDs can be divided into four sections: central sleep apnea (CSA), obstructive sleep 

apnea (OSA), sleep-related hypoventilation disorders, and sleep-related hypoxemia 

disorder169. 

Sleep apneas are defined as pauses from breathing of at least 10 seconds sufficient to disrupt 

sleep and to frequently cause hemoglobin desaturation and increased CO2 levels54,280. Their 

diagnosis requires the presence of at least 5 apneic events per hour of sleep during a 

polysomnography281. Notably, according to their origin, they can be classified as CSA or 

OSA in case of the presence of an impairment in the transmission of the signal for 

inspiration from the brain to inspiratory muscles or of an obstruction of the airways, 

respectively169,170,280. On the other hand, sleep-related hypoventilation disorders are 

associated with increased PaCO2, while the sleep-related hypoxemia disorder is 

characterized by sustained drops in arterial oxygen saturation (less than 88% for at least 5 

minutes) without CO2 measurement. 

Among all the SBDs, the most frequent and dangerous are represented by sleep apneas of 

both central and obstructive origin278,282,283. Moreover, both of them produce a series of 

short- and long-term life-threatening cardiovascular, metabolic, and neurocognitive 

dysfunctions54,254,275,284,285. Indeed, frequent apneic events give rise to repetitive cycles of 

reduced oxygen levels in the blood, elevated CO2 levels, and subsequent re-oxygenation, 

which are accompanied by frequent arousals, causing fragmented sleep pattern, changes in 

the intrathoracic pressure and tissue damages286. 

In the next chapters, I will examine the classification, epidemiology, pathophysiology, and 

treatment of sleep apneas. Particularly, for the purposes of this thesis, I will focus on three 

different diseases characterized by the presence of variable SBDs: Down Syndrome (DS), 

CDKL5 deficiency disorder (CDD), and Pierre Robin sequence (PRS). 
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3.1 CENTRAL SLEEP APNEA 

CSA syndromes encompass conditions characterized by an intermittent or cyclical reduction 

or absence of respiratory effort due to dysfunctions in the central nervous system287. 

Specifically, CSA occurs when the brainstem network responsible for generating respiratory 

rhythm and driving breathing experiences a transient decrease in activity usually caused by a 

reduction in the partial pressure of CO2 below the apneic threshold280.  

CSA is relatively uncommon in the general population, but it is more prevalent in individuals 

with heart failure, stroke, neurodegenerative disorders, and those receiving opioid 

treatment288–291. 

Primary CSA is a condition of uncertain origin that can manifest in adulthood, infancy, or 

even premature infants, while other forms of CSA are typically linked to underlying 

pathologies or environmental factors54,281,287.  

The Cheyne-Stokes breathing pattern is a prevalent occurrence during NREM sleep in 

individuals affected by heart failure, cerebrovascular disorders, and renal failure. It is 

characterized by recurrent apneas alternating with prolonged episodes of hyperpnea in which 

VT rhythmically increases and decreases in a crescendo–decrescendo pattern287,292,293. CSA 

due to high-altitude periodic breathing is a disorder usually occurring at altitudes exceeding 

7600 meters where the sleep is disrupted by repetitive cycles of apnea287,291,294,295, while CSA 

due to long-term opioid use causes a respiratory depression by affecting the mu receptors of 

the ventral medulla287,291,296,297. 

Finally, although increasing evidence suggests that CSA could potentially trigger OSA291, 

their health implications continue to be a topic of ongoing discussion283,289. 

 

3.2 OBSTRUCTIVE SLEEP APNEA  

OSA syndromes involve repetitive events characterized by either complete or partial 

obstruction of the airways, leading to increased inspiratory effort and compromised 

ventilation170,287. OSA is highly prevalent in the general population, affecting 1.2-5.7% of 

children, between 6% and 17% of adults and reaching up to 49% in the elderly with a higher 

prevalence in the male sex (34% of men and 17% of women)275,287,298. 

The diagnosis of OSA varies based on the age group being considered. In adults, the criteria 

for diagnosis entail the presence of at least 5 episodes of airway obstruction per hour of sleep 

during a polysomnographic recording. On the other hand, in children, the diagnosis requires 

the recognition of just one OSA event per hour of sleep in association with daytime 



32 

 

excessive sleepiness, hyperactivity, behavioral problems, or learning problems281,287,298. 

Despite these diagnostic guidelines, it appears that OSA remains significantly 

underdiagnosed275  

Obesity is strongly linked to OSA as deposits of fat within the upper airway and reduction in 

lung volume cause the loss of caudal traction on the upper airway299. However, 20-40% of 

OSA patients are not obese, indicating the potential role of other factors, such as muscle 

hypotonia, altered chemoreflex sensitivity, and low arousal threshold (i.e., waking up from 

sleep prematurely), in its pathophysiology280. Also the fluid around the upper airway may 

represent a risk factor since it may accumulate in the pharyngeal area and near the lungs in 

the supine position facilitating the collapse of airways or even potentiating CSA280,300,301. 

Furthermore, in neonates and children, OSA is strongly linked to the hypertrophy of 

adenoids or tonsils and to the reduced or abnormal development of the facial bone structures, 

which can be genetically predisposed or due to the changes in the reciprocal position of the 

tongue, the mandible, and pharynx284,302–305. This diversity suggests the existence of different 

OSA phenotypes that may require distinct treatment approaches280. 

OSA is considered the most common and dangerous form of SBD in Western countries as it 

poses an elevated risk of cardiovascular morbidity, mortality, as well as metabolic and 

neurocognitive impairment280,285,299,302. Indeed, numerous studies assessed that OSA leads to 

repetitive cycles of arterial hypoxia, hypercapnia, and re-oxygenation (intermittent hypoxia), 

and to frequent sleep arousals281,287. Thus, these stimuli cause excessive daytime sleepiness, 

systemic inflammation, oxidative stress, sympathetic nervous system activation, and 

hypercortisolemia, hypertension, stroke, myocardial ischemia and infarction, heart failure, 

atrial fibrillation, and coronary heart disease, pulmonary hypertension, and sudden 

death280,283,300,302,306–309. 

 

REM SLEEP-RELATED OBSTRUCTIVE SLEEP APNEA 

A peculiar subtype of OSA is represented by the REM sleep-related OSA, which is 

characterized by airway obstruction that predominantly or exclusively occurs during REM 

sleep310,311. This happens because of the loss of tone in several skeletal muscles, including 

the genioglossus, that can facilitate the collapse of the upper airways312. Interestingly, REM 

sleep-related OSA constitutes 14–36% of all OSA cases and is more prevalent in females 

than in males313–316. In addition, the duration and magnitude of oxygen desaturation are 

reported to be more pronounced in REM sleep-related OSA than OSA occurring during 

NREM sleep317. Scientific literature also suggests that OSAs during REM sleep may have 
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more adverse cardiometabolic and neurocognitive outcomes compared to those during 

NREM sleep285,313,318. 

 

3.3 DOWN SYNDROME AND RELATED BREATHING 

DISORDERS 

DS is a genetic disease caused by the partial or complete triplication of chromosome 21 

(Hsa21)319 due to errors in maternal meiosis or mitosis, translocations, or mosaicisms320–327. 

This pathology was first described in 1866 by the British physician John Langdon Haydon 

Down328 and, nowadays, represents one of the most common chromosomal abnormalities 

with a prevalence estimated between 8.27 and 12.6 live-born babies with DS per 10,000 

births329,330. 

DS is characterized by a wide collection of medical manifestations that impact on the entire 

organism, especially affecting the musculoskeletal (short stature, craniofacial abnormalities, 

muscle hypotonia), neurological (neurodevelopmental delay, language and memory 

impairments), and cardiovascular systems (congenital heart defects)331–335. Moreover, 

although the most invalidating aspect of this condition is represented by the intellectual 

disability, DS patients are also more likely to develop certain health conditions that may 

result in detrimental consequences, including hypothyroidism, type 2 diabetes, autoimmune 

diseases, OSA, epilepsy, hearing and vision problems, hematological disorders, 

gastrointestinal defects, recurrent infections, anxiety disorders and early-onset Alzheimer 

disease334–346. Additionally, it is worth to mention that, among them, OSA syndrome assumes 

a predominant role. Indeed, its prevalence has been estimated at 45-66% in children 

diagnosed with DS347–350 and increases up to more than 90% in adulthood351–354. This finding 

is in line with previous studies reporting a series of risk factors that may facilitate the 

collapse of the upper airway during sleep in DS patients, including hypotonia, obesity, 

craniofacial anatomy (e.g., narrowed nasopharynx, mandibular hypoplasia, and 

macroglossia) and hypertrophy of adenoids and tonsils303,349,355–357. 

 

3.4 CDKL5 DEFICIENCY DISORDER AND RELATED 

BREATHING DISORDERS 

CDD is an ultra-rare severe developmental epileptic encephalopathy, with an incidence of 

2.36 per 100,000 livebirths358, which is caused by mutations in the CDKL5 gene, that is 

located on the short arm of the X chromosome359. This gene encodes for the cyclin-
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dependent kinase-like 5 (CDKL5), a serine/threonine kinase involved in the regulation of 

axon outgrowth, dendritic morphogenesis, and synapse formation in early postnatal life, and 

in maintaining synaptic function in the adult brain360. However, even if predominantly 

expressed at the brain level as can be deduced from its main functions, the CDKL5 gene is 

widely expressed among different tissues, including testis, lung, spleen, prostate, uterus, and 

placenta, whereas it is virtually absent in the heart, kidney, liver, and skeletal muscle361. 

The origin of CDD can be traced back to a relatively recent period. In 2003, a group of 

scientists from the Max-Planck-Institute for Molecular Genetics identified a balanced 

translocation, resulting in the disruption of CDKL5 gene (at that time called STK9, serine-

threonine kinase 9), in two unrelated female patients affected by severe developmental delay, 

mental retardation, and early-onset infantile spasms362,363. Meanwhile, the same mutation 

was found at the University of Western Australia364 and at the University of Siena365 in 

female children previously diagnosed with the Hanefeld variant of Rett Syndrome, 

characterized by early-onset seizure366. Then, as the number of patients carrying mutations in 

the CDKL5 gene rose (up to 2013, 141 individuals were identified), a clearer clinical 

presentation and physical appearance of patients was established and, thus, a distinct 

diagnosis for the CDD was proposed367. However, despite many clinical centers have 

extensively examined this condition and contributed to understand the role and function of 

the CDKL5 protein since the foundation of the International CDKL5 Disorder Database in 

2012368, the term CDD emerged in the medical literature much later, specifically only in 

2018369. 

Due to its chromosomal localization, CDD affects females four times more often than males, 

suggesting that pathogenic variants and loss of function of CDKL5 protein are mostly lethal 

for males during fetal life368,370. However, independently of the gender, the key feature of 

CDD is represented by epilepsy which is mostly drug-refractory, generally starts within the 

first three months of life370–372, and is characterized by a variable morphology (e.g., partial, 

myoclonic, tonic seizures, and limb spasms)368,373. In addition, almost all patients also 

present retardation of psychomotor development and intellectual disability, generalized 

hypotonia, and cortical vision disorders367,368,372,374. Finally, to complicate the clinical picture, 

CDD is associated with an extremely variable phenotype, not only between boys and girls, 

but also among different CDKL5 mutations, as demonstrated by a wide series of 

accompanying symptoms differently distributed in patients. Particularly, it is worth 

mentioning autism spectrum disorders (poor social interactions, poor eye contact, repetitive 

hand movements), bruxism, respiratory disorders (apnea or hyperventilation), arrhythmias, 

gastrointestinal impairments (constipation, gastroesophageal reflux, and aerophagia), 

orthopedic complaints (difficulty at walking, standing up or sitting), sleep disorders 
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(problems with falling asleep or waking up, SBD, and drowsiness), and dysmorphic facial 

features (e.g., deep set eyes, straight eyebrows, slightly short upturned nose, large ears, high 

forehead, or prominent lips)367,368,370–372,374–377. 

 

3.5 PIERRE ROBIN SEQUENCE AND RELATED BREATHING 

DISORDERS 

PRS is a multifactorial disorder of the neonatal period with an estimated prevalence of 1-9 

per 10,000 livebirths378,379 that was first described in 1923 by Pierre Robin380. This condition 

is characterized by a reduced mandibular size in the sagittal direction (micrognathia) and the 

retroposition tendency of the mandible during infancy (retrognathia), which can lead to the 

displacement of the tongue into the hypopharynx (glossoptosis), thus resulting in frequent 

airway obstructions at the tongue base with consequent repeated oxygen desaturations and 

cyanosis303,381,382. Moreover, patients with PRS often present cleft lip and U-shaped cleft 

palate, difficulties to feed, gastroesophageal reflux, and long-term complications including 

cerebral impairment, pulmonary hypertension, and failure to thrive381,383,384. 

PRS can be widely found as isolated findings (40% of cases), usually together with 

mutations of SOX9 or KCNJ2 gene on chromosome 17381,385, but also as part of an 

underlying syndrome (60% of cases). For instance, it is most commonly found in the Stickler 

Syndrome with mutations in COL2A1, COL9A1, COL11A1, and COL11A2, in the 

velocardiofacial syndrome with a microdeletion of chromosome 22q11.2 or mutation of 

TBX1 gene, and in the Treacher Collins Syndrome with mutation in TCOF1, POLR1C, and 

POLR1D genes303,381,384.  

 

3.6 AVAILABLE THERAPIES FOR SLEEP APNEAS 

The most effective therapy for OSA and CSA is the continuous positive airway pressure 

(CPAP)280,299,386. It employs an air compressor to supply pressurized air either in a single or 

bi-level mode (inspiratory and expiratory pressures) through a nasal mask to provide a 

pneumatic stent preventing upper airway obstruction303. 

CPAP significantly improves pulmonary hypertension and cardiac function, reduces blood 

pressure, especially in patients with resistant hypertension, the risk of cerebral events, the 

frequency of premature ventricular beats during sleep, and the recurrence rate of atrial 

fibrillation. In addition, CPAP enhances the need for revascularization, incident coronary 

heart disease, and survival280,291,387–402. In addition, the combination of exercise and weight 

loss with CPAP can boost its effectiveness280. Indeed, physical activity reduces the severity 
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and occurrence of OSA and ameliorates sleep quality by decreasing the redistribution of 

fluid in the neck region stabilizing the chemoreceptor sensitivity, and decreasing the 

incremental blood pressure280,300,301,403–405. 

However, CPAP is the treatment of choice only for adults, as its suitability for the pediatric 

population is limited. First, children do not fully understand the advantages of undergoing 

CPAP treatment, which can hinder their cooperation and adherence to the therapy. Second, 

ensuring a proper fit of nasal or oronasal masks can be more challenging in children due to 

their smaller facial structures, potentially leading to discomfort and inadequate treatment 

delivery. Third, some children may experience feelings of claustrophobia or discomfort 

when using CPAP masks. Therefore, these factors can significantly reduce adherence to the 

therapy compromising its effectiveness280,298,394,406,407. 

 

THERAPIES FOR SLEEP APNEAS IN CHILDREN 

Apneas of prematurity are treated with the oral administration of caffeine, while CSAs 

occurring after the age of 37 weeks are treated with acetazolamide, a carbonic anhydrase 

inhibitor that enhances the respiratory drive by adjusting the threshold of partial pressure of 

CO2
298. 

OSA can be also treated with the application of a nasopharyngeal tube, that is inserted 

through the naris and extends to the oropharynx to act as a supportive structure for the upper 

airway, effectively preventing its collapse298,303,408,409. In addition, some oral devices that 

work in different ways applying pressure to the jaw to prevent retroglossal collapse are 

available, such as the mandibular advancement device which repositions the tongue and/or 

mandible to increase the size of the airway lumen298,410. 

Moreover, in specific clinical conditions peculiar treatment may attenuate the 

symptomatology linked to persistent or severe OSA298,303. For example, if OSA is limited to 

the supine position, sleeping on the side or prone could improve the condition at least once 

the infant is capable of rolling over, as it enables gravity to draw the tongue forward303,384,411. 

In children with adenotonsillar hypertrophy, the first-line treatment is represented by 

adenotonsillectomy or by the nasal administration of corticosteroids to reduce the tissue 

inflammation and swelling, while children with macroglossia can take benefits from tongue 

reduction surgery298,303,412. Finally, in case of extremely severe OSA, children (especially 

those with craniofacial abnormalities) may undergo tracheostomy to completely bypass the 

site of obstruction. However, although highly effective, this treatment requires an extensive 

training and a constant monitoring303,384. 
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Furthermore, patients with PRS can undergo mandibular distraction osteogenesis, which is a 

surgical procedure which consists in the fracture of the mandible to affix a device that 

permits gradual moving forward of the mandible (about 1 mm/day) and allows new bone to 

form303,384,413. In addition, PRS patients can take benefits from the tongue-lip adhesion, 

which is a surgical intervention where the tongue is carefully fastened to the mucosa and 

muscle of the lower lip to correct glossoptosis and help to alleviate breathing 

difficulties303,384,414,415. 

Finally, another alternative experimental therapy for OSA, that still needs further 

investigation to obtain definitive data, is the hypoglossal nerve stimulation. This procedure 

encompasses the application of an electrical pulse at low voltage to the hypoglossal nerve 

during the inspiration phase to activate the muscles that move the tongue forward, thus 

alleviating airway obstruction due to tongue malposition298,416,417. 
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4.  STUDY OF SLEEP-RELATED BREATHING 

DISORDERS IN MICE 

Animal models are essential tools in biomedical research due to the complex multilevel 

interactions between molecules, cells, organs, and systems that characterize evolved living 

systems and cannot be appreciated by exclusively looking at the single components54. 

Among them, mice have emerged as the species of choice thanks to the numerous 

advantages they offer. First, mice are relatively cost-effective to acquire and maintain, have a 

small size, are easy to handle, and have a short lifespan and a rapid reproductive rate. 

Second, mouse DNA organization and gene expression show a high degree of homology 

with those of humans, and it is estimated that these two species share approximately 99% of 

genes418. Third, since the complete sequencing of the mouse DNA in 2002418, several inbred 

and genetically modified mouse strains have been developed and utilized under controlled 

laboratory conditions to expedite the acquisition of knowledge in various pathologies and to 

reduce the influence of genetic, behavioral, and environmental confounders61. Finally, 

several studies demonstrated the numerous similarities in genomic sequence, EEG pattern, 

and brain circuitry between mice and humans and the good conservation of neural 

mechanisms related to sleep and respiration throughout evolution55,152,419. 

Therefore, mice have proven to be valuable in advancing our understanding of fundamental 

physiological aspects, especially in the investigation of sleep disorders and SBDs, to expand 

our knowledge about sleep and respiratory neurophysiology, neuroanatomy, and regulation, 

and to facilitate the development of new therapies and to assess their safety and 

efficacy54,55,59,61,170.  

 

4.1 ANIMAL MODELS OF SLEEP-RELATED BREATHING 

DISORDERS 

Despite SBDs constituting a subject of considerable interest due to the high prevalence of 

sleep apneas of both central and obstructive origin in the general population, most of the 

studies in recent decades have concentrated on exploring the pathological correlates of SBDs 

rather than on the development and validation of mouse models of SBDs54. This situation 

could potentially be linked to the fact that mice have long been considered unsuitable models 

for investigating sleep apneas and to the presence of technical challenges in accurately 

characterizing sleep apneas in such small animals54. Additionally, the report of several 
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differences in the anatomy of upper airways between mice and humans420, although 

repetitively rejected thanks to the recent discovery of several similarities in upper airways 

and hypoglossal nerve functions between these two species421,422,  might also contribute to 

this scenario54. 

Nonetheless, a range of genetically engineered mouse strains has been proposed as potential 

models for studying sleep apnea for distinct reasons. For instance, mice lacking orexins423–

427, CDKL5 kinase428,429, heme oxygenase-2 enzyme430, the transcription factor Phox2b431,432, 

and monoamine oxidase A enzyme433 are regarded as viable models for CSA, whereas mice 

affected by obesity434–437 are recognized as the only available model for OSA54. 

For the purposes of the thesis, the subsequent paragraphs will provide comprehensive 

descriptions solely for the SBD animal models employed in the current experiments. 

 

MODEL OF DOWN SYNDROME: TS65DN MICE 

Ts65Dn mouse (TS)438 is the most largely used animal model of DS and carries a reciprocal 

translocation that leads to the partial triplication of the distal part of chromosome 16, which 

is homologous to Hsa21. Unlike mice with full trisomy of chromosome 16 which die in 

utero439,440, TS mice live until adulthood (up to 36 months of age) and show a full genetic 

homology to the long arm of Hsa21441. However, it should be noted that this murine model 

also has three copies of 19 genes usually located on mouse chromosome 17 (and not 

orthologues of genes on Hsa21), and thus some aspects of the phenotype in this strain might 

not be related to human DS442. 

Despite that, TS mice recapitulate many clinical manifestations similar to those of humans, 

such as reduced birth weight, postnatal developmental delay, spontaneous locomotor 

hyperactivity, deficit in spatial learning and memory, muscular trembling, male sterility, 

brain abnormalities, and skeletal malformations directly corresponding to the craniofacial 

dysmorphogenesis in DS323,443,444. In addition, more recent studies also highlighted an 

increased propensity for obesity, primarily due to an augmented fat mass and energy intake 

and an impaired glucose homeostasis445, the increment in the incidence of hypoxemia which 

occurs early in life and chronically446, and the presence of sleep impairments447.  

Therefore, considering the widespread range of symptoms of DS common to both humans 

and mice, we expect that TS mice may exhibit obstructive events during sleep as human 

patients do. If this will be confirmed by our experiment, TS mice may represent a promising 

candidate to study the pathophysiological aspects of OSA and to accelerate the development 

of specific therapeutic approaches in line with the principle of promoting and conducting 

research tailored to individual patients. 

https://www.sciencedirect.com/topics/neuroscience/hypoglossal-nerve
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MODEL OF CDKL5 DEFICIENCY DISORDER: CDKL5-KNOCKOUT 

MICE 

Since the majority of the CDKL5 coding region is orthologous and well-conserved between 

humans and mice448, different CDKL5-knockout mice have been developed for 

understanding how this protein dysfunction can lead to the wide range of defects present in 

human CDD. Indeed, although animal models cannot fully replicate human pathologies, they 

serve as a valuable resource for investigating the molecular and pathophysiological 

mechanisms involved in the development and advancement of a disease and they also offer a 

means of identifying potential therapeutic strategies. 

In line with this principle, the loss-of-function mutation of CDKL5 was mimicked by using 

the site-specific recombinase technology of Cre-lox recombination targeting different exons: 

exons 6449–451, exon 4428, and exon 2452. 

For the purposes of the present study, we will focus on the CDD mouse model used in the 

current work: the one created by Amendola and colleagues in 2014428. Notably, this peculiar 

kind of CDKL5-knockout (CDKL5-KO) mice was originally obtained by inserting loxP sites 

flanking the exon 4 of the CDKL5 gene into a plasmid which was transfected by 

electroporation and selected into ES cells (with a 129/Sv×C57BL/6N genetic background). 

Then, founder mice were generated by injecting the cells carrying the mutation into host 

embryos with a C57BL/6N genetic background, which were further crossed to C57BL/6J 

congenic FLP-deleter mice453 to remove the selection cassette and to C57BL/6J congenic 

Cre-deleter mice454 to generate the CDKL5 null allele428. 

CDKL5-KO mice by Amendola and colleagues recapitulate the core aspects of human CDD. 

For instance, they show motor disturbances (abnormal clasping of hind limbs, decreased 

locomotion in the familiar home-cage setting, and impaired motor coordination) and 

hippocampus-dependent learning and memory impairments428, but not the early-onset 

seizures, found in the CDD model obtained by Wang and colleagues449. Interestingly, all 

neurological symptoms found in CDKL5-KO are consistent with the presence of defects in 

neuronal maturation, spine density, and synaptic connectivity present in primary 

hippocampal cultures from CDKL5-KO mice455, and with cellular phenotypes of neurons 

derived from induced pluripotent stem cells reprogrammed from patients’ fibroblasts456. In 

addition, CDKL5-KO mice also show severe dendritic hypotrophy428, impaired neurogenesis 

at the hippocampal level457,458, an augmented neuroinflammation associated with alterations 

of microglia459, and an increased number of apneas during sleep429. 
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Notwithstanding the existing differences between boys and girls368,370, most of the research 

conducted on animal models has focused on male hemizygous CDKL5-KO mice in order to 

eliminate any potential confounding factors resulting from mosaic CDKL5 protein 

expression caused by random X-inactivation occurring in females360. However, recent 

studies concentrated at discovering potential gender and age-related differences. Indeed, it 

has been highlighted that female mice with heterozygous for the CDKL5-KO mutation 

exhibit several characteristics of CDD, including autism-like behaviors, motor coordination 

and memory performance impairments, as well as abnormalities in breathing patterns460. 

Moreover, another work found an age-dependent decline in motor, cognitive, respiratory, 

hypnic, and social behaviors in CDKL5-KO mice, without a worsening of neuroanatomical 

alterations461. 

 

MODEL OF PIERRE ROBIN SEQUENCE: BMP7-KNOCKOUT MICE 

Bone morphogenetic proteins (BMPs) consist of a wide range of dimeric glycoproteins that 

fall under the transforming growth factor-β (TGF-β) family. These proteins mainly govern 

the growth, formation, and regeneration of bones and cartilages, as well as the development 

of the skeletal structure462–466. However, most of these family members exhibit a pleiotropic 

effect, as they participate in several different physiological processes, such as cardiac 

development, ovarian functionality, embryonic patterning, and cardiac and neural 

organogenesis467–471.  

BMP7 represents one of the most extensively researched BMPs. This protein primarily 

contributes to cartilage and bone morphogenesis and to kidney formation464,472–474 and its 

mutations give rise to the abnormal formation of the secondary palate during the embryonic 

formation in humans, thus resulting in the occurrence of a cleft palate475,476. 

For a more comprehensive understanding of BMP7's role in maintaining equilibrium and 

facilitating the repair of various adult tissues, a full BMP7-knockout mouse model was 

created by strategically flanking the first coding exon of BMP7 gene with loxP sites and 

using Cre-mediated recombination to remove it477. However, the complete absence of BMP7 

in mice resulted in cleft palate and high in utero mortality478, which, regrettably, impeded the 

subsequent evaluation of craniofacial growth after birth. Successively, a conditional mutant 

mouse model was generated by deleting the BMP7 gene exclusively within the neural crest, a 

transient pluripotent stem cell-like population of the embryos that give rise to a broad 

spectrum of cell and tissue types, including craniofacial skeleton, teeth, connective tissue, 

pharyngeal arch muscles, and carotid body glomus cells479–481. Specifically, these mice were 

obtained by mating mice carrying loxP sites flanking the first coding exon of BMP7 gene 
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(BMP7fl/fl or BMP7-WT) with Wnt1-Cre transgenic mice482 to obtain a Cre-mediated 

recombination for the removal of exon 1 and the consequent creation of mice with a neural 

crest-specific deletion of BMP7 (BMP7fl/fl:Wnt1-Cre or BMP7-KO)477. 

BMP7-KO mice manage to survive beyond the initial postnatal period and recapitulate the 

fundamental aspects of PRS. Indeed, they display a variety of orofacial malformations, 

including micrognathia, midfacial hypoplasia, cleft palate, shorter and more acutely angled 

cranial base, diminished nasal bone length, nasal septum deviation and turbinate 

swelling483,484. Moreover, these mice encounter disturbances in the attachment sites and the 

morphology of the genioglossus muscle, responsible for mediating tongue movements and 

protrusion in the initial stages of embryonic growth483. All these features together predispose 

mice to potential blockages in nasal airflow during the postnatal period, a scenario 

paralleling human conditions303. Indeed, at the age of 4 weeks, when all the craniofacial 

abnormalities have been firmly established, BMP7-KO mice commence developing a series 

of respiratory disturbances, including an increased duration of respiratory events, a greater 

number of spontaneous apneas and a greater frequency of irregular breathing following a 

sigh484. However, despite that these breathing disorders are likely associated with OSA, no 

definitive confirmation of a heightened prevalence of this specific type of apneic events has 

been established, although the field of pediatric sleep medicine could greatly gain insights 

from the availability of a rodent model of nasal airway obstruction484. 

 

4.2 METHODS FOR STUDYING SLEEP APNEA IN ANIMAL 

MODELS 

Over the last few decades, there has been a notable surge in interest in the field of SBD, 

particularly for sleep apnea, as confirmed by the remarkable and rapid rise in the number of 

research papers centered around sleep apnea in mouse models54. However, it is crucial that 

investigations concerning rodents' breathing patterns are conducted in tandem with the 

concurrent classification of sleep states to optimize the potential translational applicability of 

the data to human conditions54. 

WHOLE-BODY PLETHYSMOGRAPHY  

The gold standard technique for the investigation of the breathing characteristics in humans 

and animal models is represented by whole-body plethysmography (WBP).  

This non-invasive and precise method relies on the pressure modifications which occur 

inside a non-compliant and airtight chamber in response to the cyclical breathing rhythm of 
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the subject54,485. Specifically, when the mouse is positioned inside the apparatus supplied 

with a constant inflow and outflow of air and the chamber is hermetically sealed, the air 

inside the chamber is drawn into the lungs during inspiration, saturated with water vapor, 

warmed, and then exhaled. These modifications, together with the movements of the 

animal’s rib cage which expands and contracts alternatively, induce modifications in the 

volume, humidity, and temperature of the air inside the chamber. As a direct result, these 

physical alterations influence the pressure within the chamber54,485,486. Consequently, the 

degree of each pressure fluctuation is related to the amount of inspired/expired air and to 

physical gas modifications occurring during each breath. Finally, thanks to the application of 

dedicated equations it becomes possible to get information on various respiratory 

parameters54,487,488. 

WBP exhibits several advantages: the non-invasiveness, the high levels of precision and 

reliability, and the ability to be consistently replicated. Secondly, the plethysmographic 

recordings can be easily repeated on the same subject, facilitating longitudinal investigations 

for tracking the progression of pathologies or testing novel therapeutic interventions. Third, 

this technique does not require the use of anesthesia or physical restraint when introducing 

the mouse into the WBP chamber, thereby diminishing the stress experienced by the animal 

and the variability between studies54,461,488.  Finally, the remarkable versatility of this method 

enables the contemporary examination of respiratory variables alongside the investigation of 

the wake-sleep cycle. Specifically, the analysis of sleep pattern encompasses the surgical 

implantation of specific electrodes capable of recording the EEG and the electromyogram of 

neck muscles (EMG) and the subsequent evaluation of the recorded biological signals to 

categorize the animal’s behavioral states into W, NREM sleep, and REM sleep according to 

criteria extrapolated from the established human standards for sleep stage 

classification53,54,57.  

However, despite its significant contributions to define the neuronal network responsible for 

regulating respiratory rhythm489, to examine several SBDs429,461,490 or the role of 

inflammation in breathing control491, some limitations must be acknowledged. First, the 

alterations occurring inside the sealed, non-compliant chamber are typically of small 

magnitude and susceptible to distortion and corruption487, thus limiting the measurements of 

ventilation to periods of sleep or minimal activity. Furthermore, to attain accurate data about 

air volumes, chamber pressure data must be recorded together with barometric pressure and 

chamber temperature and humidity485. However, the introduction of a calibration procedure 

at the end of each recording session (essentially consisting of a series of injections of known 

volumes of air) can avoid the need for precise knowledge regarding chamber volumes and 

the characteristics of the animal's respiratory system54,492,493. 
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DETECTION OF CENTRAL AND OBSTRUCTIVE SLEEP APNEAS 

Despite the evident clinical significance, the investigation of the underlying mechanisms of 

CSA and OSA in rodents, particularly in mice, remains exceedingly limited. This scarcity of 

research is due not only to the technical challenges of recording and characterizing sleep 

apneas in such small animals but also to the longstanding misconception that only CSAs are 

physiologically present in mice494. However, recent research has challenged this notion, 

shedding light on the presence of spontaneous occurrences of OSA in wild-type mice435,495. 

Various strategies have been employed to differentiate between CSA and OSA in adult mice. 

For instance, Vsevolod Polotsky and co-workers utilized a non-invasive technique to record 

the respiratory effort. Specifically, they equipped the WBP chamber with two air bladders 

(one acting as a sensor and the other as a reference) to detect the mechanical changes to the 

internal pressure caused by the mouse's breathing and to eliminate the contaminating noise 

fluctuations421,422,435,496. On the other hand, a more invasive approach (employed in the 

current thesis) involves the monitoring of the activity of respiratory muscles thanks to an 

electrode inserted into the abdominal cavity and in contact with the lower surface of the 

diaphragm495.  

However, achieving a comprehensive interpretation of the data regarding hypnic and 

breathing parameters, along with apneas, remains intricate and complex and continues to 

pose challenges due to several methodological limitations54. First, the lack of oximeters that 

can provide data about hemoglobin desaturation during sleep apneas. Second, the adoption 

of divergent criteria for delineating sleep apnea: some studies defined apneas as breathing 

pauses lasting twice than a standard breath, whereas others three times longer than a standard 

breath. Third, the variability in the ambient temperature at which mice are recorded inside 

the WBP chamber, which can significantly affect the occurrence rate of sleep apneas. 

Finally, particular attention must be given to the choice of the animal strain since the genetic 

background can modulate breathing pattern and sleep apnea frequency54,490,497–501. 
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AIM 
Sleep apnea of central (CSA) and obstructive (OSA) origin represents the most common and 

dangerous sleep-related breathing disorder (SBD)278,282,283. They are due, respectively, to an 

impairment in the transmission of the signal for inspiration from the brain to inspiratory 

muscles or to a physical obstruction of the airways169,170,280. Despite their potential to lead to 

a range of short- and long-term cardiovascular, metabolic, and neurocognitive lethal 

complications54,254,275,284–286, there is still limited understanding of the pathophysiology and 

the genetic factors contributing to CSA and, particularly, to OSA. In addition, currently 

available therapies (CPAP, pharmaceutical interventions, and surgical procedures) do not 

consistently achieve full effectiveness or personalized treatment for 

patients280,298,299,303,384,386,394,406,407,412–415. This challenge is especially notable for individuals 

with craniofacial abnormalities, as seen in conditions like Down Syndrome (DS), CDKL5 

deficiency disorder (CDD), or Pierre Robin sequence (PRS).  

Therefore, the primary objective of this thesis is to assess whether the genetic mouse models 

of DS (TS mice), CDD (CDKL5-KO mice), and PRS (BMP7-KO mice) can replicate the 

respiratory disturbances observed in human patients. Specifically, we aim to categorize, for 

the first time, apneas occurring during sleep as either CSA or OSA. To address these 

questions, we investigated the hypnic and respiratory phenotype using whole-body 

plethysmography (WBP) in conjunction with the implantation of specific electrodes for sleep 

stage discrimination and diaphragmatic activity detection57,493,495,497.  

 

The following exposition is structured in two main sections, one describing the experiments 

performed at the University of Bologna (Italy) on TS mice and CDKL5-KO mice, while the 

other describing the experiments conducted at the University of Alberta (Canada) on BMP7-

KO mice. Since all experiments were conducted using an almost overlapping methodology, 

these two sections are preceded by a description of the common experimental approach. 
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EXPERIMENTAL APPROACH 

5.  CRAFTING OF ELECTRODES  

Mice were implanted with homemade electrodes57,495 to perform a differential bipolar 

recording of electroencephalographic (EEG), nuchal electromyographic (EMG), and 

diaphragm electromyographic (DIA) signals. 

It is important to mention that the dimensions of the DIA electrode were adapted to the 

different animals’ size. Particularly, in the experiments conducted at the University of 

Bologna, where adult mice were used, the DIA electrode was made starting from a 12-cm 

long wire. On the other hand, in the experiments performed at the University of Alberta, in 

which 1-month-old mice were employed, the DIA electrode was made starting from an 8-cm 

long wire.  

 

5.1 EEG ELECTRODES 

EEG electrodes (Figure 5)57,502 were created by cutting a pair of 1.2 cm long multi-stranded 

stainless-steel wires coated with a PFA-insulating sheath (KF Technology srl, Rome, Italy or 

A-M Systems, WA, USA) and soldering each one to a stainless-steel screw (length 2.4 mm 

and diameter 1.19 mm, 00-96x3/32; Plastics One, Roanoke, VA, USA) after removing 2-3 

mm of the coating from both ends. Then, the uninsulated wires were soldered to a connector 

equipped with two terminal pins (0.5 cm wide and 0.3 cm high; 701-9925, RS Components 

International, Cinisello Balsamo, Milan, Italy, or TX, USA). 

 

5.2 EMG ELECTRODES 

EMG electrodes (Figure 5)57,502 were crafted by cutting a pair of 4 cm long multi-stranded 

stainless-steel wires coated with a PFA-insulating sheath (KF Technology srl, Rome, Italy or 

A-M Systems, WA, USA) and removing 2-3 mm of coating both from one end and at 1.5 cm 

from it to allow electrical contact with nuchal muscles after implantation. Then, the 

uninsulated ends were soldered to a connector equipped with two terminal pins (0.5 cm wide 

and 0.3 cm high; 701-9925, RS Components International, Cinisello Balsamo, Milan, Italy, 

or TX, USA). 

 

 



47 

 

5.3 DIA ELECTRODES 

DIA electrodes (Figure 5)495 consisted of two 12 or 8 cm long (according to animal size) 

multi-stranded stainless-steel wires coated with a PFA insulating sheath (KF Technology srl, 

Rome, Italy or A-M Systems, WA, USA), each of which was bent into a hairpin-like shape 

and twisted on itself to form a circular end. As a result, the final length of the electrode was 6 

cm for the experiments conducted at the University of Bologna on adult mice and 4 cm for 

the experiments performed at the University of Alberta on juvenile mice. Then, 2-3 mm of 

the coating was removed from the free end and from the circular tip to allow the passage of 

electricity, and the coating along the wire was gently melted by means of a hot air flux to 

maintain the shape of the electrode. Finally, the uninsulated ends were soldered to a 

connector equipped with two terminal pins (0.5 cm wide and 0.3 cm high; 701-9925, RS 

Components International, Cinisello Balsamo, Milan, Italy, or TX, USA). 

 

 

 

 

 

 

 

Figure 5. Representation of the electrodes used for the electroencephalographic (EEG), 

nuchal electromyographic (EMG) and diaphragm electromyographic (DIA) signals 

recording. 

Figure 5 
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6. SURGERY 

The surgery495, consisting of the implantation of the electrodes for EEG, EMG, and DIA 

signals recording, was performed under aseptic conditions. Although the surgical procedure 

is almost the same in the experiments conducted at the University of Bologna and at the 

University of Alberta, some differences in materials used, sterilization procedures and usage 

and dosage of drugs must be considered. In addition, at the University of Alberta, mice were 

also implanted with a temperature probe (APT12 PIT Tag; BioMark, ID, USA) inside the 

peritoneum. 

 

6.1 SURGERY PREPARATION AND STERILIZATION 

PROCEDURE 

At the University of Bologna, surgical instruments were sterilized by an autoclave cycle at 

121°C for 15 minutes or with a specific disinfectant (benzalkonium chloride 0.30 g and ethyl 

alcohol 71%; LH Benzalcol Ferri, Lombarda H srl, Albairate, Milan, Italy), while suture 

threads, screws, cotton swabs, gauzes, and electrodes were placed under a UV lamp for at 

least 20 minutes. 

Similarly, at the University of Alberta, surgical instruments were sterilized by an autoclave 

cycle at 121°C for 15 minutes, while the instrumentation not compatible with high-

temperature exposure (i.e., suture threads, screws, cotton swabs, gauzes, and electrodes) 

were sterilized by means of an at least 20-minutes cycle under a UV lamp. 

 

6.2 ANESTHESIA, DRUG ADMINISTRATION AND SURGICAL 

AREAS DISINFECTION  

At the University of Bologna, surgical procedures were performed under general anesthesia 

with isoflurane (1.8-2.4% in pure oxygen, inhalation route) on a thermoregulated heating pad 

(Homeothermic blanket Control Unit, Harvard Apparatus, MA, USA) set at 37°C to 

maintain the physiological body temperature and to avoid its decreasing during anesthesia 

due to the minimized thermoregulatory capacity of mice. Furthermore, the anesthetic level 

was continuously monitored during the entire procedure looking at changes in the breathing 

rate. 
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Once anesthetized, mice were injected with a pain killer drug (0.1 mg of Rimadyl®, 

Carprofen 50 mg/mL, Zoetis, Rome, Italy; subcutaneous injection of 200 µL of a solution of 

10 µL of Rimadyl® dissolved in 1 mL of saline) and a cortisone ointment (Cortison 

Chemicetina, Abbott, IL, USA; hydrocortisone acetate 2.5 g and chloramphenicol 2 g) was 

applied directly on the animal's eyes to avoid dehydration. Then, surgical fields (i.e., the left 

subcostal area and the skin above the head) were shaved and disinfected with an iodine 

solution. 

Furthermore, after surgery, to prevent infections and to rehydrate the animal, an antibiotic 

(Strong Rubrocillin®, Intervet Productions srl, MSD Animal Health srl, Segrate, Milan, 

Italy) was administered subcutaneously. The wide-spectrum antibiotic was composed of 

benzathine benzylpenicillin (250’000 I.U./mL) and dihydrostreptomycin sulfate (100 

mg/mL), so 15 µL of Strong Rubrocillin® dissolved in 800 µL of saline were injected (3’750 

I.U./mouse of benzathine benzylpenicillin and 1.5 mg/mouse of dihydrostreptomycin 

sulfate). 

 

Similarly, at the University of Alberta, surgical procedures were performed under general 

anesthesia with isoflurane (1.8-2.4% in room air, inhalation route), modulating the anesthetic 

level by monitoring changes in the breathing rate, thanks to an anesthesia delivery system 

(SomnoSuite®, Kent Scientific Corporation, Torrington, CT, USA), which used a precision 

syringe pump and a digital vaporizer. In addition, this machine was also equipped with a 

warming pad and a rectal probe for the real-time monitoring and maintenance of the animal’s 

temperature (RightTemp® module, Kent Scientific Corporation, Torrington, CT, USA). 

Before the anesthesia induction, mice were treated by oral gavage with a pain killer drug (1.5 

mg/kg of Metacam®, oral suspension of Meloxicam 1.5 mg/mL, Boehringer Ingelheim 

Pharma KG; Germany) and the anti-pain therapy was continued for 48 hours after surgery 

with administrations every 24 hours. Then, once anesthetized, mice were shaved in the left 

subcostal area and the skin above the head, which were disinfected twice with 70% ethanol 

and an iodine solution. 

 

6.3 DIA ELECTRODE IMPLANTATION 

DIA electrode implantation495 was performed by placing the mouse on an inclined plane to 

obtain a better exposure of the surgical field and to avoid damaging the peritoneal cavity 

internal structures. 
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The surgeon made a 0.5 cm incision in the skin of the flank under the last left rib and another 

one on the head between the ears, then, a subcutaneous tunnel was created in the lateral 

portion of the trunk using surgical scissors with a curved tip. Maintaining aseptic conditions, 

the DIA electrode was passed into previously described incisions, leaving the connector near 

the animal’s head. 

With the help of a surgical microscope (Carl Zeiss, Germany), peritoneal wall muscles under 

the last left rib were cut by means of microsurgical scissors to insert the electrode’s wires 

into the abdominal cavity. Then, both circular uninsulated ends were sutured to the internal 

surface of peritoneal muscles in correspondence of the eighth intercostal space by passing a 

silk thread (5-0 or 6-0, respectively, for adult and young mice) through them to place and 

keep them in contact with the abdominal surface of the diaphragmatic muscle (Figure 6).  

 

Exclusively for the experiments conducted at the University of Alberta, before suturing the 

wounds in the peritoneal wall and on the subcostal skin with stitches, a temperature probe 

(APT12 PIT Tag; BioMark, ID, USA) was inserted into the peritoneal cavity and fixed to the 

internal surface of the wall muscles with a 6-0 silk thread.  

 

Figure 6 
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Later, wounds in these areas were sutured with stitches; particularly, the peritoneal wall 

muscles were sutured with a 5-0 silk or a 4-0 absorbable thread, while the skin was sutured 

with a 3-0 non-absorbable thread (polyester or nylon), following the veterinary guidelines of 

the two different universities in which the experiments were performed. 

 

6.4 EEG AND EMG ELECTRODES IMPLANTATION 

For the correct positioning of the EEG and EMG electrodes, the mouse was placed on the 

stereotaxic apparatus (51600 Lab Standard™ Stereotaxic Instruments, Stoelting Co., IL USA 

or Model 900 Small Animal Stereotaxic Instrument, Kopf Instruments, Tujunga, CA) to 

immobilize the skull57,502,503. 

First, passing through the previously made incision between the animal’s ears, the 

periosteum was removed from the skull and a drop of hydrogen peroxide (3% H2O2) was 

locally applied to better highlight the cranial sutures and anterior and posterior crossing 

points, respectively called bregma and lambda. Using a surgical drill and taking these cranial 

points as a reference, four holes were made 1 mm anterior and 1 mm lateral on both sides of 

bregma and lambda, respectively, on the frontal and parietal bones. Second, the two screws 

of the EEG electrode were inserted in the holes on the right side in contact with the dura 

mater, without trespassing it. Then, two free stainless-steel anchor screws (length 2.4 mm 

and diameter 1.19 mm, 00-96x3/32; Plastics One, Roanoke, VA, USA) were placed in the 

left holes (Figure 7) and the entire structure was fixed to the skull bone by cement for dental 

use (3M™ ESPE™ RelyX™ Unicem, 3M, Segrate, Milan, Italy or Ontario, Canada).  

After that, to obtain a differential electromyographic signal, EMG electrode wires were 

inserted bilaterally in the nuchal muscles using a curved needle and blocked with a knot. 

Finally, the EEG, EMG and DIA electrodes’ connectors were incorporated in a 

biocompatible acrylic paste for dental use (DuraLay, Reliance Dental Manufacturing LLC, 

IL, USA) on the mouse’s skull.  

It is notable that this acrylic structure was light enough (about 1 g) not to affect the animal’s 

posture. 
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7.  EXPERIMENTAL PROTOCOL 

After surgery, mice were individually housed for a post-operative recovery of at least 5 days 

within a soundproof room under a 12:12-hour light-dark cycle (lights on at 9 a.m. at the 

University of Bologna and at 7 a.m. at the University of Alberta) with the ambient 

temperature set at 25 ± 1 °C and free access to water and food. 

The experimental schedule (Figure 8) dictated that each mouse underwent two 8-hour 

recording sessions inside a WBP chamber, spaced by 24 hours of recovery, to 

simultaneously record ventilation, behavioral states, and diaphragmatic activity. 

Before each recording, animals were slightly anesthetized (1–2 minutes under 1-2% 

isoflurane anesthesia) to plug a lightweight cable for the acquisition of EEG, EMG, and DIA 

Figure 7 
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signals and then inserted in the WBP chamber. No restraint, except for the cable, was used, 

so mice were able to physiologically behave (exploring the plethysmograph, grooming, 

eating, and sleeping). 

 

 

Figure 8 

Figure 8. Scheme of the experimental protocol. 

After 5 days of post-operatory recovery, each mouse underwent two 8-hour recording 

sessions inside a whole-body plethysmography chamber (WBP), spaced by 24 hours of 

recovery, for the simultaneous recording of ventilation, behavioral states, and 

diaphragmatic activity. 
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8. METHODS 

8.1 ETHICAL APPROVAL 

The study protocol complied with the European Directive 2010/63/EU for animal 

experiments and with Italian law (authorization n. 779/2017-PR, n. 205/2019-PR and n. 

535/2022-PR). 

Experiments were performed according to the guidelines of the Animal Welfare Committee 

of the University of Bologna, Italy (Legislative Decree 26 of 2014). All efforts were made to 

minimize the number of animals and their suffering. 

 

8.2 MICE 

Experiments were performed using 12 TS and 14 euploid (EU) control male mice for the 

study of the DS, and 14 CDKL5-KO mice and 10 wild-type (CDKL5-WT) male mice for the 

study of the CDD.  

Mice were housed under a 12:12-hour light-dark cycle with ambient temperature set at 23 ± 

1 °C and free access to water and food (diet 4RF21; Mucedola, Settimo Milanese, Milan, 

Italy) in the facilities of the Department of Biomedical and Neuromotor Sciences, University 

of Bologna, Italy. 

 

8.3 BREEDING AND GENOTYPING OF DOWN SYNDROME 

MODEL MICE 

TS and EU mice were obtained by mating B6EiC3Sn a/A-Ts(1716)65Dn/J females, which 

are carriers of the reciprocal translocation, with B6EiC3SnF1/J males, which are commonly 

used as a background for some deleterious mutations, since trisomic males generally do not 

breed504. The mouse colony was expanded at the Department of Biomedical and Neuromotor 

Sciences of the University of Bologna, Italy, starting from founder mice purchased from 

Jackson Laboratories (Bar Harbor, ME, USA). 

Genotypes were assessed at 4 weeks of age by extracting DNA from bioptic tissue taken 

during the ear punching procedure performed under general anesthesia, as previously 

described505. Briefly, DNA was amplified by polymerase chain reaction (PCR) using two 

primers covering the translocation breakpoint, leading to the amplification of a 275 bp 
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product, and two control primers, which amplify a sequence of 600 bp from the Rosa locus. 

Then, PCR products were resolved by electrophoresis on a 1.5% agarose gel. 

 

 

8.4 BREEDING AND GENOTYPING OF CDKL5 

DEFICIENCY DISORDER MODEL MICE 

CDKL5-KO and CDKL5-WT mice derive from the CDKL5 null strain in the C57BL/6N 

background developed by Amendola and colleagues428. They were obtained at the 

Department of Biomedical and Neuromotor Sciences of the University of Bologna, Italy by 

crossing heterozygous CDKL5 females with CDKL5-KO or CDKL5-WT male mice after 

backcrossing in C57BL/6J for three generations. 

Animals were karyotyped by PCR on genomic DNA using the following primers: 5′-

ACGATAGAAATAGAGGATCAACCC-3′, 5′-CCCAAGTATACCCCTTTCCA-3′, and 5′-

CTGTGACTAGGGGCTAGAGA-3′, as previously described428.  

 

8.5 WHOLE-BODY PLETHYSMOGRAPHY 

The WBP (PLY4223, Buxco, Wilmington, NC, USA) consisted of two chambers (Figure 9): 

one used as reference, while the second one used to accommodate the mouse493,503.  

The mouse chamber was modified by inserting a solid, machined 10-cm diameter Plexiglas 

block to reduce its internal volume to 0.97 L and was equipped with a probe capable of 

Breakpoint primers: 

5′GTGGCAAGAGACTCAAATTCAAC-3′ 

5′TGGCTTATTATTATCAGGGCATTT-3′ 

Control primers: 

5′AAAGTCGCTCTGAGTTGTTAT-3′ 

5′GGAGCGGGAGAAATGGATATG-3′ 

 

PCR cycling: 

2 minutes at 94°C  

45 seconds at 94°C  

45 seconds at 55°C  

1 minute at 72°C  

7 minutes at 72°C - Extension 

for 40 cycles 

Table 2 

Table 2. Primers sequences and polymerase chain reaction (PCR) conditions. 
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measuring the temperature and the humidity of the chamber (PC52–4-SX-T3 sensor, Rense 

Instruments, Rowley, MA, USA). In addition, it was also equipped with a rotating electrical 

swivel (SL6C/SB, Plastics One, Roanoke, VA, USA) to prevent twisting of the mouse wire 

tether during the recordings. The reference chamber was located above the mouse chamber, 

surrounding the tower above the animal’s head.  

 

During the recording sessions, both chambers were continuously purged with air (breathable 

air cylinder; 78% N2, 21% O2, 1% Ar; Fluido Tecnica sas, Campi Bisenzio, Florence, Italy) 

at a relatively high flow rate (1.5 L/min) to prevent CO2 build-up. The animal respiratory 

signal was measured as the differential pressure between the chamber containing the animal 

and the reference chamber by means of a high-precision differential pressure transducer 

(DP103–06+ CD223 digital transducer indicator; Validyne Engineering, Northridge, CA, 

USA). 

At the end of each recording, the system was calibrated dynamically with a 100 µL micro-

syringe (Hamilton, Reno, NV, USA) by performing a series of air jets at increasing known 

volumes (10, 20, 30, 40, and 50 µL) which reproduced the animal's breaths. 

 

 

 

 

Figure 9 

Figure 9. Schematic representation of the modified 2-chamber whole-body plethysmograph 

(WBP).  

The figure shows the Plexiglas block used to reduce the animal chamber internal volume (A), the 

mouse chamber with the tower equipped with the rotating electrical swivel (B), and the reference 

chamber (C). 
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8.6 DATA RECORDING 

During each 8-hour session, the EEG, EMG, DIA, and respiratory signals were continuously 

recorded together with the WBP’s animal chamber humidity and temperature. 

The EEG, EMG, and DIA signals were acquired via a lightweight electrical cable connected 

to a rotating electrical swivel, by amplifying and filtering them with ‘pass band’ filters 

(EEG: 0.3–100 Hz; EMG and DIA: 100–1000 Hz) using 7P511J amplifiers (Grass, West 

Warwick, RI, USA). Data were digitized, together with the mouse respiratory signal, using a 

PCI6224 board (National Instruments, Austin, TX, USA) operated by a software written in 

the laboratory using LabVIEW (National Instruments, Austin, TX, USA).  

The EEG signal was stored at 256 Hz, while the EMG and DIA signals at 2048 Hz; the WBP 

differential pressure, which corresponded to the respiratory signal, was stored at 1024 Hz 

while WBP temperature and humidity were sampled at 4 Hz and stored together with all the 

above-mentioned signals. Then, all signals were synchronized and down-sampled (EEG, 

EMG, and WBP signals at 128 Hz, DIA signal at 1024 Hz). 

As stated above, since each mouse underwent two 8-hour recording sessions spaced by 24 

hours of recovery, all the variables computed during each recording session were then 

averaged for each mouse. 

 

8.7 DATA ANALYSIS 

DISCRIMINATION OF THE WAKE-SLEEP STATES 

The discrimination of the wake-sleep states was performed by visual analysis of raw EEG 

and EMG traces on 4-second epochs, using a validated semi-automatic algorithm 

(SCOPRISM) developed in MATLAB (The MathWorks Inc., Natick, MA, USA)57. Briefly, 

the sleep scoring algorithm considered the ratio between the EEG spectral power in the θ (6–

9 Hz) and δ (0.5–4 Hz) frequency ranges and the root mean square of the EMG signal of 

each 4-second epoch, and the results of the scoring in adjacent epochs to discriminate among 

the different behavioral states. Epochs with high EMG root mean square values were scored 

as W, while epochs with a low EMG root mean square were defined as NREM sleep if the 

ratio between θ and δ was lower than 0.75 or as REM sleep when it was higher than 1.25. In 

addition, epochs with a low EMG root mean square and θ/δ ratio between 0.75 and 1.25 were 

scored as indeterminate. 
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After that, results of automatic discrimination on all consecutive 4-seconds epochs were 

displayed together with the raw EEG and EMG signals and were, eventually, confirmed or 

corrected by trained operators, according to validated guidelines57,502,506. W was assigned 

when the EMG tone was high and variable and the EEG was at a low voltage with possible θ 

and δ frequency components, NREM sleep was scored when the EMG tone was lower than 

in W and the EEG was at a high voltage with prominent δ frequency components, and REM 

sleep was defined in presence of muscle atonia with occasional muscle twitches and of an 

EEG at a low voltage with predominant θ activity. Epochs with signals that were on a 

borderline between two different states were scored as “indeterminate”. 

An example of raw EEG and EMG traces is shown in Figure 10. 

 

 

ANALYSIS OF RESPIRATORY VARIABLES 

The analysis of respiratory variables was confined to stable periods of NREM and REM 

sleep lasting at least 12 seconds, therefore excluding periods of transition between wake-

sleep states. In addition, W episodes were excluded since they showed a high prevalence of 

breath-obscuring artifacts due to mouse movements495,503,507. 

Single breaths were automatically identified from the upward (positive) WBP pressure 

deflection peak; errors in breath detection (i.e., repeated or stereotyped negative deflections) 

and pressure artifacts due to opening and closing of the room door were manually excluded 

from the analyses. 

Respiratory variables were calculated starting from raw WBP traces using a script developed 

in MATLAB (The MathWorks Inc., Natick, MA, USA)493,495. 
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Tidal volume (VT), which is the amount of air moved in or out of the lungs during each 

respiratory cycle, was calculated with a specific equation508, as follows: 

 

 

 

where VK is the volume of air injected during the calibration of the system, PK is the pressure 

deflection associated with the calibration volume, PT is the pressure deflection associated 

with the breath of interest, PB is the barometric pressure, PCh and PA are the water vapor 

pressures respectively associated with the animal chamber and with the animal’s 

temperature, and TA and TCh are the temperatures respectively associated with the animal’s 

body and with the chamber. 

For practical purposes, PB was approximated to the average atmospheric pressure at mean 

sea level (i.e., 760 mmHg), TA was assumed to be the average mouse core temperature (i.e., 

37°C)509, TCh was calculated as the average chamber temperature measured by the probe 

during the time interval of interest, and PCh and PA were calculated with the Antoine 

equation510,511, as follows: 

 

 

where P is the water vapor pressure associated with a specific temperature, T is the 

temperature of interest, and h is the relative humidity of the system (for the chamber it is 

estimated as the average chamber humidity measured by the probe in the time interval of 

interest, while for the mouse is approximated at 100%). Instead, A, B, and C are constants 

depending on the nature of the substance (in the case of water in a temperature range 

between 1 and 100°C, they are equal to 8.07131, 1730.63, and 233.426, respectively) 

(Saturated Vapor Pressure Tool available at www.ddbst.com by DDBST Dortmund Data 

Bank Software & Separation Technology GmbH). 

Ventilatory period or total breath duration (TTOT), that is the duration of each breath, was 

calculated as the time interval included between two successive peaks of inspiration. Minute 

ventilation (VE, that is the air volume inhaled or exhaled from lungs per minute) was 

calculated as the ratio between the average VT and the average TTOT. Then, volumes and 

flows were normalized by expressing them per gram of body weight493,495. 

Sighs, which are augmented breaths that almost exclusively occur during NREM sleep in 

mice497, were detected as breaths with a VT at least three times higher than the average VT for 

each mouse in NREM sleep. Similarly, apneas, that are breathing pauses, were designated as 

breaths with a TTOT at least three times longer than the average TTOT for each mouse in each 

http://www.ddbst.com/
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sleep state. Then, the automatic identification of sighs and apneas, performed by the 

algorithm written in MATLAB (The MathWorks Inc., Natick, MA, USA), was manually 

checked by visual inspecting the raw traces for each event and to exclude eventual artifacts. 

The sigh and sleep apnea occurrence rate were expressed as the number of events per hour of 

time spent in a specific sleep state. 

Figure 11 shows a depictive example of VT and TTOT of a normal breath, of a sigh, and of an 

apnea. 

 

CLASSIFICATION OF APNEAS 

Apneas were categorized following two different classifications: one based on the distance 

from a previous sigh and the other one based on the breathing pattern and the DIA activity. 

The first classification, based on the distance from a previous sigh, allowed a discrimination 

between post-sigh apneas, when the apneic event started within 8 seconds from a sigh, and 

spontaneous apneas, when they started more than 8 seconds from the preceding sigh495,497. 

Figure 11. Example of different breathing events: normal breath, sigh, and apnea.  

The figure shows a sigh (red arrow in panel A), an apnea (red parenthesis in panel B), and some 

normal breaths (green parenthesis in both panels) as comparison.  

Blue lines identify the tidal volume (VT) associated with the two different types of breathing events 

in panel A, while grey lines represent the ventilatory period (TTOT) associated with the two different 

types of breathing events in panel B. In both graphs, the time scale is one second. 

Figure 11 
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The second classification, based on the analysis of WBP and DIA signals, allowed the 

discrimination between CSA and OSA. CSA is characterized by the concomitant absence of 

activity in WBP and DIA signals, while OSA was identified by a clear activation of the DIA 

signal in the absence of WBP signal activity495.  

Moreover, it has been highlighted that the extent of airway obstruction in OSA events varied 

from complete to partial, leading to a further discrimination between OSA and sub-

obstructive (sub-OSA) events. This latter kind of apnea was defined by a clearly distinct DIA 

activity concomitant with a slight positive deflection of the respiratory WBP signal that 

could not be automatically detected as an inspiration. Therefore, in accordance with the 

American Academy of Sleep Medicine airflow criterion for hypopnea detection in 

humans512, the inspiratory airflow (i.e., the ratio between the VT and the duration of the DIA 

activity) cut-off, needed to categorize an apneic event as sub-OSA, was identified as an at 

least 30% reduction compared with the baseline value estimated in the previous breathing 

event. Sub-OSAs were identified during the manual review of the raw tracings performed for 

each apnea event. 

Representative examples of raw tracings corresponding to post-sigh and spontaneous apneas, 

CSA, OSA, and sub-OSA events are shown in Figure 12 and Figure 13. 

 

 

 

 

 

 

 

 

 

 

 

Figure 12 
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ANALYSIS OF AIRFLOW AND DIAPHRAGM STRENGTH  

To study the eventual changes in airflow before and after the breathing pause, for all 

identified apneic events, the airflow of the first breath after the breathing pause was 

estimated as the ratio between VT and the duration of the DIA activity and expressed as a 

percentage of the corresponding baseline value estimated during the last breath before the 

apneic event. For sub-OSA events, the reported airflow estimates correspond to those 

observed during the event.  

In addition, to test the potential modification of the extent of diaphragm contraction during 

OSA and sub-OSA events, DIA activity was evaluated in terms of burst duration (in 

milliseconds) and amplitude, calculated as the root mean square of the DIA signal and 

expressed as percentage of the corresponding baseline values during the last breath before 

the event. Notably, the identification of sub-OSAs was performed only during REM sleep 

due to the almost total absence of obstructive events during NREM sleep. 

 

ANALYSIS OF HEART PERIOD 

The positioning of the DIA electrode in contact with the abdominal surface of the 

diaphragmatic muscle also allowed the simultaneous detection of the electrical activity of the 

heart, indeed R waves of the QRS complexes were clearly distinguishable on the background 

of the DIA signal (Figure 14).  

To investigate the modulation of heart rhythm during the apneic events, the heart period 

(HP) was calculated as the RR interval (i.e., the period between successive R wave peaks). 

Figure 13. Different types of sleep apneas: central, obstructive, and sub-obstructive sleep 

apnea. 

Representative examples of raw tracings corresponding to a central sleep apnea (CSA), an 

obstructive sleep apnea (OSA), and a sub-obstructive sleep apnea (sub-OSA). 

Each panel shows the ventilatory (VENT, which is the differential pressure recorded into the 

whole-body plethysmograph corresponding to mouse respiratory pattern), the diaphragm 

electromyographic (DIA), the electroencephalographic (EEG) and the nuchal electromyographic 

(EMG) signals. 

On the VENT signal, red dots indicate the peak of each inspiratory act while green squares 

indicate the beginning of the apneic event. The blue dot in panel corresponding to sub-OSA 

indicates a reduction of >30% in estimated airflow compared to baseline value (computed based 

on the last red dot before the green square) with concomitant DIA activity. 
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For each apneic event, the difference (ΔHP) between the mean HP value during the apneic 

event and the mean HP value of the 10 heartbeats before the event was computed and 

analyzed. For graphical clarity, HP was substituted with its reciprocal, the heart rate (HR, 

HR = 1/HP), expressed in beats per minute. 

 

8.8 STATISTICAL ANALYSIS 

Statistical analysis was performed using SPSS software (SPSS Inc., Chicago, IL, USA). 

Results are shown as mean ± SEM (Standard Error of the Mean), with statistical significance 

set at p < 0.05. Data were analyzed with two-way ANOVAs, considering the following 

factors: mouse genotype (2 levels: TS vs. EU controls or CDKL5-KO vs. CDKL5-WT) and 

sleep state (2 levels: NREM sleep or REM sleep), or wake-sleep episode duration (4 

temporal bins: < 12 seconds, between 12 and 60 seconds, between 60 and 120 seconds, > 

120 seconds), or apnea subtypes (2 levels: either post-sigh vs. spontaneous sleep apnea or 

CSA vs. OSA).  

In the case of significance of the two-way interaction, simple effects of the mouse genotype 

were assessed with independent-sample t-tests. Inflation of the family-wise type 1 error rate 

was controlled with the False Discovery Rate procedure513.  

The analysis of cardiac electrical activity was restricted to the mouse model of DS. 

Therefore, to evaluate whether OSAs impacted the modulation of heart rhythm in TS mice, 

the values of ΔHP during OSA events in experimental mice were analyzed with a one-

sample t-test with a reference value of 0. This analysis was not performed in EU mice, as 

most of them did not show any OSA event. 

 

 

 

 

Figure 14 

Figure 14. Raw tracing of the diaphragmatic (DIA) signal.  

R waves of the QRS complexes of cardiac electrical activity are detectable on the 

background of the DIA signal. 
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9. RESULTS 

9.1 TS65DN MICE 

GENERAL INFORMATION 

At surgery, TS mice exhibited a significant decrease in body weight compared to EU 

controls (25.6 ± 1.0 vs. 28.3 ± 0.6 g, respectively for TS and EU; t-test, p = 0.043), despite 

the absence of a significant variation in age between them (19.5 ± 0.8 vs. 19.8 ± 0.7 weeks, 

respectively for TS and EU; t-test, p = 0.829). 

 

SLEEP  

The analysis of the time spent in each wake-sleep state did not show any significant 

difference between TS and EU controls (Table 3).  

 

However, a further analysis aimed at assessing the presence of wake-sleep fragmentation 

revealed a significant interaction between mouse genotype and bout duration during both W 

and NREM sleep, but not during REM sleep (two-way ANOVA, p = 0.008, p = 0.001, and p 

= 0.501, respectively) (Figure 15). Notably, TS mice showed a significantly higher number 

of short bouts of W lasting less than 12 seconds and of NREM sleep lasting less than 60 

Experimental Group W (%) 
NREM sleep 

(%) 

REM sleep 

(%) 

TS (n=12) 22.6 ± 1.3 59.5 ± 2.6 13.2 ± 1.9 

EU (n=14) 18.6 ± 1.9 64.8 ± 2.5 10.7 ± 1.9 

Table 3 

Table 3. Time spent in each wake-sleep state for the Down syndrome mouse model.  

The table shows the percentage of time spent in wakefulness (W), non-rapid-eye-

movements (NREM) sleep or rapid-eye-movements (REM) sleep of Ts65Dn mice (TS), 

model of Down syndrome, and their euploid controls (EU) during an 8-hour recording 

session inside the whole-body plethysmography chamber.  

Data are expressed as mean ± SEM and n represents the number of mice employed for each 

different experimental group. 
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seconds (t-tests with false discovery rate correction, p < 0.05), compared to EU controls 

(Figure 15A and 15B). 

Figure 15 

Figure 15. Distribution of wake-sleep episodes for the Down syndrome mouse model.  

Wake and sleep episodes are distributed according to their duration in four temporal bins (<12 

seconds, between 12 and 60 seconds, between 60 and 120 seconds, and > 120 seconds). Each 

panel compares the condition found in Ts65Dn mice (TS, model of Down syndrome) with their 

euploid counterparts (EU) into a different behavioral state (panel A is for wakefulness, panel B 

for the non-rapid-eye-movements sleep – NREM sleep – and panel C for the rapid-eye-

movements sleep – REM sleep). 

* p < 0.05 TS vs. EU (t-test with false discovery rate correction). 

A 

B 
C NREM sleep REM sleep 
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RESPIRATION DURING SLEEP 

The analysis of respiratory variables during sleep, conducted in TS and EU mice during the 

8-hour WBP recording session during the light period, showed no statistically significant 

difference in the values of TTOT, VT, and total occurrence rate of sighs. Similarly, no 

significant difference was found for the total occurrence rate of apneas during NREM and 

REM sleep (two-way ANOVA, genotype main effect, p = 0.997; interaction between sleep 

state and mouse genotype, p = 0.073) (Table 4 and Figure 16). 

Figure 16 

 

 NREMS REMS 

 TS (n=12) EU (n=14) TS (n=12) EU (n=14) 

TTOT (ms) 269 ± 44 255 ± 17 220 ± 37 206 ± 12 

VT (µl) 362 ± 25 376 ± 10 350 ± 20 356 ± 9 

Sighs (events/h) 22.0 ± 1.6 15.7 ± 1.7 3.5 ± 1.4 1.4 ± 0.5 

Apneas (events/h) 1.6 ± 0.2 3.1 ± 0.6 5.9 ± 1.2 4.3 ± 1.1 

 Table X 

Figure 16. Total apnea occurrence during sleep for the Down syndrome mouse model.  

Comparison of sleep apnea occurrence rate between Ts65Dn (TS) mice, model of Down syndrome, and 

euploid control (EU) mice. The graph shows no differences in total sleep apnea occurrence rate during 

both non-rapid-eye-movements (NREM) sleep or rapid-eye-movements (REM) sleep in an 8-hour 

recording session inside the whole-body plethysmography chamber. 

NREM sleep REM sleep 

Table 4 

 

 NREMS REMS 

 TS (n=12) EU (n=14) TS (n=12) EU (n=14) 

TTOT (ms) 269 ± 44 255 ± 17 220 ± 37 206 ± 12 

VT (µl) 362 ± 25 376 ± 10 350 ± 20 356 ± 9 

Sighs (events/h) 22.0 ± 1.6 15.7 ± 1.7 3.5 ± 1.4 1.4 ± 0.5 

Apneas (events/h) 1.6 ± 0.2 3.1 ± 0.6 5.9 ± 1.2 4.3 ± 1.1 

 Table X 

Table 4. Respiratory variables for the Down syndrome mouse model.  

The table shows the values of ventilatory period (TTOT, expressed in milliseconds), tidal volume (VT, 

expressed in microliters), and the occurrence rate of sighs and apneas (expressed as events per hour of 

sleep) recorded during non-rapid-eye-movements (NREM) sleep or rapid-eye-movements (REM) 

sleep in Ts65Dn mice (TS), model of Down syndrome, and their euploid controls (EU) in an 8-hour 

recording session inside the whole-body plethysmography chamber.  

Data are expressed as mean ± SEM and n represents the number of mice employed for each different 

experimental group. 

 

 

Table X. Respiratory variables for the Down syndrome mouse model.  

The table shows the values of ventilatory period (TTOT, expressed in milliseconds), tidal volume (VT, 

expressed in microliters), and the occurrence rate of sighs and apneas (expressed as events per hour of 

sleep) recorded during Non-Rapid-Eye-Movement sleep (NREMS) or Rapid-Eye-Movement sleep 

(REMS) in Ts65Dn mice (TS), model of Down syndrome, and their euploid controls (EU) in an 8-

hour recording session inside the whole-body plethysmography chamber.  

Data are expressed as mean ± SEM and n represents the number of mice employed for each different 

experimental group. 

 

 

 NREM sleep REM sleep 

 TS (n=12) EU (n=14) TS (n=12) EU (n=14) 

TTOT (ms) 269 ± 44 255 ± 17 220 ± 37 206 ± 12 

VT (µl) 362 ± 25 376 ± 10 350 ± 20 356 ± 9 

Sighs (events/h) 22.0 ± 1.6 15.7 ± 1.7 3.5 ± 1.4 1.4 ± 0.5 

Apneas (events/h) 1.6 ± 0.2 3.1 ± 0.6 5.9 ± 1.2 4.3 ± 1.1 
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POST-SIGH VS. SPONTANEOUS SLEEP APNEAS 

Despite the absence of significant differences in the analysis of total sleep apnea occurrence 

rate during NREM and REM sleep (Table 5 and Figure 16), a significant interaction between 

mouse genotype and apnea subtype (two-way ANOVA, p = 0.021) was found by classifying 

apneas according to their proximity to a preceding sigh497. Particularly, independent t-tests 

revealed that TS mice exhibited a significantly lower occurrence rate of spontaneous sleep 

apneas during NREM sleep compared to EU controls (1.25 ± 0.20 vs. 2.83 ± 0.35 events/h, 

respectively, t-test, p = 0.020, Table 5), while no difference was found concerning post-sigh 

sleep apnea occurrence during NREM sleep (0.32 ± 0.17 and 0.25 ± 0.13 events/h, 

respectively for TS and EU, t-test, p = 0.735). Additionally, no differences were found for 

the occurrence rate of both spontaneous and post-sigh apneas during REM sleep in TS mice 

compared to EU controls (Table 5). 

 

 

 

  

 

 

 

CENTRAL VS. OBSTRUCTIVE SLEEP APNEAS 

The subsequent classification of apneic events into CSA and OSA was performed only in 9 

TS and 11 EU mice because of signal artifacts interfering with DIA evaluation.  

 NREM sleep REM sleep 

 TS (n=12) EU (n=14) TS (n=12) EU (n=14) 

Post-sigh apneas 

(events/h) 
0.32 ± 0.17 0.25 ± 0.13 0.1 ± 0.1 0 

Spontaneous apneas 

(events/h) 
1.25 ± 0.20* 2.83 ± 0.35 5.8 ± 1.3 4.3 ± 1.1 

Table 5 

 

 NREMS REMS 

 TS (n=12) EU (n=14) TS (n=12) EU (n=14) 

TTOT (ms) 269 ± 44 255 ± 17 220 ± 37 206 ± 12 

VT (µl) 362 ± 25 376 ± 10 350 ± 20 356 ± 9 

Sighs (events/h) 22.0 ± 1.6 15.7 ± 1.7 3.5 ± 1.4 1.4 ± 0.5 

Apneas (events/h) 1.6 ± 0.2 3.1 ± 0.6 5.9 ± 1.2 4.3 ± 1.1 

 Table X 

Table 5. Post-sigh and spontaneous sleep apneas for the Down syndrome mouse 

model.  

The table shows the values of the occurrence rate of apneas (expressed as events per 

hour of sleep) classified as post-sigh or spontaneous according to the distance from a 

preceding sigh. These events were recorded during non-rapid-eye-movements 

(NREM) sleep or rapid-eye-movements (REM) sleep in Ts65Dn mice (TS), model of 

Down syndrome, and their euploid controls (EU) in an 8-hour recording session 

inside the whole-body plethysmography chamber.  

Data are reported as mean ± SEM and n represents the number of mice employed for 

each different experimental group. * p < 0.05 TS vs. EU. 

 

 

 

Table X. Respiratory variables for the Down syndrome mouse model.  

The table shows the values of ventilatory period (TTOT, expressed in milliseconds), 

tidal volume (VT, expressed in microliters), and the occurrence rate of sighs and 

apneas (expressed as events per hour of sleep) recorded during Non-Rapid-Eye-

Movement sleep (NREMS) or Rapid-Eye-Movement sleep (REMS) in Ts65Dn mice 
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Our data indicated that almost all apneas during NREM sleep in both groups were identified 

as CSAs, accounting for 97.8 ± 2.2 % in TS mice and 100.0 ± 0.0 % in EU mice (Table 6 

and Figure 17). 

On the other hand, during REM sleep both CSA and OSA were present, although with a 

different rate considering the two experimental groups (Table 6 and Figure 17). Particularly, 

during REM sleep, TS showed a reduced percentage of CSA compared to EU controls (37.0 

± 8.4 % vs. 65.4 ± 15.1 %, respectively) in favor of an augmented percentage of events with 

an obstructive component (about 60% in TS vs. about 35% in EU). Indeed, 35.4 ± 9.7 % of 

events were classified as OSAs and 27.7 ± 7.9 as sub-OSAs in TS, while 27.9 ± 11.1 % of 

apneic events were categorized as OSAs and 6.7 ± 4.5 % as sub-OSAs in EU mice. 

 

 

 

 

 

 

 

 NREM sleep REM sleep 

 TS EU TS EU 

CSA (%) 97.8 ± 2.2 (9) 100.0 ± 0.0 (11) 37.0 ± 8.4 (9) 65.4 ± 15.1 (8) 

OSA (%) 2.2 ± 2.2 (7) 0 (11) 35.4 ± 9.7 (9) 27.9 ± 11.1 (8) 

Sub-OSA (%) / / 27.7 ± 7.9 (9) 6.7 ± 4.5 (8) 

Table 6 

 

 NREMS REMS 

 TS (n=12) EU (n=14) TS (n=12) EU (n=14) 

TTOT (ms) 269 ± 44 255 ± 17 220 ± 37 206 ± 12 

VT (µl) 362 ± 25 376 ± 10 350 ± 20 356 ± 9 

Sighs (events/h) 22.0 ± 1.6 15.7 ± 1.7 3.5 ± 1.4 1.4 ± 0.5 

Apneas (events/h) 1.6 ± 0.2 3.1 ± 0.6 5.9 ± 1.2 4.3 ± 1.1 

 Table X 
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Consistent with the previous data, the analysis confirmed that the occurrence rate of CSA 

during NREM sleep was significantly lower in TS mice than in EU controls (interaction 

between apnea type and genotype, two-way ANOVA, p = 0.005; t-test, p = 0.006), whereas 

no significant difference was observed for OSAs (Figure 18A).  

Conversely, these data also demonstrated that TS mice had an increased number of apneas 

with an obstructive component (i.e., OSAs and sub-OSAs) during REM sleep, when 

compared to EU controls (interaction between apnea type – with vs. without an obstructive 

component – and mouse genotype, two-way ANOVA, p = 0.049; t-test, p = 0.003) (Figure 

18B), while no difference was found concerning the occurrence rate of CSA (t-test, p = 

0.983).  

 

 

 

 

Figure 17 

 

 NREMS REMS 

 TS (n=12) EU (n=14) TS (n=12) EU (n=14) 

TTOT (ms) 269 ± 44 255 ± 17 220 ± 37 206 ± 12 

VT (µl) 362 ± 25 376 ± 10 350 ± 20 356 ± 9 

Sighs (events/h) 22.0 ± 1.6 15.7 ± 1.7 3.5 ± 1.4 1.4 ± 0.5 

Apneas (events/h) 1.6 ± 0.2 3.1 ± 0.6 5.9 ± 1.2 4.3 ± 1.1 

 Table X 

Figure 17. Percentage of central and obstructive apneas during sleep for the Down 

syndrome mouse model.  

Comparison of the percentage of sleep apnea of central (CSA), obstructive (OSA) or sub-

obstructive (sub-OSA) origin between Ts65Dn mice (TS), model of Down syndrome, and 

euploid control (EU) mice, recorded during the non-rapid-eye-movements (NREM) sleep and 

the rapid-eye-movements (REM) sleep. 
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Figure 18 

 

 NREMS REMS 

 TS (n=12) EU (n=14) TS (n=12) EU (n=14) 

TTOT (ms) 269 ± 44 255 ± 17 220 ± 37 206 ± 12 

VT (µl) 362 ± 25 376 ± 10 350 ± 20 356 ± 9 

Sighs (events/h) 22.0 ± 1.6 15.7 ± 1.7 3.5 ± 1.4 1.4 ± 0.5 

Apneas (events/h) 1.6 ± 0.2 3.1 ± 0.6 5.9 ± 1.2 4.3 ± 1.1 

 Table X 

 

NREM sleep 

REM sleep 

A 

B 
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AIRFLOW AND DIAPHRAGM STRENGTH  

The analysis of the airflow before and after the breathing pause and the ratios of DIA burst 

duration revealed no significant difference in any of the identified apneic events (i.e., CSAs, 

OSAs, and sub-OSAs) between the two experimental groups during REM sleep (t-tests, p ≥ 

0.08). Conversely, the ratios of DIA burst amplitude during both REM sleep OSAs and sub-

OSAs were significantly higher in TS than in EU mice when compared to the baseline (t-test, 

p = 0.002 and p = 0.028, respectively).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 CSA OSA Sub-OSA 

 TS (n=6) 
EU 

(n=5) 
TS (n=9) EU (n=4) TS (n=6) EU (n=4) 

Airflow (%) 99 ± 16 81 ± 6 116 ± 13 114 ± 25 53 ± 11 52 ± 10 

DIA burst amplitude (%) / / 127 ± 17* 52 ± 7 90 ± 11* 45 ± 11 

DIA burst duration (%) / / 72 ± 12 53 ± 12 94 ± 14 56 ± 9 

Table 7 

 

 NREMS REMS 

 TS (n=12) EU (n=14) TS (n=12) EU (n=14) 

TTOT (ms) 269 ± 44 255 ± 17 220 ± 37 206 ± 12 

VT (µl) 362 ± 25 376 ± 10 350 ± 20 356 ± 9 

Sighs (events/h) 22.0 ± 1.6 15.7 ± 1.7 3.5 ± 1.4 1.4 ± 0.5 

Apneas (events/h) 1.6 ± 0.2 3.1 ± 0.6 5.9 ± 1.2 4.3 ± 1.1 

 Table X 

Table 7. Central and obstructive sleep apneas for the Down syndrome mouse model.  

The table displays the measurements of airflow, and of amplitude and duration of diaphragmatic 

activity (DIA) during sleep apneas of central (CSAs), obstructive (OSAs) and sub-obstructive (Sub-

OSAs) nature, recorded during rapid-eye-movements (REM) sleep in a mouse model of Down 

syndrome (TS) and their euploid controls (EU). 

Since CSA and OSA are both characterized by the complete absence of airflow activity, the airflow 

values refer to the post-apneic event, whereas, for sub-OSAs, these values pertain to the event 

demonstrating partial obstruction (>30% compared to baseline). Amplitude and duration of the 

diaphragmatic activity refer to the bursts that occurred during the obstructions (thus, they could not be 

computed for CSA). All these values are presented as percentage in comparison to the values of the 

event preceding the apnea. 

Data are reported as mean ± SEM and n represents the number of mice employed for each 

experimental group. * p < 0.05 TS vs. EU. 

 

 

Table X. Respiratory variables for the Down syndrome mouse model.  

The table shows the values of ventilatory period (TTOT, expressed in milliseconds), tidal volume (VT, 

expressed in microliters), and the occurrence rate of sighs and apneas (expressed as events per hour of 

sleep) recorded during Non-Rapid-Eye-Movement sleep (NREMS) or Rapid-Eye-Movement sleep 

(REMS) in Ts65Dn mice (TS), model of Down syndrome, and their euploid controls (EU) in an 8-
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HEART PERIOD MODULATION 

All apneic events (including CSA, OSA, and sub-OSA), recorded during both NREM and 

REM sleep, were accompanied by a deceleration in heart rhythm in TS mice, as supported by 

a significant increase in the HP during the apneic event in comparison to the 10 preceding 

heartbeats (one-sample t-test on ΔHP with reference value of zero, p = 0.038) (Figure 19). 

 

 

Figure 20 contains visual representations of raw signals recorded during different apneic 

events in the TS mouse, model of DS. 

 

 

 

 

 

Figure 19 

 

 NREMS REMS 

 TS (n=12) EU (n=14) TS (n=12) EU (n=14) 

TTOT (ms) 269 ± 44 255 ± 17 220 ± 37 206 ± 12 

VT (µl) 362 ± 25 376 ± 10 350 ± 20 356 ± 9 

Sighs (events/h) 22.0 ± 1.6 15.7 ± 1.7 3.5 ± 1.4 1.4 ± 0.5 

Apneas (events/h) 1.6 ± 0.2 3.1 ± 0.6 5.9 ± 1.2 4.3 ± 1.1 

 Table X 

Figure 19. Heart rhythm modulation during apneic event for the Down syndrome mouse 

model.  

The graph shows the difference in the heart period (ΔHP, expressed in milliseconds) between the 

apneic event and the 10 preceding heartbeats. 

Each black dot represents a single TS mouse, model of Down syndrome, the middle line indicates 

the mean value of ΔHP, and the external lines indicate SEM.  

*: p < 0.05 vs. reference value of zero (one-sample t-test). 
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Figure 20 

 

 NREMS REMS 

 TS (n=12) EU (n=14) TS (n=12) EU (n=14) 

TTOT (ms) 269 ± 44 255 ± 17 220 ± 37 206 ± 12 

VT (µl) 362 ± 25 376 ± 10 350 ± 20 356 ± 9 

Sighs (events/h) 22.0 ± 1.6 15.7 ± 1.7 3.5 ± 1.4 1.4 ± 0.5 

Apneas (events/h) 1.6 ± 0.2 3.1 ± 0.6 5.9 ± 1.2 4.3 ± 1.1 

 Table X 

OSA in REM sleep 

CSA in NREM sleep 

CSA in REM sleep 
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Figure 20 – Continue  

 

 NREMS REMS 

 TS (n=12) EU (n=14) TS (n=12) EU (n=14) 

TTOT (ms) 269 ± 44 255 ± 17 220 ± 37 206 ± 12 

VT (µl) 362 ± 25 376 ± 10 350 ± 20 356 ± 9 

Sighs (events/h) 22.0 ± 1.6 15.7 ± 1.7 3.5 ± 1.4 1.4 ± 0.5 

Apneas (events/h) 1.6 ± 0.2 3.1 ± 0.6 5.9 ± 1.2 4.3 ± 1.1 

 Table X 

Figure 20. Examples of raw tracings in a mouse model of Down syndrome. 

Each panel displays a representative example of cardiorespiratory variables and diaphragm 

contraction recorded during different apneic events in the TS mouse model of Down 

syndrome. Panel A refers to an obstructive sleep apnea (OSA) during rapid-eye-movements 

(REM) sleep, panel B to a central sleep apnea (CSA) during non-rapid-eye-movements 

(NREM) sleep, panel C to a CSA occurring in REM sleep, and panel D to a sub-obstructive 

sleep apnea (sub-OSA) in REM sleep. 

Each panel shows the diaphragm electromyographic (DIA, in red) and the ventilatory 

(VENT, which is the differential pressure recorded into the whole-body plethysmograph 

corresponding to mouse respiratory pattern, in blue), signals together with the heart rate 

(HR, expressed in beats per minute, in green). 

On the DIA signal, green arrows indicate OSA events, and the purple arrow indicates a sub-

OSA event. On the VENT signal, orange arrows indicate apnea events. 

 

Sub-OSA in REM sleep 
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9.2 CDKL5-KNOCKOUT MICE 

GENERAL INFORMATION 

At surgery, aged-matched CDKL5-KO and CDKL5-WT mice (49.4 ± 0.4 vs. 49.8 ± 0.4 

weeks, respectively; t-test, p = 0.5731) did not exhibit significant differences in body weight 

(29.1 ± 0.9 vs. 31.0 ± 0.9 g, respectively; t-test, p = 0.1589). 

 

SLEEP  

The percentage of recording time spent in W, NREM sleep, or REM sleep did not differ 

significantly between CDKL5-KO and CDKL5-WT (two-way ANOVA, genotype main 

effect, p = 0.846; interaction between sleep state and mouse genotype, p = 0.300) (Table 8). 

 

 

 

 

 

 

 

 

RESPIRATION DURING SLEEP 

The analysis of respiratory variables during sleep, conducted in CDKL5-KO and CDKL5-

WT mice during the 8-hour WBP recording session during the light period, showed no 

statistically significant differences in the values of TTOT and VT (Table 9). 

Additionally, the two-way ANOVA revealed a significant interaction between genotype and 

sleep states on the occurrence rate of total apneas (two-way ANOVA, p = 0.013). 

Experimental Group W (%) 
NREM sleep 

(%) 

REM sleep 

(%) 

CDKL5- KO (n=14) 25.1 ± 3.5 64.5 ± 2.9 7.5 ± 0.5 

CDKL5- WT (n=10) 22.2 ± 1.6 68.9 ± 1.4 7.1 ± 0.7 

Table 8 
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Specifically, independent t-tests confirmed that CDKL5-KO mice exhibit a higher 

occurrence rate of apneas during REM sleep (t-test, p =0.012), but not during NREM sleep 

(t-test, p = 0.930) (Table 9 and Figure 21A). 

Finally, the two-way ANOVA also revealed a significant interaction between genotype and 

sleep states on the occurrence rate of sighs (two-way ANOVA, p = 0.031), which was further 

investigated only during NREM sleep, as sighs are almost exclusive of this sleep state497. 

Specifically, we found that CDKL5-KO mice had a lower frequency of sighs during NREM 

sleep compared to CDKL5-WT mice (t-test, p = 0.033) (Table 9 and Figure 21B). 

  

 

 

 

 NREM sleep REM sleep 

 CDKL5-KO 

(n=10) 

CDKL5-WT 

(n=14) 

CDKL5-KO 

(n=10) 

CDKL5-WT 

(n=14) 

TTOT (ms) 412 ± 8 427 ± 7 373 ± 10 386 ± 8 

VT (µl) 274 ± 9 239 ± 14 205 ± 7 190 ± 13 

VT (µl/g) 9.5 ± 0.4 7.6 ± 0.3 7.2 ± 0.4 6.1 ± 0.3 

Apneas (events/h) 4.0 ± 0.7 3.9 ± 0.7 17.5 ± 2.5* 8.3 ± 1.7 

Sighs (events/h) 13.6 ± 1.2* 19.0 ± 2.3 0 0.1 ± 0.1 

Table 9 

 

 NREMS REMS 

 TS (n=12) EU (n=14) TS (n=12) EU (n=14) 

TTOT (ms) 269 ± 44 255 ± 17 220 ± 37 206 ± 12 

VT (µl) 362 ± 25 376 ± 10 350 ± 20 356 ± 9 

Sighs (events/h) 22.0 ± 1.6 15.7 ± 1.7 3.5 ± 1.4 1.4 ± 0.5 

Apneas (events/h) 1.6 ± 0.2 3.1 ± 0.6 5.9 ± 1.2 4.3 ± 1.1 

 Table X 

Table 9. Respiratory variables for the CDKL5 deficiency disorder mouse model.  

The table shows the values of ventilatory period (TTOT, expressed in milliseconds), tidal volume (VT, 

expressed in microliters or in microliters per gram of body weight), and the occurrence rate of apneas 

and sighs (expressed as events per hour of sleep) recorded during non-rapid-eye-movements (NREM) 

sleep or rapid-eye-movements (REM) sleep in CDKL5-knockout mice (CDKL5-KO), model of 

CDKL5 deficiency disorder, and their controls (CDKL5-WT) in an 8-hour recording session inside 

the whole-body plethysmography chamber.  

Data are expressed as mean ± SEM and n represents the number of mice employed for each different 

experimental group. * p < 0.05 CDKL5-KO vs. CDKL5-WT. 

 

 

 

Table X. Respiratory variables for the Down syndrome mouse model.  

The table shows the values of ventilatory period (TTOT, expressed in milliseconds), tidal volume (VT, 

expressed in microliters), and the occurrence rate of sighs and apneas (expressed as events per hour of 

sleep) recorded during Non-Rapid-Eye-Movement sleep (NREMS) or Rapid-Eye-Movement sleep 

(REMS) in Ts65Dn mice (TS), model of Down syndrome, and their euploid controls (EU) in an 8-

hour recording session inside the whole-body plethysmography chamber.  

Data are expressed as mean ± SEM and n represents the number of mice employed for each different 

experimental group. 
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POST-SIGH VS. SPONTANEOUS SLEEP APNEAS  

By classifying apneas based on their temporal relationship to preceding sighs497, we found no 

significant interaction between mouse genotype and apnea subtype during NREM sleep 

(two-way ANOVA, p = 0.638) (Table 10). However, a similar analysis was not conducted 

for REM sleep, primarily because post-sigh apneas were entirely absent during this sleep 

state (Table 10). 

  

 

 

 

Figure 21 

 

 NREMS REMS 

 TS (n=12) EU (n=14) TS (n=12) EU (n=14) 

TTOT (ms) 269 ± 44 255 ± 17 220 ± 37 206 ± 12 

VT (µl) 362 ± 25 376 ± 10 350 ± 20 356 ± 9 

Sighs (events/h) 22.0 ± 1.6 15.7 ± 1.7 3.5 ± 1.4 1.4 ± 0.5 

Apneas (events/h) 1.6 ± 0.2 3.1 ± 0.6 5.9 ± 1.2 4.3 ± 1.1 

 Table X 

Figure 21. Total apnea and sigh occurrence during sleep for the CDKL5 deficiency disorder 

mouse model.  

Comparison of sleep apnea and sigh occurrence rate between CDKL5-knockout (CDKL5-KO) 

mice, model of CDKL5 deficiency disorder, and wild-type (CDKL5-WT) mice, recorded for 8 

hours during the light period inside the whole-body plethysmography chamber. 

Panel A shows an increased total sleep apnea occurrence rate in CDKL5-KO during rapid-eye-

movements (REM) sleep, but not during non-rapid-eye-movements (NREM) sleep. Whereas, 

panel B represents the sigh occurrence rate, which was decreased in CDKL5-KO compared to 

CDKL5-WT mice. 

Data are expressed as mean ± SEM. * p < 0.05 CDKL5-KO vs. CDKL5-WT. 
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CENTRAL VS. OBSTRUCTIVE SLEEP APNEAS  

 

Since the significant change in apnea occurrence rate was observed exclusively during REM 

sleep (Figure 21), the subsequent categorization of apneic events into CSA and OSA was 

conducted only for this sleep stage. Particularly, it was performed on 13 CDKL5-KO and 10 

CDKL5-WT mice because one CDKL5-KO mouse showed a high level of signal artifacts 

interfering with DIA evaluation. 

Our findings revealed that, during REM sleep, both CSA and OSA were present, although 

varying for the rate between the two experimental groups (Table 11 and Figure 22). 

Specifically, the analysis demonstrated that the occurrence rate of apneas with an obstructive 

component (Total OSA, i.e., the sum of OSA and sub-OSA events) was significantly higher 

in CDKL5-KO mice compared to CDKL5-WT mice (interaction between apnea type and 

genotype, two-way ANOVA, p = 0.032; t-test, p = 0.033). In contrast, no significant 

difference was observed in the occurrence of CSAs (Mann Whitney test, p = 0.965) (Table 

11 and Figure 22).  

 NREM sleep REM sleep 

 CDKL-KO 

(n=14) 

CDKL5-WT  

(n=10) 

CDKL-KO 

(n=14) 

CDKL5-WT  

(n=10) 

Post-sigh apneas 

(events/h) 
1.5 ± 0.3 1.3 ± 0.4 0 0 

Spontaneous apneas 

(events/h) 
2.4 ± 0.6 2.6 ± 0.8 17.5 ± 2.5 8.3 ± 1.7 

Table 10 

 

 NREMS REMS 

 TS (n=12) EU (n=14) TS (n=12) EU (n=14) 

TTOT (ms) 269 ± 44 255 ± 17 220 ± 37 206 ± 12 

VT (µl) 362 ± 25 376 ± 10 350 ± 20 356 ± 9 

Sighs (events/h) 22.0 ± 1.6 15.7 ± 1.7 3.5 ± 1.4 1.4 ± 0.5 

Apneas (events/h) 1.6 ± 0.2 3.1 ± 0.6 5.9 ± 1.2 4.3 ± 1.1 

 Table X 

Table 10. Post-sigh and spontaneous sleep apneas for the CDKL5 deficiency disorder 

mouse model.  

The table shows the values of the occurrence rate of apneas (expressed as events per hour 

of sleep) classified as post-sigh or spontaneous according to the distance from a preceding 

sigh. These events were recorded during non-rapid-eye-movements (NREM) sleep or 

rapid-eye-movements (REM) sleep in CDKL5-knockout mice (CDKL5-KO), model of 

CDKL5 deficiency disorder, and their wild-type controls (CDKL5-WT) in an 8-hour 

recording session inside the whole-body plethysmography chamber.  

Data are reported as mean ± SEM and n represents the number of mice employed for each 

different experimental group. 

 

 

 

Table X. Respiratory variables for the Down syndrome mouse model.  

The table shows the values of ventilatory period (TTOT, expressed in milliseconds), tidal 

volume (VT, expressed in microliters), and the occurrence rate of sighs and apneas 

(expressed as events per hour of sleep) recorded during Non-Rapid-Eye-Movement sleep 

(NREMS) or Rapid-Eye-Movement sleep (REMS) in Ts65Dn mice (TS), model of Down 

syndrome, and their euploid controls (EU) in an 8-hour recording session inside the whole-

body plethysmography chamber.  

Data are expressed as mean ± SEM and n represents the number of mice employed for each 

different experimental group. 
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 REM sleep 

 CDKL5-KO 

(n = 13) 

CDKL5-WT 

(n = 10) 

CSA (events/hour) 1.1 ± 0.4 1.2 ± 0.4 

Total OSA (events/hour) 10.2 ± 1.6* 5.5 ± 1.0  

Table 11 

 

 NREMS REMS 

 TS (n=12) EU (n=14) TS (n=12) EU (n=14) 

TTOT (ms) 269 ± 44 255 ± 17 220 ± 37 206 ± 12 

VT (µl) 362 ± 25 376 ± 10 350 ± 20 356 ± 9 

Sighs (events/h) 22.0 ± 1.6 15.7 ± 1.7 3.5 ± 1.4 1.4 ± 0.5 

Apneas (events/h) 1.6 ± 0.2 3.1 ± 0.6 5.9 ± 1.2 4.3 ± 1.1 

 Table X 

Figure 22 

 

 NREMS REMS 

 TS (n=12) EU (n=14) TS (n=12) EU (n=14) 

TTOT (ms) 269 ± 44 255 ± 17 220 ± 37 206 ± 12 

VT (µl) 362 ± 25 376 ± 10 350 ± 20 356 ± 9 

Sighs (events/h) 22.0 ± 1.6 15.7 ± 1.7 3.5 ± 1.4 1.4 ± 0.5 

Apneas (events/h) 1.6 ± 0.2 3.1 ± 0.6 5.9 ± 1.2 4.3 ± 1.1 

 Table X Figure 22. Central and obstructive apneas occurrence during REM sleep for the CDKL5 deficiency 

disorder mouse model.  

Comparison of the occurrence rate of sleep apnea of central (CSA) and obstructive (Total OSA) origin 

between CDKL5-knockout (CDKL5-KO) mice, model of CDKL5 deficiency disorder, and wild-type 

(CDKL5-WT) mice. The graphs show an augmented frequency of apneas with an obstructive component 

during the rapid-eye-movements (REM) sleep in CDKL5-KO mice when compared to CDKL5-WT. 

Total OSA includes both apneic events (OSAs) characterized by diaphragmatic contraction and 

concomitant absence of airflow and events (sub-OSAs) characterized by diaphragmatic contraction and 

concomitant reduction of at least 30% of estimated airflow compared to baseline value. 

* p < 0.05 CDKL5-KO vs. CDKL5-WT (t-test). 
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10. DISCUSSION 

The aim of these experiments was to determine whether the respiratory disturbances 

observed in human DS and CDD patients are replicated in the genetic mouse models of these 

diseases (respectively, TS and CDKL5-KO mice). Our results demonstrated that: 

a) Mice are valuable animal models for the study of SBDs, especially for OSAs. 

b) The extent of airway obstruction in these events varies from complete to partial, 

leading to the discrimination between OSA and sub-OSA events. 

c) The occurrence rate of apneas with an obstructive component (which include OSAs 

and sub-OSAs) is significantly increased during REM sleep in both animal models. 

 

MICE AS MODEL OF OBSTRUCTIVE SLEEP APNEA 

Mice have been extensively used as valuable models for studying SBDs, especially for sleep 

apneas54. These disorders carry significant socioeconomic implications beyond the impacts 

on patients' wellness285,289,318. Indeed, sleep apnea inevitably leads to sleep deprivation, sleep 

disturbances, and a diminished quality of life514. As sleep plays a pivotal role in enhancing 

cognitive function and productivity in occupational settings, the absence of adequate sleep is 

associated with increased risks of traffic and workplace incidents, medical mistakes, and 

reduced work efficiency, resulting in huge economic losses514. 

Even though the number of studies investigating sleep apnea in mice has risen in the last two 

decades, much of the research involving them has predominantly focused on exploring the 

impact of OSA on oxygen saturation levels, using intermittent hypoxia paradigms54,515. 

However, this methodological approach does not allow for investigating the pathogenesis or 

treatment of sleep apnea, thus only few studies addressed this task. This may relate to two 

possible explanations. First, mice have long been considered not suitable models to study 

sleep apnea because of the misbelief that only CSA can occur in mice494 and the report of 

several differences in the anatomy of upper airways between mice and humans420. However, 

this concept was challenged by Polotsky's research team, who discovered the presence of 

inspiratory flow limitation employing a non-invasive technique (see chapter 4.2 “Methods 

for studying sleep apnea in animal models” or Alvente et al., 2023)54 and who emphasized it 

as an indicator of airway obstruction during sleep in obese mice54,435,516,517. They also 

repetitively demonstrated that the functioning of the upper respiratory airways and of 

hypoglossal nerve function in mice closely mirrors that of humans421,422. Second, it is 
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technically challenging to make all the necessary measurements to properly characterize 

sleep apneas in such small animals54. 

In the current study, we demonstrated for the first time the physiological occurrence of OSAs 

in non-obese mice. Specifically, we found that OSA was highly prevalent during REM sleep 

in both TS and CDKL5-KO mice, although they did not show an increased body weight 

compared to their respective counterparts.  

These data are in line with human studies which report that, although upper airway 

obstructions can occur in both NREM and REM sleep in humans, there is a heightened 

propensity for upper airways to collapse during REM sleep285. This phenomenon is likely 

due, at least in part, to a reduced upper airway muscles tone518 caused by the activation of 

cholinergic muscarinic receptors, which, in turn, stimulate G-protein-coupled inwardly 

rectifying potassium channels on motoneurons312. Moreover, it has been shown that REM 

sleep-related OSA tends to be longer and involves more frequent and more pronounced 

drops in oxyhemoglobin saturation levels compared to those observed in NREM sleep317. 

Accordingly, clinical studies have shown a significant correlation between OSA occurrence 

rate and arterial hypertension during REM sleep519. 

We also demonstrated that, similarly to what happens in humans280,520, the level of 

obstruction during apneic events in both DS and CDD mouse models is variable. 

Consequently, we included in the counting of total OSAs both events encompassing the 

complete absence of airflow with concomitant diaphragmatic contraction (i.e., complete 

OSA) and events with a partial reduction in airflow (i.e., sub-OSAs)495,512. 

 

TS65DN MICE 

We applied a surgical and analytical approach to categorize between CSA and OSA in a 

mouse model of DS. Our aim was to investigate whether TS mice, carriers of the trisomic 

mutation, showed an augmented occurrence rate of OSA during sleep when compared to 

their control counterparts (EU mice), as it happens in humans349,352,521. 

Our investigation successfully revealed a significant increase in the frequency of apneas 

exhibiting an obstructive component during REM sleep, whereas no statistically significant 

differences were found during NREM sleep between the two experimental groups (Figure 

18). This discovery is consistent with findings in human studies, where individuals with DS 

tend to experience a higher prevalence of OSA during REM sleep522, leading to hypoxemia, 

cognitive deficits, arterial hypertension, and sleep fragmentation523. Interestingly, despite our 

study focuses on a limited time window for assessing the sleep phenotype (8 hours during 
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the light period), we detected signs of sleep fragmentation in TS mice (Figure 15), 

confirming prior research results447. Additionally, as further evidence of their physiological 

relevance, we observed the occurrence of bradycardia in TS mice during apneic events, 

regardless of their origin. This cardiac alteration mirrors the intricate modulation of the heart 

rhythm of humans, which may reflect the effectiveness of parasympathetic regulation of the 

heart during sleep524,525.  

Despite OSA represents a more severe condition in DS patients521,526–528, CSA remains 

consistently present in this population. In humans, it predominantly manifests following 

sighs, reflecting an immature peripheral chemoreceptor reflex control, and its frequency 

increases with age522. Surprisingly, our data revealed a reduction in the occurrence rate of 

CSA during NREM sleep in TS mice compared to EU mice and, notably, that these events 

were largely unrelated to sigh appearance. However, this discrepancy may be attributed to 

animals’ age or genetic background. Indeed, it is plausible that older TS mice might exhibit 

relatively more CSA events and genetic background is known to modulate breathing pattern 

and sleep apnea in both NREM and REM sleep54,498–501. 

Finally, it is worth to mention that these findings hold considerable significance, particularly 

in the context of patients affected by DS. In fact, the life expectancy of this kind of patients 

has more than doubled in the last forty years329. This emphasizes the need to deepen our 

understanding of the pathological correlates of DS (including OSA) and the critical 

importance of both past and forthcoming research in seeking to improve the overall quality 

of life of people. 

 

CDKL5-KNOCKOUT MICE 

The experimental protocol previously described was also applied to CDKL5-KO mice, 

model of CDD, in which an augmented occurrence rate of apneas during sleep was recently 

reported429,460,461. 

Our research effectively unveiled a significant rise in apnea frequency during REM sleep, 

while no statistically significant change was detected during NREM sleep between CDKL5-

KO and CDKL5-WT mice (Figure 21). However, even though confirming again the 

presence of sleep apneas as a fundamental characteristic and a respiratory biomarker of 

CDD, this result does not perfectly align with prior research on this model. Specifically, 

studies conducted on young male CDKL5-KO mice (15 weeks), young homozygous and 

heterozygous females (14 weeks), and middle-aged male CDKL-KO mice (12-14 month-old) 

had reported an increased frequency of apneas exclusively during NREM sleep, and not 

during REM sleep429,460,461. This discrepancy may be attributed to the different experimental 
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protocol used to assess the respiratory phenotype in these various studies. Indeed, previous 

investigations employed the non-invasive WBP solely for identifying respiratory anomalies, 

whereas the current study combined WBP technology with the surgical implantation of 

electrodes for sleep stage discrimination (EEG and EMG) and detection of diaphragm 

contraction (DIA). More likely, this difference may reflect the high level of heterogeneity 

present in human pathology. Indeed, except for the three core symptoms (early onset and 

drug-resistant epilepsy, intellectual disability, and psychomotor delay) other symptoms 

exhibit varying degrees of penetrance in affected individuals367,368,370–372,374–377. 

In the present study, we also successfully categorize sleep apneas occurring during REM 

sleep into CSA and OSA. Specifically, we found that CDKL5-KO mice had more frequent 

apneas with an obstructive element during REM sleep compared to CDKL5-WT mice, while 

no difference was found for the occurrence of CSA (Figure 22). However, to the best of our 

knowledge, there is no documented evidence of OSA in individuals with CDD and a 

definitive connection between CDD and respiratory disturbances in humans has yet to be 

established. This can be mainly related to the scarcity of human studies and to the limited 

pool of CDD patients available for study. Indeed, between 2003 and 2019, only around 400 

individuals received a CDD diagnosis, and among them, only four young female children 

underwent a comprehensive assessment of the hypnic and respiratory phenotype372,529,530. 

Therefore, since we cannot readily extend our findings to a translational hypothesis, we 

suggest that the CDKL5 kinase may play a role in the regulation of breathing pattern and 

rhythm, likely linked to the control of upper airway muscles. Nevertheless, our data reinforce 

the rationale for routinely assessing SBDs in CDD patients and emphasize the necessity for 

further research to investigate the potential presence of respiratory abnormalities during 

sleep in both children and adults affected by CDD. 

 

LIMITATIONS OF THE STUDY 

This study acknowledges some limitations, the first and most evident of which is the 

exclusive inclusion of male mice, which prevents the extension of the results to females. 

Indeed, clearly defined differences in respiratory behavior have been established between 

males and females, as well as during different life stages. For instance, these include the 

dimensions of respiratory system elements531, the pulmonary kinematics (with males 

primarily exhibiting diaphragmatic breathing patterns and females tending toward intercostal 

breathing)532, and the susceptibility to SBDs (three times more prevalent in men than 

women)275,351,533. These sex-specific characteristics may be partially explained by the diverse 

actions of sex hormones, which play specific roles in lung inflammation, breathing control 
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and response to diseases152,531,533. Moreover, the presence of sex hormone receptors in 

various parts of the brain, including central chemoreceptor areas531,533 and certain respiratory 

motor neurons (hypoglossal and phrenic nuclei)534, further supports the idea that sex 

hormones play a role in respiratory function. In line with this, progesterone levels have been 

linked to the genioglossus muscle tone, which affects upper airway rigidity and may mediate 

the occurrence of OSAs152,535. Finally, other sex-specific differences, albeit controversial, 

have been found for the ventilatory response to hypercapnia (HCVR) and hypoxia (HOVR). 

Indeed, women tend to preserve HCVR during NREM sleep536 and are thought to have an 

intact HOVR during NREM sleep, as the decline in HOVR during NREM sleep is noted 

only in studies where men predominate273,537. 

A second limitation pertains to the technical difficulties of the implantation of DIA 

electrodes due to the invasiveness of the procedure and the required surgical skills. However, 

we were able to clearly distinguish diaphragmatic bursts associated with breaths from the 

background noise in the majority of mice in both studies. To provide a quantitative measure, 

we achieved an 86% success rate in categorizing apneas: 9 out of 12 TS mice, 11 out of 14 

EU mice, 13 out of 14 CDKL5-KO mice, and all 10 CDKL5-WT mice. 

Third, we could not directly derive the mean values of inspiratory airflow for breaths from 

the WBP signal. So, we had to rely on an indirect estimation method, involving the ratio 

between VT and the duration of the DIA activity, and on a 30% threshold reduction, a 

criterion extrapolated from the definition of hypopnea in human subjects512. However, to 

standardize the whole procedure and ensure the validity of our results, the analysis of raw 

tracings was performed with the consensus of two different researchers. Additionally, we did 

not attempt to further categorize apneic events as mixed apneas and we did not employ 

oximeters for the continuous detection of hemoglobin desaturation. 

A fourth limitation relies on the inability of our approach to evaluate muscle weakness due to 

the technical challenges involved in calibrating the recording electrodes, which exhibited 

variable impedance. Therefore, to give an estimation of the strength of the diaphragm, we 

measured the amplitude of the DIA burst as the root mean square of the DIA signal, which 

was compared to that of the last breath before the apneic event. With this method, we 

managed to show a significant increase in DIA burst amplitude during obstructive events in 

TS mice relative to EU control mice (Table 7). Therefore, in future research, it will be 

interesting to explore whether our results depend, at least in part, on diaphragm muscle 

weakness in TS mice and CDKL5-KO mice, since both DS and CDD patients showed an 

abnormal muscle tone367,538. 
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Finally, we failed in detecting the presence of sleep impairments in these mice, even though 

these disturbances are well-known to exist in individuals affected by DS334–346 and 

CDD367,368,370–372,374–377. This lack of detection may be attributed to the fact that the relatively 

small WBP chamber does not provide an optimal environment for conducting extended and 

uninterrupted sleep studies due to the accumulation of waste and the potential for added 

stress. Indeed, our recordings were performed only for 8 hours during the light (resting) 

period. However, future studies could aim to address this peculiar aspect by performing a 

complete assessment of sleep phenotype using the EEG-EMG signals for sleep stage 

discrimination or conducting WBP recordings lasting at least 24 hours. 
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11. METHODS 

11.1 ETHICAL APPROVAL 

Experiments were conducted in compliance with guidelines by the Canadian Council of 

Animal Care in Prof. Silvia Pagliardini's Laboratory at the University of Alberta (Edmonton, 

Alberta, Canada). The study protocol complied with the Research Ethics Office of the 

University of Alberta (Animal Use and Care Committee; protocol AUP461). All efforts were 

made to minimize the number of animals and their suffering. 

 

11.2 MICE 

Experiments were performed on 3 male mice BMP7-KO mice and 3 male BMP7-WT mice, 

used as controls.  

Mice were housed under a 12:12-hour light-dark cycle with ambient temperature set at 23 ± 

1 °C and ad libitum access to water and food in the Animal Facility of the University of 

Alberta (Health Sciences Laboratory Animals Services, University of Alberta, Edmonton, 

Canada), where the mouse colony was also expanded and kept on a C57Bl/6J background 

(more than 10 generations).  

 

11.3 BREEDING AND GENOTYPING 

Experimental mice were obtained by mating mice carrying loxP sites flanking the first 

coding exon of the BMP7 gene (BPM7-WT) with Wnt1-Cre transgenic mice482 to obtain a 

Cre-mediated recombination allowing the removal of exon 1 and the consequent creation of 

mice with a neural crest-specific deletion of BMP7 (BMP7-KO)477. 

Genotypes were assessed by extracting DNA from bioptic tissue taken during the marking 

procedure with phalanges cutting, which was performed under general anesthesia before the 

10th day from birth, as previously described477,539. Briefly, DNA was amplified by PCR using 

four different primers (Table 12): one common to all sequences, and the other three specific 

to the BMP7 gene not flanked by loxP sites, to WT or to BMP7-KO mice. Then, PCR 

products were resolved by electrophoresis on a 1.5% agarose gel, resulting in products of 

407 bp (BMP7 gene not flanked by loxP sites), 491 bp (BMP7-WT) or 607 bp (BMP7-KO). 
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11.4 WHOLE-BODY PLETHYSMOGRAPHY 

The WBP apparatus (Buxco® Small Animal Whole Body Plethysmography, Data Sciences 

International, NW, USA) comprised a 200 ml acrylic box (Figure 23), continuously supplied 

with room air at 300 ml/min and connected to a vacuum system which pulled the air out. 

This was done to prevent the accumulation of CO2 and to eliminate any potential pressure 

variations between the internal and external environment. The chamber was modified by 

introducing an aperture in its roof through which a lightweight cable could pass. During 

recordings, this aperture was sealed using clay. Furthermore, the WBP was furnished with a 

high-precision differential pressure transducer (Validyne Engineering, Northridge, CA, 

USA), which gauged the pressure difference between the chamber housing the mouse and 

the surrounding environment (used as reference)486,540. 

At the beginning of each recording, the WBP system was calibrated with an automatic pump. 

This involved introducing subsequent 0.25 ml injections into the animal chamber at various 

frequencies to replicate the breathing pattern of a mouse. Subsequently, the mouse was 

slightly anesthetized to allow for the connection of a lightweight cable for the collection of 

electrical signals before being placed within the WBP chamber. 

Common primer: 

5'- AAGCCAGCCTCGCTGATTG -3' 

Primer specific to BMP7 gene not flanked by loxP sites: 

5'- GCGTGAGGGTCAGAGCTTATG -3' 

Primer specific to WT mice: 

5'- GGTCAGCATGGCCTAGGAAG -3' 

Primer specific to BMP7-KO mice: 

5'- TTTAGCCCCTCAGACAGTCAC -3' 

Table 12 

Table 12. Primers sequences and polymerase chain reaction conditions. 
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11.5 DATA RECORDING 

During each 8-hour session, EEG, EMG, DIA, and respiratory signals were continuously 

recorded.  

Data were acquired, amplified, and digitized using PowerLab System (ADInstruments Inc., 

Colorado, USA) and sampled and analyzed using the data analysis software LabChart 

(version 8, ADInstruments Inc., Colorado, USA). 

EEG, EMG, and DIA signals were acquired via the cable transmission. EEG and EMG were 

sampled at 200 Hz and filtered at 0.3–300 Hz and 100–1000 Hz, respectively, and the EEG 

signal was further filtered with a low-pass filter at 100 Hz in LabChart. DIA signal was 

sampled at 1000 Hz and filtered at 100–1000 Hz. The WBP differential pressure, which 

corresponds to the respiratory signal, was sampled at 200 Hz. 

Chamber and animal temperature were measured every hour: the first one using a high 

precision thermometer, while the latter with a specific handheld reader (HPR Plus Handheld 

PIT Tag Reader; BioMark, Idaho USA). 

Chamber humidity was assumed to be 100% since the WBP chamber was saturated in water 

steam by placing a layer of water under the animal. 

Figure 23 

Figure 23. Schematic representation of the Buxco® Small Animal Whole Body 

Plethysmography.  

The diagram offers a visual representation of the whole-body plethysmography (WBP) apparatus 

both in its empty state and with an animal situated within it. 
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As stated above, since each mouse underwent two 8-hour recording sessions spaced by 24 

hours of recovery, all the variables computed during each recording session were then 

averaged for each mouse. 

 

11.6 DATA ANALYSIS 

DISCRIMINATION OF THE WAKE-SLEEP STATES 

The discrimination of the wake-sleep states was performed by visual examination of raw 

EEG, EMG, and respiratory traces57,493,502. Briefly, W was identified by a high EMG tone, a 

low voltage EEG signal with δ (0.5-4 Hz) and θ (6-9 Hz) waves, and by a highly irregular 

breathing pattern with frequent artifacts due to animal movements. NREM sleep was scored 

in the presence of an EMG tone lower than in W, of a high voltage EEG signal with a 

prevalence of δ waves, and of extremely regular and stable breaths. REM sleep was defined 

when there was muscular atony with occasional muscle twitches, low voltage EEG signal 

with a prevalence of θ waves, and a breathing pattern characterized by breaths with irregular 

frequency and amplitude, concomitant with a stable baseline. 

For an example of raw EEG and EMG, please refer to Figure 10 in the paragraph “8.7 Data 

analysis - Discrimination of the wake-sleep states”, whereas an illustrative representation of 

respiratory traces is shown in Figure 24. 

Figure 24 

Figure 24. Discrimination of the wake-sleep states based on breathing pattern. 

Example of respiratory (VENT) data obtained during Wakefulness (W), Non-Rapid-Eye Movement Sleep 

(NREMS) and Rapid-Eye Movement Sleep (REMS).  
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ANALYSIS OF RESPIRATORY VARIABLES 

The analysis of respiratory variables was confined to stable periods of NREM and REM 

sleep lasting at least 12 seconds, excluding periods of transition between wake-sleep states. 

In addition, W episodes were excluded since they showed a high prevalence of breath-

obscuring artifacts due to mouse movements495,503,507. 

Single breaths were automatically identified from the upward (positive) WBP pressure 

deflection peak. Any inaccuracies in breath detection, such as repeated or stereotypical 

negative deflections, as well as pressure anomalies arising from events like the opening and 

closing of the room door or measurements of the chamber temperature, were manually 

eliminated from the dataset before analysis. 

VT (i.e., air moved in or out of the lungs during each respiratory cycle), was calculated using 

an appropriate formula508, as follows: 

 

 

 

where VK is the volume of air injected during the calibration of the system, PK is the pressure 

deflection associated with the calibration volume, PT is the pressure deflection associated 

with the breath of interest, PB is the barometric pressure, PCh and PA are the water vapor 

pressures respectively associated with the animal chamber and with the animal’s 

temperature, and TA and TCh are the temperatures respectively associated with the animal’s 

body and with the chamber. For practical purposes, PB of the recording day was retrieved 

from the Edmonton Weather Station website (https://edmonton.weatherstats.ca/), TA was 

calculated as the mean temperature of the mouse during sleep, TCh was calculated as the 

average chamber temperature gauged by the high-precision thermometer, and PCh and PA 

were extrapolated from dedicated tables541. 

TTOT (i.e., duration of each breath), breathing frequency (fR), and inspiratory time (Ti, i.e., 

duration of inspiration) were automatically calculated with the Blood Pressure Module for 

LabChart (version 8, ADInstruments Inc., Colorado, USA). Expiratory time (Te, i.e., 

duration of expiration) was determined by subtracting Ti from TTOT, while VE was computed 

as the ratio between the average VT and the average TTOT. Then, volumes and flows were 

normalized to body weight493,495. 

Sighs were detected as breaths with a VT at least three times higher than the average VT for 

each mouse in NREM sleep. Similarly, apneas were designated as breaths with a TTOT at 

least three times longer than the average TTOT for each mouse in each sleep state.  
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CLASSIFICATION OF APNEAS 

Apneas were categorized following two different classifications: one based on the distance 

from a previous sigh and the other one based on the breathing pattern and the DIA activity. 

For a detailed description, please refer to the section “8.7 Data analysis – Classification of 

apneas”. 

 

12. RESULTS 

GENERAL INFORMATION 

Table 13 provides a summary of data pertaining to the age and body weight of mice of the 

two experimental groups at surgery. 

 

SLEEP  

Table 14 and Figure 25 summarize the data about the time spent in each wake-sleep state in 

BMP7-KO and BMP7-WT mice. 

 

Experimental Group Age (days) Weight (g) 

 31 13 

BMP7-KO 32 15 

 36 16 

 29 16 

BMP7-WT 32 19 

 28 16 

Table 13 

Table 13. Overview of data for the Pierre Robin sequence mouse model.  

The table provides a comprehensive overview of essential information concerning the age 

and body weight of mice with a neural crest-specific deletion of BMP7 (BMP7-KO), model 

of Pierre Robin sequence, and their male control counterparts (BMP7-WT mice) at surgery. 
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Table 14 

Table 14. Time spent in each wake-sleep state for the Pierre Robin sequence mouse 

model.  

The table shows the percentage of time spent in wakefulness (W), non-rapid-eye-

movements (NREM) sleep or rapid-eye-movements (REM) sleep of mice with a neural 

crest-specific deletion of BMP7 (BMP7-KO), model of Pierre Robin sequence, and their 

controls (BMP7-WT mice) during an 8-hour recording session inside the whole-body 

plethysmography chamber.  

Data are expressed as mean ± SEM and n represents the number of mice employed for each 

different experimental group. 

 

Experimental Group W (%) 
NREM sleep 

(%) 

REM sleep 

(%) 

BMP7-KO (n=3) 35.5 ± 1.7 59.4 ± 1.9 4.5 ± 0.7 

BMP7-WT (n=3) 40.3 ± 2.6 55.0 ± 1.8 4.4 ± 0.9 

Figure 25 

Figure 25. Time spent in each behavioral states in the Pierre Robin sequence mouse 

model.  

The graph illustrates the percentage of time spent in wakefulness (W), non-rapid-eye-

movements (NREM) sleep or rapid-eye-movements (REM) sleep of mice with a neural 

crest-specific deletion of BMP7 (BMP7-KO, n=3), model of Pierre Robin sequence, and 

their controls (BMP7-WT mice, n=3) during an 8-hour recording session inside the 

whole-body plethysmography chamber.  

it. 
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RESPIRATION DURING SLEEP 

Table 15 and Figure 26 offer a concise presentation of data concerning the principal 

respiratory parameters (TTOT, VT, VE, fR, Ti, and Te) in the two experimental groups.  

 

  

 

 

 

 

 

 NREM sleep REM sleep 

 BMP7-KO 

(n=3) 

BMP7-WT 

(n=3) 

BMP7-KO 

(n=3) 

BMP7-WT 

(n=3) 

TTOT (ms) 306 ± 23 361 ± 30 282 ± 27 292 ± 19 

VT (µl) 195 ± 12 226 ± 18 151 ± 11 156 ± 6 

VT (µl/g) 12.8 ± 1.1 13.3 ± 0.9 10.0 ± 1.2 9.2 ± 0.6 

VE (ml/min) 39.7 ± 2.9 38.7 ± 3.3 34.0 ± 3.0 33.4 ± 1.3 

VE (ml/min/g) 2.6 ± 0.1 2.3 ± 0.1 2.2 ± 0.2 2.0 ± 0.1 

fR (breaths/min) 204 ± 14 174 ± 13 230 ± 22 220 ± 17 

Ti (ms) 112 ± 9 128 ± 11 119 ± 12 122 ± 7 

Te (ms) 194 ± 14 233 ± 19 163 ± 15 170 ± 11 

Table 15 

Table 15. Respiratory parameters for the Pierre Robin sequence mouse model.  

The table summarizes the principal respiratory parameters recorded during non-rapid-eye-

movements (NREM) sleep or rapid-eye-movements (REM) sleep in mice with a neural crest-

specific deletion of BMP7 (BMP7-KO), model of Pierre Robin sequence, and their controls 

(BMP7-WT mice) during an 8-hour recording session inside the whole-body plethysmography 

chamber. Specifically, this chart displays the values of ventilatory period (TTOT, expressed in 

milliseconds), tidal volume (VT, expressed in microliters or in microliters per gram of body 

weight), minute ventilation (VE, expressed in milliliters per minute or in milliliters per minute 

per gram of body weight), breathing frequency (fR, expressed in breaths per minute), and 

inspiratory and expiratory times (Ti and Te, respectively, expressed in milliseconds). 

Data are expressed as mean ± SEM and n represents the number of mice employed for each 

different experimental group. 
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Figure 26 

 

 NREMS REMS 

 TS (n=12) EU (n=14) TS (n=12) EU (n=14) 

TTOT (ms) 269 ± 44 255 ± 17 220 ± 37 206 ± 12 

VT (µl) 362 ± 25 376 ± 10 350 ± 20 356 ± 9 

Sighs (events/h) 22.0 ± 1.6 15.7 ± 1.7 3.5 ± 1.4 1.4 ± 0.5 

Apneas (events/h) 1.6 ± 0.2 3.1 ± 0.6 5.9 ± 1.2 4.3 ± 1.1 

 Table X 

Figure 26. Respiratory parameters for the Pierre Robin sequence mouse model.  

Graphs resumes the principal respiratory parameters recorded during non-rapid-eye-movements (NREM) sleep or 

rapid-eye-movements (REM) sleep in mice with a neural crest-specific deletion of BMP7 (BMP7-KO), model of 

Pierre Robin sequence, and their controls (BMP7-WT mice) during an 8-hour recording session inside the whole-body 

plethysmography chamber. Specifically, this figure compares the ventilatory period (TTOT, expressed in milliseconds, 

panel A), the tidal volume (VT, expressed in microliters per gram of body weight, panel B), the minute ventilation (VE, 

expressed in milliliters per minute per gram of body weight, panel C), the breathing frequency (fR, expressed in 

breaths per minute, panel D), the inspiratory time (Ti, expressed in milliseconds, panel E), and the expiratory time (Te, 

expressed in milliseconds, panel F) between the two experimental groups. 
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SLEEP APNEAS 

Table 16 and Figure 27 summarize data concerning the occurrence rate of both sigh and 

apneas (divided in both post-sigh and spontaneous apneas, and CSA and OSA) in the two 

experimental groups.  

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

NREM sleep REM sleep 

 BMP7-KO 

(n=3) 

BMP7-WT 

(n=3) 

BMP7-KO 

(n=3) 

BMP7-WT 

(n=3) 

Sighs (events/h) 17.0 ± 2.3 20.1 ± 3.1 0 0 

Apneas (events/h) 13.3 ± 8.8 5.9 ± 3.4 12.1 ± 5.0 5.6 ± 3.8 

Apnea duration (ms) 1337 ± 104 1335 ± 179 942 ± 83 1241 ± 226 

Post-sigh apneas 

(events/h) 
11.2 ± 7.5 5.7 ± 3.2 0 0 

Spontaneous apneas 

(events/h) 
2.2 ± 1.3 0.2 ± 0.2 12.2 ± 4.9 5.6 ± 3.8 

CSA (events/h) 11.9 ± 8.5 5.4 ± 3.0 3.8 ± 2.6 0 

OSA (events/h) 0.5 ± 0.5 0.4 ± 0.4 8.4 ± 4.6 5.6 ± 3.8 

Table 16 

Table 16. Sighs and apneas in the Pierre Robin sequence mouse model.  

The table summarizes the duration of apneas (expressed in milliseconds) and the occurrence 

rate (expressed as events per hour of sleep) of both sigh and apneas recorded during non-rapid-

eye-movements (NREM) sleep or rapid-eye-movements (REM) sleep in mice with a neural 

crest-specific deletion of BMP7 (BMP7-KO), model of Pierre Robin sequence, and their 

controls (BMP7-WT mice) during an 8-hour recording session inside the whole-body 

plethysmography chamber.  

Apneas were classified both as post-sigh or spontaneous according to the distance from a 

preceding sigh and as central (CSA) or obstructive (OSA) according to the presence or not of 

diaphragmatic effort in correspondence of a breathing pause. 

Data are expressed as mean ± SEM and n represents the number of mice employed for each 

different experimental group. 
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Figure 27 

 

 NREMS REMS 

 TS (n=12) EU (n=14) TS (n=12) EU (n=14) 

TTOT (ms) 269 ± 44 255 ± 17 220 ± 37 206 ± 12 

VT (µl) 362 ± 25 376 ± 10 350 ± 20 356 ± 9 

Sighs (events/h) 22.0 ± 1.6 15.7 ± 1.7 3.5 ± 1.4 1.4 ± 0.5 

Apneas (events/h) 1.6 ± 0.2 3.1 ± 0.6 5.9 ± 1.2 4.3 ± 1.1 

 Table X 

Figure 27. Sighs and apneas in the Pierre Robin sequence mouse model.  

Graphs summarizes the principal respiratory parameters recorded during non-rapid-eye-movements (NREM) sleep or 

rapid-eye-movements (REM) sleep in mice with a neural crest-specific deletion of BMP7 (BMP7-KO), model of 

Pierre Robin sequence, and their controls (BMP7-WT mice) during an 8-hour recording session inside the whole-body 

plethysmography chamber. Specifically, this figure shows the comparison of the occurrence rate of sighs during 

NREM sleep (expressed in events per hour of NREM sleep, panel A), the frequency of apneas (expressed in events per 

hour, panel B), the duration of apneic events (expressed in milliseconds, panel C), and the occurrence rate (expressed 

in events per hour) of post-sigh (panel D), spontaneous (panel E), central (CSA, panel F), and obstructive sleep apneas 

(OSA, panel G). 
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13.     DISCUSSION 

Experiments described in this section were carried out at the University of Alberta 

(Edmonton, Alberta, Canada). The aim of this study was to evaluate whether the genetic 

mouse models of PRS (BMP7-KO mice) exhibit a predisposition to airway obstruction as 

human patients. 

Our preliminary data suggest that, despite considerable variability among the subjects, 

BMP7-KO mice appear to show a higher incidence of apneic events during both NREM and 

REM sleep compared to BMP7-WT mice (Figure 27B). Furthermore, by categorizing these 

apneas based on their proximity to a sigh, we discovered that BMP7-KO mice exhibited an 

elevated frequency of post-sigh apneas during NREM sleep (as sighs are absent in REM 

sleep, as expected)497 (Figure 27D). Additionally, a heightened occurrence of spontaneous 

apneas is also present in BMP7-KO mice during both NREM and REM sleep when 

compared to BMP7-WT mice (Figure 27E). It is noteworthy that this latter observation 

aligns with the findings of a recent study on BMP7-KO mice484, where researchers noted an 

increased occurrence of spontaneous sleep apneas over a 150-minute recording period, albeit 

without considering sleep patterns. 

In the aforementioned study484, the authors also identified certain modifications in the 

respiratory patterns of BMP7-KO mice, which encompassed a reduced fR, elongated TTOT 

and Ti, a tendency for a prolonged Te, and the presence of irregular breath patterns following 

sighs. Regrettably, in our preliminary study, we were unable to detect these alterations due to 

the limited number of mice and the documented substantial variability in their respiratory 

patterns. Indeed, these authors noted that despite all the mice in their study having midfacial 

hypoplasia, a shorter cranial base, and nasal septum deviation, an augmented frequency of 

spontaneous apneas was observed only in a subgroup of the studied BMP7-KO mice. 

Furthermore, given that these respiratory characteristics, along with the observed 

craniofacial abnormalities, are commonly associated with the development and onset of 

OSAs in pediatric patients303, it is reasonable to infer that these findings are indicative of 

nasal airway obstructions, even in the context of mice. Consequently, we classified the 

apneic events that occurred during sleep into CSA or OSA, depending on the presence or 

absence of diaphragm contraction, respectively. We noted that almost all apneic events 

occurring during NREM sleep were of central origin in both BMP7-KO and BMP7-WT 

mice, whereas we observed occurrences of both CSA and OSA during REM sleep. Notably, 

despite a great inter-subject variability, BMP7-KO mice appeared to exhibit an increased 

occurrence rate of CSA during NREM sleep, as well as an augmented frequency of both 
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CSA (absent in BMP7-WT mice) and OSA during REM sleep in comparison to BMP7-WT 

mice. 

This experimental protocol acknowledges some limitations. Since it serves as an initial 

study, we employed a limited number of animals of the same sex (3 male BMP7-KO and 3 

male BMP7-WT mice). Furthermore, as elucidated more comprehensively in the "10. 

Discussion" section, as for the experiments conducted at the University of Bologna (Italy) in 

the mouse model of DS and CDD, there are other notable constraints. These encompass the 

technical difficulties related to DIA electrode implantation, the lack of oximeters for gauging 

the extent of arterial blood desaturation, and the inability to assess muscle weakness. 

Additionally, in this particular strain of mice, characterized by cranial bones that are 

extremely delicate and thinner than those of wild-type mice, even the implantation of EEG 

and EMG electrodes and the long-term stability of the structure integrating them onto the 

skull prove to be intricate and demanding. However, given the short duration of the 

experimental protocol (5-7 days from the surgery to the recording sessions), we successfully 

obtained high-quality signals for sleep stage discrimination and apnea categorization. 

In conclusion, while further experiments are necessary to definitively establish the existence 

of respiratory disruptions, particularly those of an obstructive nature., the present 

investigation serves as a cornerstone for forthcoming research. Indeed, future studies, 

encompassing a larger sample size and involving mice of both sexes, will be crucial in 

evaluating the potential presence of sleep and breathing impairments in BMP7-KO mice. 
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CONCLUSIONS 
Sleep apnea represents a research topic of great interest due to its widespread occurrence and 

significant health implications. Indeed, the understanding of its pathogenesis and developing 

possible therapies are primary objectives of biomedical research and having reliable mouse 

models at our disposal would greatly facilitate the achievement of these goals. 

This study effectively illustrates that mice are valuable models for the investigation of SBDs. 

Indeed, by the simultaneous detection of sleep states and diaphragm activity, we found that 

mice, like humans, exhibited OSAs and varying degrees of airway obstruction. Notably, we 

demonstrated, for the first time, a higher prevalence of sleep apneas with an obstructive 

component in both TS and CDKL5-KO mice, which respectively recapitulate the core 

aspects of human DS and CDD. Therefore, we suggest that these mouse models serve as 

reliable candidates as models of REM sleep-related OSA. However, although BMP7-KO 

mice, a model of PRS, seem to exhibit a similar pattern to other examined murine models, 

further in-depth investigations are necessary to solidify this understanding. 

In conclusion, the successful identification of these two novel animal models (TS and 

CDKL5-KO mice) holds the potential to pave the way for deepening our knowledge of the 

mechanisms, pathophysiology, genetics, and cardiovascular consequences of OSAs. For 

instance, forthcoming research will aim to investigate the alterations induced by these 

conditions in terms of the composition of cell populations, gene expression, protein 

synthesis, transcriptomics, and connectivity within the brain areas responsible for breathing 

regulation during sleep. Moreover, future studies may develop a reliable system for 

measuring blood saturation levels in mice to explore the possible changes in blood oxygen 

concentration during apneas and subsequently elucidate the impact of OSA-related 

cardiovascular impairments in DS and CDD patients. Finally, these two mouse models 

present exceptional utility in expediting the development of targeted therapeutic 

interventions. This may include innovative techniques, such as the chemogenetic and 

optogenetic stimulation of brain nuclei involved in the control of upper airway patency and 

tongue movements, all within the perspective of clinical applications. 
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LIST OF ABBREVIATIONS 
 

BMP7-KO or 

BMP7fl/fl:Wnt1-Cre 

Mice with a neural crest-specific deletion of BMP7 

A, B, and C Constants depending on the nature of the substance (formula) 

BF Basal forebrain 

BMP Bone morphogenetic protein 

BMP7-WT or BMP7fl/fl Mice carrying loxP sites flanking the first coding exon of the 

BMP7 gene 

CDD CDKL5 deficiency disorder 

CDKL5 Cyclin-dependent kinase-like 5 

CDKL5-KO CDKL5-knockout 

CDKL5-WT Wild-type mice 

CO2 Carbon dioxide 

CPAP Continuous positive airway pressure 

CPG Central pattern generator 

CSA Central sleep apnea 

CSF Cerebrospinal fluid 

cVRG Caudal ventral respiratory group 

DIA Diaphragm electromyogram 

DPGi Dorsal paragigantocellular reticular nucleus 

DR Dorsal raphe 

DS Down Syndrome 

ECG Electrocardiography 

EEG Electroencephalography 
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EMG Electromyogram / nuchal electromyogram 

EOG Electrooculogram 

EU Euploid mouse 

FCR Functional residual capacity 

fR Breathing frequency 

GABA Gamma-aminobutyric acid 

h Relative humidity of the system (formula) 

HCVR Hypercapnic ventilatory response 

HOVR Hypoxic ventilatory response 

HP Heart period 

HR Heart rate 

Hsa21 Chromosome 21 

ICSD-3 Third Edition of the International Classification of Sleep 

Disorders 

ISF Interstitial fluid 

KFn Kölliker-Fuse nucleus 

LC Locus coeruleus 

LH Lateral hypothalamus 

LPGi Lateral paragigantocellular nucleus 

MCH Melanin-concentrating hormone 

MnPO Median preoptic nucleus 

MR Median raphe 

nNOS Nitric oxide synthase 

NREM (sleep) Non-rapid-eye-movements (sleep) 

NTS Nucleus tractus solitarii 
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OSA Obstructive sleep apnea 

P Water vapor pressure associated with a specific temperature 

(formula) 

PA Water vapor pressure associated with the animal’s temperature 

(formula) 

PaCO2 Arterial carbon dioxide 

PaO2 Arterial concentration of oxygen 

PB Parabrachial nucleus 

PB Barometric pressure (formula) 

PCh Water vapor pressure associated with the animal chamber 

(formula) 

PCR Polymerase chain reaction 

pFL (or PF) Parafacial respiratory group 

PH Posterior hypothalamus 

PiCo Post-inspiratory Complex 

PK Pressure deflection associated with the calibration volume 

(formula) 

POA Preoptic area 

PPT/LDT Pedunculopontine and laterodorsal tegmental nuclei 

preBötC PreBötzinger Complex 

PRS Pierre Robin sequence 

PT Pressure deflection associated with the breath of interest 

(formula) 

PZ Parafacial zone 

REM (sleep) Rapid-eye-movements (sleep) 

RTN Retrotrapezoid nucleus 

rVRG Rostral ventral respiratory group 

SBD Sleep-related breathing disorder 
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SCN Suprachiasmatic nucleus 

SEM Standard Error of the Mean 

SLD Sublaterodorsal nucleus 

sub-OSA Sub-obstructive sleep apnea 

SWA Slow-wave activity 

T Temperature of interest (formula) 

TA Temperature associated with the animal’s body (formula) 

TCh Temperature associated with the chamber (formula) 

Te Expiratory time 

TGF-β Transforming growth factor-β 

Ti Inspiratory time 

TMN Tuberomammillary nucleus 

TS Ts65Dn mouse 

TTOT Ventilatory period or total breath duration 

VE Minute ventilation 

VENT Ventilatory signal 

VII Facial nerve 

VK Volume of air injected during the calibration of the system 

(formula) 

vlPAG/LPT Ventrolateral periaqueductal gray matter and the lateral pontine 

tegmentum 

VLPO Ventrolateral preoptic area 

VMM Ventromedial medulla 

VRG Ventral respiratory group 

VT Tidal volume 

VTA Ventral tegmental area 
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W Wakefulness 

WBP Whole-body plethysmography 

ΔHP Difference in heart period 
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