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Abstract

:

The aim of this study was to investigate the involvement of the mesencephalic superior colliculus (SC) in the pathogenetic mechanism of SIDS, a syndrome frequently ascribed to arousal failure from sleep. We analyzed the brains of 44 infants who died suddenly within the first 7 months of life, among which were 26 infants with SIDS and 18 controls. In-depth neuropathological investigations of serial sections of the midbrain showed the SC layered cytoarchitectural organization already well known in animals, as made up of seven distinct layers, but so far never highlighted in humans, albeit with some differences. In 69% of SIDS cases but never in the controls, we observed alterations of the laminar arrangement of the SC deep layers (precisely, an increased number of polygonal cells invading the superficial layers and an increased presence of intensely stained myelinated fibers). Since it has been demonstrated in experimental studies that the deep layers of the SC exert motor control including that of the head, their developmental disorder could lead to the failure of newborns who are in a prone position to resume regular breathing by moving their heads in the sleep-arousal phase. The SC anomalies highlighted here represent a new step in understanding the pathogenetic process that leads to SIDS.
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1. Introduction


SIDS (sudden infant death syndrome) is defined as the sudden death of an infant under 1-year of age that remains unexplained after a thorough death scene investigation, including a complete autopsy and detailed clinical review [1]. This syndrome is still the main cause of death in infants under the age of 1, despite widespread campaigns to place infants on their backs for sleeping. Already in 1992, the American Academy of Pediatrics (AAP) developed guidelines emphasizing the risks of prone sleep [2]. Subsequently, the National Institute of Child Health and Human Development (NICHD), in partnership with other pediatric associations, launched the Back to Sleep public education campaign that aimed to educate parents and caregivers to place infants to sleep in a supine position to reduce the risk of SIDS [3,4,5]. For the European Union, the ECAS (European Concerted Action on SIDS), on the basis of a large case-control study conducted in 20 European regions, emphasized the high and significant correlation between SIDS and the prone position in sleep in 1997. They, thus, laid the scientific foundations for the dissemination of information and the promotion of preventive action, i.e., the supine placement of babies, throughout European territory [6]. However, it is important to note that even if a newborn is placed in the supine position, it can roll over into the prone position, as this is an infant’s most spontaneous sleeping orientation [7].



The prone sleeping position can reduce oxygenation (hypoxia) and increase carbon dioxide levels (hypercapnia). This is exacerbated in the case of newborns who are regularly exposed to maternal cigarette smoke [8]. If an infant is healthy, in these conditions, he/she generally develops protective mechanisms including awakening and moving his/her head into a safe position to avoid rebreathing his/her own exhaled breath [9,10]. Contrastingly, a vulnerable newborn with structural brain abnormalities may fail to auto-resuscitate during a hypoxic episode because he/she is unable to move his/her head. This failure to respond in the presence of a hypoxic challenge can lead to SIDS [11,12]. In fact, numerous studies have demonstrated the association between morphological and/or functional alterations of the brainstem centers that regulate breathing/hypoxemia responses and SIDS [13,14,15,16,17,18].



The aim of this study was to investigate whether, in addition to the brainstem respiratory centers, other motor structures might also be involved in SIDS. We specifically focused our attention on the superior colliculus (SC), a paired laminar structure in the rostral midbrain where visual, auditory and somatosensory information are integrated to initiate specific motor commands to move the head, as well as the eyes [19,20,21]. More precisely, the SC is involved in integrating environmental stimuli in order to coordinate neck and eye muscle movements [22,23,24]. In addition, the decision to focus the study on the SC was due to the fact that there is considerable evidence of a connection between the respiratory centers and this structure, as it is able to initiate appropriate respiratory defensive responses in case of threatening stimuli [25,26] and to play a role in avoidance reactions [27,28,29]. Specifically, we investigated the possible presence of developmental alterations of the SC in a large set of SIDS cases compared to controls. Encouraging preliminary results were obtained, leading us to hypothesize that SC alterations can contribute to the pathogenetic mechanism of SIDS.




2. Materials and Methods


2.1. Study Subjects


The study included 44 infants, 19 females and 25 males, who died suddenly within the first 7 months of life. Following a thorough autopsy examination carried out in accordance with the guidelines provided by Italian law n.31/2006 “Regulations for Diagnostic Post Mortem Investigation in Victims of SIDS and Unexpected Fetal Death”. This law states that all infants suspected of SIDS, who died suddenly and unexpectedly within the first year of age without any apparent cause, must undergo an in-depth anatomo-pathological examination, including a detailed study of the autonomic nervous system.



The cases were divided into two groups: (1) SIDS and (2) controls.



2.1.1. SIDS Group


This group was composed of 26 cases, 11 females and 15 males (mean age: 3.4 postnatal months), for whom the cause of death remained unexplained after a thorough autopsy examination in accordance with the aforementioned law.




2.1.2. Control Group


This group was composed of 18 cases, 8 females and 10 males (mean age: 3.5 postnatal months) for whom the cause of death was determined after a thorough examination. The specific diagnoses were infections (lower respiratory infections, blood infections) (n = 8), congenital heart defects (n = 4), disorders related to short gestation and low birthweight (n = 5), and toxic encephalopathy (n = 1). In none of the control cases was the cause of death related to previous prolonged hypoxia. Given that these cases were generally similar with regards to gender, ethnicity and age at the time of death to the SIDS cases, they were regarded as “controls”.





2.2. Risk Factor Information


For each case, all the available data regarding the pregnancy, delivery and environmental situation in which the death occurred was collected. Information on both the “preventable” and “unpreventable” risk factors, that are known to be associated with SIDS [30], was obtained and classified during post-mortem family interviews. Particular attention was paid to the preventable causes that could have been avoided, such as prone sleep positioning and maternal smoking during pregnancy. Smoking habits were divided into two categories: smokers vs. non-smokers. Regarding the sleeping position, the infants were divided into two groups: “found dead in prone position” and “found dead in supine position”.




2.3. Neuropathological Examination


An in-depth histological analysis of the central nervous system (CNS) was performed for all cases with the main aim of detecting fine developmental alterations in the SC, which is typically considered the major node for mediating sensorimotor commands for head turns, in addition to the structures usually analyzed (i.e. the hypoglossus, the dorsal motor vagal, the tractus solitarius, the ambiguous, the inferior olivary, the pre-Bötzinger, the arcuate, the dorsal and ventral cochlear nuclei, the medial and inferior vestibular nuclei, and the obscurus and pallidus raphé nuclei in the medulla oblongata; the locus coeruleus, the retrotrapezoid/parafacial complex, the superior olivary complex, the superior and lateral vestibular nuclei, the Kölliker-Fuse, the median and magnus raphé nuclei in the pons; the inferior colliculus, the substantia nigra, and the dorsal and caudal linear raphé nuclei in the caudal mesencephalon).



After removal, the brains were fixed in a 10% formalin solution for at least two weeks, then weighed and macroscopically evaluated. The study was specifically focused on the midbrain, with the region of interest being the SC. After cutting the cerebral peduncles, the midbrain was isolated from the brainstem. It was then cut into a sequential series of samples, orthogonal to the brainstem axis to allow sectioning in the axial plane. After rinsing these in running water to remove the formalin, they were dehydrated in ascending grades of alcohol, cleared with xylol, embedded in paraffin and sectioned using a microtome into 4 μm thick, serial sections. Sample sections were, subsequently, mounted on slides and stained with “hematoxylin/eosin” for a first observation under the microscope. This guided the selection of the most significant sections to be treated with the “Klüver–Barrera” staining method. The original method, set forth by Klüver and Barrera in 1953 [31], is in fact the most suitable for staining the human brainstem. The first step is staining with Luxol fast blue MBS (Color Index Solvent Blue 38, Sigma-Aldrich, code S3382), which reveals the myelinated fibers. The counterstain was carried out using cresyl violet to obtain a clear image of the nuclear chromatin in the neurons and glia. Further technical details can be found in our previous articles [32,33,34].



The microscopic examination was focused, in particular, on the cytoarchitecture of the SC in histological sections obtained consecutively from the rostral midbrain sample (Figure 1).



All of the observations were acquired with a Nikon Eclipse E800 light microscope (Nikon Corporation, Tokyo, Japan) and the images of the regions of interest were taken using a Nikon Coolpix 8400 digital camera attached to the microscope.




2.4. Statistical Methods


All the acquired images were independently analyzed by two pathologists who were blinded to the cause of death. The evaluations obtained from each observer regarding the various parameters were reported separately in a case report table. When the mean values had been calculated, they were compared using a K Index (KI) in order to check inter-observer reproducibility. The Landis and Koch [35] method was then used to interpret the K values (0 to 0.2 = slight agreement; 0.21 to 0.40 = fair agreement; 0.41 to 0.60 = moderate agreement; 0.61 to 0.80 = strong or substantial agreement; 0.81 to 0.99 = 1.00 = very strong or almost perfect agreement; 1.0 = perfect agreement). A very satisfactory KI value (0.89) was obtained in this study. The association between the groups, the superior colliculus (SC) alterations and the main risk factors was determined using the chi-square test. The statistical analyses were carried out using the SPSS (statistical package for social science) statistical software (SigmaPlot®, version 13, Systat Software Inc., Chicago, IL, USA). The associations were considered statistically significant if the p value was <0.05.




2.5. Consent


The parents of all of the SIDS cases and controls provided written informed consent for the autopsy and related research. Institutional review board approval was not required for this study since it complied with the requirements of Italian law n.31/2006.



For every case, a complete clinical history, including identification of the risk factors for sudden unexpected death, must be collected [36].





3. Results


In line with the aim of this study, the histological examination of the CNS was strongly focused on the SC.



3.1. Morphological Examination of the SC


The histological examination of the SC in serial sections of the rostral midbrain, where the red nucleus is clearly visible (Figure 1), revealed a normal multilaminar organization in all 18 controls (100%) and in 8 of the SIDS cases (31%). The classification scheme proposed by May [21], based on that of Kanesaki and Sprague [37], for various animal species (such as gray squirrel, macaque, feline, guinea pig) was used for the nomenclature of the layers. In human newborns, six of the seven layers May highlighted were easily identifiable, albeit with some differences in their cytoarchitecture. Listed from the outside, these layers are: the “stratum zonale” (SZ), a thin layer with scattered, very small cells; the “stratum griseum superficialis” (SGS), which has numerous small cells; and the “stratum opticum” (SO), which has a mixture of many darkly stained cells and numerous fibers. Beneath these “superficial layers”, which primarily receive visual sensory information, there are “deep layers” containing motor output neurons. In order, these consist of: the “stratum griseum intermedium” (SGI), with many larger, frequently multipolar neurons; the “stratum griseum profundum” (SGP), a layer with small, darkly stained neurons mixed with fibers; and the “stratum album profundum” (SAP), which is a fibrous thinner layer that lies immediately above the periaqueductal gray. Among the deep layers, the layer defined by May as the “stratum album intermedium” (SAI), located between the SGI and SGP, was not always identifiable in this human material (Figure 2).



In the remaining 18 SIDS cases (69%), the laminar organization displayed distinctly different characteristics. Three of these stood out. First, the individual strata were not as readily identified. This loss of clear lamination was largely due to the other two changes. Second, a considerable number of polygonal cells of the type normally seen in the SGI invaded the SGS and SO of the superficial layers (Figure 3). Third, there was an increase in the degree of staining of the gray layers (SGS, SGI and SGP) by Luxol fast blue (Figure 4). Thus, the neuronal processes in these layers contained more myelinated fibers. In particular, there was a dense intertwining of dark fibers mainly in the SGI (Figure 4).



In 10 of the 18 SIDS cases (56%), these SC alterations were associated with abnormalities in various brainstem centers that control respiratory activity and the sleep-arousing phase (especially hypoplasia of the medullary pre-Bötzinger nucleus, the pontine Kölliker-Fuse region and the pars compacta of the substantia nigra). In the other 8 SIDS cases (44%), the SC defects represented the only altered finding. In the remaining 8 SIDS cases with a normal SC structure, none of the aforementioned brainstem alterations were detected.




3.2. Correlation between SC Abnormalities and Preventable Risk Factors


Overall, 20 of the 44 mothers of the newborns (45%) smoked more than 3 cigarettes/day prior to pregnancy. Fifteen women in the smoker group were mothers of a SIDS victim and five were mothers of control cases. Nineteen of the 26 SIDS cases were found dead in the prone position, 6 were found on their backs (supine position) and 1 was found in a different situation (during the day, while awake in the stroller). Only 9 of the 18 controls died while sleeping, usually in the supine position (only one on its side). The other nine cases died in other situations. As regards the association with maternal smoking and sleeping position, 50% of the SIDS cases (9/18) with SC pathological alterations and a smoking mother died in a prone position. The other nine with SC alterations, all of which died in a prone position, were born from non-smoking mothers (Table 1).



Table 1 shows the association between the SC alterations and main risk factors among the groups. Categorical data are expressed as the number of cases. A strongly significant association was observed between the SC cytoarchitecture, maternal smoking and sleep position among both groups (p-value < 0.05). Regarding the association between SC defects and the main risk factors, nine cases of SIDS found dead in a prone position during sleep and with a smoking mother showed SC alterations (increased number of polygonal cells and myelinated fibers). The other nine SIDS cases with SC changes found in a prone position were born from non-smoking mothers.





4. Discussion


Our current knowledge of the anatomy and function of the SC has been acquired from experimental studies conducted on a range of animals. Experts in the field agree that the SC appears histologically as a laminated structure. King [38] and others have made a distinction between the “dorsal superficial layers”, which are exclusively visual, and the “deeper layers” that contain neurons that are responsive to visual, auditory and/or somatosensory stimuli. Based on their connections and cell activity, the seven layers, have been divided both histologically and connectionally into two groups: the “superficial layers” (the stratum zonale/SZ, the stratum griseum superficialis/SGS and the stratum opticum/SO), which are purely sensory and receive retinal input, and the “deep layers” (the stratum griseum intermedium/SGI, the stratum album intermedium/SAI, the stratum griseum profundum/SGP and the stratum album profundum/SAP) that receive inputs from both sensory and motor structures. Functionally, superficial layer cells are visually receptive, and the deep layer cells are able to integrate multisensory inputs to drive specific motor commands. Thus, the SC not only responds to retinal inputs from both the eyes, but also helps to orient the head and eyes towards visual, auditory and somatosensory stimuli [21,22,23,24]. This capability is especially important in early infancy during sleep awakening. Moreover, several studies have shown the involvement of the SC in infants’ cognitive, attentional and emotional behaviors, as well as in autism [39,40,41,42,43].



With this study we have filled a critical gap in our current knowledge of the structure and function of the SC in humans. It was observed that the cytoarchitecture of the human SC in human infants is similar to that of various mammals [21]. We identified six of the seven layers observed in other primates by May and Porter [44] and Perkins et al. [45], albeit with some differences, such as difficulty in detecting the SAI, as well as species specific variations in thickness. Hence, we can assume that the SC is a conserved brain structure in mammals even with variations across species. Furthermore, it appears to be fully developed, histologically, in normal infants. Our study, whose aim was to evaluate the possible involvement of the SC in SIDS pathogenesis, led us to identify alterations in its layers in approximately 70% of cases, which is a fairly striking finding. In fact, it is important to note that SIDS frequently occurs when the infant is in the awakening phase, especially when it is in a prone position with its nose and mouth perpendicular to the underlying pillow or mattress. This can occur even if it is placed on its back to sleep [7]. This situation, known as “rebreathing”, can quickly lead to low levels of oxygen and increased carbon dioxide levels. If the brain areas responsible for regulating awakening from sleep are well developed, in particular those that coordinate the movements required to react to a situation of this kind, like the SC, newborns employ protective mechanisms, such as turning their necks and heads into positions that free their airways in order to improve breathing. However, alterations, particularly of the SC deep layers, may lead to the failure of the newborns to resume regular breathing by moving their heads. This inability to respond could lead to hypoxia and death.



The probability of this outcome increases if there are alterations in the brainstem centers that control breathing and/or if the newborn is regularly exposed to cigarette smoke. Our findings support the many studies that have previously demonstrated this linkage.



4.1. Smoking, a Universally Recognized Risk Factor for SIDS


It has long been known that exposure to cigarette smoke, particularly maternal smoking during and after pregnancy, is a major environmental risk factor for SIDS [46,47,48,49], as it can lead to severe hypoxia caused by inhaling carbon monoxide (CO), a combustion product from cigarette smoke and a harmful toxic gas. When inhaled, CO enters the lungs where it binds to the hemoglobin in the red blood cells 200 to 300 times more avidly than oxygen and forms “carboxyhemoglobin” [50,51,52]. This complex is unable to release oxygen into the tissues, leading to systemic hypoxia, which seriously affects the most important organs, especially the brain [53]. Furthermore, if associated with prone sleeping, this situation can reduce the newborn’s spontaneous arousability and result in the failure to auto-resuscitate.




4.2. Interpretation of the Histological Changes


The anomalies in the SC layers observed in the majority of SIDS victims (and not in the controls) essentially consisted in the presence of an increased number of polygonal cells above the SGI and by the intense Luxol staining of the neuronal processes, mostly in the SGS, SGI and SGP. Both of these alterations have two possible interpretations: (1) the abnormalities in their normal structure could be the cause of the newborn’s inability to turn his/her head upon awakening in order to breathe; or (2) they may represent an attempt to compensate for abnormalities in the respiratory activity by increasing the connectivity of the SC with other structures. In this regard, the presence of many larger multipolar neurons, more superficial than those normally found in the SGI, is noteworthy. In the SGI, these multipolar cells represent motor output neurons that project to the brainstem centers for head and eye movement [21]. Their presence outside of the SGI might suggest a poorly organized motor output layer, supporting the first interpretation, or their presence may be aimed at increasing the number of inputs to these cells, supporting interpretation 2.



Similarly, the greater evidence of myelinated fibers in multiple SC layers where they are not usually observed, especially in the SGI, highlighted by their intense staining with Luxol fast blue, is striking. The SGI is thought to be involved in triggering defensive movements, which certainly includes head movements in response to airway compromise. It seems likely that the presence of these myelinated fibers is due to a loss of proper organization in this layer. This would support interpretation 1. However, it is possible that it is due to other alterations of the neuropil to produce Luxol staining that is not myelin-related, and that are caused by reorganization aimed at compensating for changes in the downstream respiratory centers [54], supporting interpretation 2. Thus, determining the underlying causes of the collicular changes will require further investigation.



If the infant is sleeping in the prone (face down) position and their mouth is in contact with soft bedding, it must not only be able to awaken and turn its head, but also to resume a normal respiratory rhythm under the control of the brainstem respiratory network. With this in mind, Thach et al. [55] performed a series of experiments on healthy, sleeping infants to demonstrate that arousal begins with, in addition to eye opening and head turning, a sigh, i.e., an augmented breath consisting of a strong inhalation followed by a prolonged exhalation to restore a normal respiratory pattern. Noteworthy, is the article by Müller-Ribeiro et al. [25], which demonstrates the involvement of the SC in initiating increased respiratory activity, thanks to its connections with the brainstem respiratory centers. Previously, Keay and colleagues [26] reported in an experimental study on rats that cells within the SC, when activated by electrical stimulation and/or microinjections of glutamate, are able to influence respiration by increasing the rate and depth of breath. These studies further strengthen our hypothesis that SC abnormalities may be closely involved in the pathogenetic mechanism of SIDS.



Previously we have highlighted the presence of developmental alterations of the inferior colliculus (IC), a well-known relay station for auditory pathways located caudally to the SC, in SIDS, also attributing to this structure a role in respiratory control, especially during the sleep–wake cycle [56,57]. In all cases from this study, however, the IC was found to be normally developed.



Furthermore, the fact that the SC has numerous connections with the forebrain regions [21,44,45,58], supports its possible involvement in cognitive, attentional and emotional behaviors. Collicular forebrain pathways also support alerting behaviors that may underlie arousal mechanisms critical to avoiding SIDS. Finally, these circuits may underlie a further key role for this structure in the pathogenesis of various neurological disorders (such as autism spectrum disorders (ASD), attention deficit hyperactivity disorder (ADHD) and Rett syndrome) [59,60,61].



In short, we believe that the SC is not simply a brain structure that transforms sensory signals into motor commands, but also that any SC abnormality could have significant neurodevelopmental consequences that could contribute to the pathogenesis of SIDS. More specifically in this regard, it can be hypothesized that the SC alterations could block the normal process of arousal that reverses the inactivation of skeletal motor activity, which occurs with sleep, in particular REM sleep. It is our intention to conduct further research on this topic with the aim of identifying developmental alterations of the SC under different neuropathological conditions. In addition, we intend to investigate the role of genes that regulate neural development and the cytoarchitectural configuration of specific brain structures, in particular of the SC, such as Pax7, in SIDS and in the aforementioned neuronal disorders [62].



Finally, the eight cases (about 30% of the case study) in which no neuropathological alterations were observed deserve consideration. We can hypothesize that the cause of death in these cases in which a neuroanatomical elucidation cannot be provided is multifactorial. The leading theory to explain SIDS in similar cases is the “Triple Risk Model” initially described by Filiano and Kinney in 1994 [63] and which is defined as three specific factors coming together to cause death. The three factors are: a vulnerable infant, a critical developmental period (2–4 months) and exogenous stressors (like exposure to cigarette smoking during and after pregnancy, soft mattresses, bedding and objects in the bed, co-sleeping, etc.).





5. Conclusions


The alterations of the SC detected in this study in most cases of SIDS demonstrate a failure to properly organize the colliculus into myelinated and cell-rich layers and, therefore, a deep disorder of the normal developmental programs in this syndrome. These anomalies represent a new step in understanding the pathogenetic process that leads to SIDS, allowing us to envisage that alone or in association with other developmental defects of the brainstem, they can determine the sudden death of an infant in the first months of life.



When a plausible case of death due to SIDS occurs, we believe that it is essential to conduct an in-depth analysis of the central nervous system, particularly the brainstem where the main structures involved in controlling vital activities are located, in addition to a routine autopsy examination aimed at ruling out an actual cause of death. This comprehensive examination, if conducted globally by expert neuropathologists, will help to identify specific developmental alterations of one or more nerve centers underlying these deaths. By correlating these defects with the main exogenous risk factors, it will be possible to explain the pathogenetic mechanism of SIDS and design preventive strategies to decrease the incidence of these distressing events for both parents and clinicians.







Author Contributions


Conceptualization, A.M.L.; Methodology, A.M.L., F.P. and T.P.; Validation, R.M. and F.P.; Formal analysis, T.P.; Investigation, A.M.L. and R.M.; Data curation, A.M.L., R.M. and T.P.; Writing—original draft, A.M.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


The parents of the infants included in this study provided written informed consent for the autopsy and related research, according to the art. 1 of Italian law n.31/2006. Institutional review board approval was not required for this study since it complied with the requirements of Italian law n.31/2006*.




Data Availability Statement


Not applicable.




Acknowledgments


The authors wish to express their deepest appreciation and gratitude to Paul J. May of the University of Mississippi Medical Center for the constructive scientific support and great help in interpreting the results. This contribution would not have been possible without his guidance.




Conflicts of Interest


The authors have no conflicts of interest to declare.




Abbreviations


CNS: central nervous system; CO: carbon monoxide; SAI: stratum album intermedium; SAP: stratum album profundum; SC: superior colliculus; SGI: stratum griseum intermedium; SGP: stratum griseum profundum; SGS: stratum griseum superficialis; SIDS: sudden infant death syndrome; SO: stratum opticum; SZ: stratum zonale.




References


	



Krous, H.F.; Beckwith, J.B.; Byard, R.W.; Rognum, T.O.; Bajanowski, T.; Corey, T.; Cutz, E.; Hanzlick, R.; Keens, T.G.; Mitchell, E.A. Sudden infant death syndrome and unclassified sudden infant deaths: A definitional and diagnostic approach. Pediatrics 2004, 114, 234–238. [Google Scholar] [CrossRef] [PubMed]

	



AAP (American Academy of Pediatrics). Task Force on Infant Positioning and SIDS. Pediatrics 1992, 89, 1120–1126. [Google Scholar] [CrossRef]

	



Guntheroth, W.G.; Spiers, P.S. Sleeping prone and the risk of sudden infant death syndrome. JAMA 1992, 267, 2359–2362. [Google Scholar] [CrossRef]

	



Willinger, M.; Hoffman, H.J.; Hartford, R.B. Infant sleep position and risk for sudden infant death syndrome: Report of meeting held January 13 and 14, 1994, National Institutes of Health, Bethesda, MD. Pediatrics 1994, 93, 814–819. [Google Scholar] [CrossRef]

	



American Academy of Pediatrics Task Force on Infant Positioning and SIDS. Positioning and sudden infant death syndrome (SIDS): Update. Pediatrics 1996, 98 Pt 1, 1216–1218. [Google Scholar] [CrossRef]

	



Carpenter, R.; Fleming, P.J.; Bacon, C.; Taylor, E.; Smith, I.; Morley, C.; Blair, P.S.P.; Bensley, D. ECAS European Concerted Action on SIDS. An. Españoles De Pediatr. 1997, 92, 21. [Google Scholar]

	



Bergma, N.J. Proposal for mechanisms of protection of supine sleep against sudden infant death syndrome: An integrated mechanism review. Pediatr. Res. 2015, 77, 10–19. [Google Scholar] [CrossRef] [PubMed]

	



Bednarczu, k.N.; Milner, A.; Greenough, A. The Role of Maternal Smoking in Sudden Fetal and Infant Death Pathogenesis. Front Neurol. 2020, 11, 586068. [Google Scholar] [CrossRef]

	



Lijowska, A.S.; Reed, N.W.; Chiodini, B.A.; Thach, B.T. Sequential arousal and airway-defensive behavior of infants in asphyxial sleep environments. J. Appl. Physiol. 1997, 83, 219–228. [Google Scholar] [CrossRef]

	



Kahn, A.; Groswasser, J.; Franco, P.; Scaillet, S.; Sawaguchi, T.; Kelmanson, I.; Dan, B. Sudden infant deaths: Stress, arousal and SIDS. Early Hum. Dev. 2003, 75, S147–S166. [Google Scholar] [CrossRef]

	



Kato, I.; Franco, P.; Groswasser, J.; Scaillet, S.; Kelmanson, I.; Togari, H.; Kahn, A. Incomplete arousal processes in infants who were victims of sudden death. Am. J. Respir. Crit. Care Med. 2003, 168, 1298–1303. [Google Scholar] [CrossRef]

	



Hunt, C.E. Impaired arousal from sleep: Relationship to sudden infant death syndrome. J. Perinatol. 1989, 9, 184–187. [Google Scholar] [PubMed]

	



Lavezzi, A.M. Altered Development of Mesencephalic Dopaminergic Neurons in SIDS: New Insights into Understanding Sudden Infant Death Pathogenesis. Biomedicines 2021, 9, 1534. [Google Scholar] [CrossRef]

	



Hilaire, G. Endogenous noradrenaline affects the maturation and function of the respiratory network: Possible implication for SIDS. Auton. Neurosci. 2006, 126–127, 320–331. [Google Scholar] [CrossRef] [PubMed]

	



Lavezzi, A.M.; Weese-Mayer, D.E.; Yu, M.Y.; Jenning, L.J.; Corna, M.F.; Casale, V.; Oneda, R.; Matturri, L. Developmental alterations of the respiratory human retrotrapezoid nucleus in sudden unexplained fetal and infant death. Auton. Neurosci. 2012, 170, 12–19. [Google Scholar] [CrossRef] [PubMed]

	



Obonai, T.; Yasuhara, M.; Nakamura, T.; Takashima, S. Catecholamine neurons alteration in the brainstem of sudden infant death syndrome victims. Pediatrics 1998, 101, 285–288. [Google Scholar] [CrossRef] [PubMed]

	



Bright, F.M.; Vink, R.; Byard, R.W. Brainstem Neuropathology in Sudden Infant Death Syndrome. In SIDS Sudden Infant and Early Childhood Death: The Past, the Present and the Future; Duncan, J.R., Byard, R.W., Eds.; University of Adelaide Press: Adelaide, Australia, 2018; Chapter 26. [Google Scholar]

	



Haynes, R. Serotonin Abnormalities in the Brainstem of Sudden Infant Death Syndrome. In Diagnostic Pediatric Pathology; Cohen, M., Scheimberg, I., Beckwith, J., Hauck, F., Investigation of Sudden Infant Death Syndrome, Eds.; Cambridge University Press: Cambridge, UK, 2019; pp. 195–206. [Google Scholar]

	



Zubricky, R.D.; Das, M.J. Neuroanatomy, Superior Colliculus. In StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL, USA, 2022. Available online: https://www.ncbi.nlm.nih.gov/books/NBK544224/ (accessed on 25 July 2022).

	



Gandhi, N.J.; Katnani, H.A. Motor functions of the superior colliculus. Annu Rev Neurosci. 2011, 34, 205–231. [Google Scholar] [CrossRef]

	



May, P.J. The mammalian superior colliculus: Laminar structure and connections. Prog. Brain Res. 2006, 151, 321–378. [Google Scholar]

	



Moschovakis, A.K. The superior colliculus and eye movement control. Curr. Opin. Neurobiol. 1996, 6, 811–816. [Google Scholar] [CrossRef]

	



Sparks, D.L. Translation of sensory signals into commands for control of saccadic eye movements: Role of primate superior colliculus. Physiol. Rev. 1986, 66, 118–171. [Google Scholar] [CrossRef]

	



Corneil, B.D.; Olivier, E.; Munoz, D.P. Neck muscle responses to stimulation of monkey superior colliculus. I. Topography and manipulation of stimulation parameters. J. Neurophysiol. 2002, 88, 1980–1999. [Google Scholar] [CrossRef] [PubMed]

	



Müller-Ribeiro, F.C.; Goodchild, A.K.; McMullan, S.; Fonte, M.A.; Dampney, R.A. Coordinated autonomic and respiratory responses evoked by alerting stimuli: Role of the midbrain colliculi. Respir. Physiol. Neurobiol. 2016, 226, 87–93. [Google Scholar] [CrossRef] [PubMed]

	



Keay, K.A.; Redgrave, P.; Dean, P. Cardiovascular and respiratory changes elicited by stimulation of rat superior colliculus. Brain Res. Bull. 1988, 20, 13–26. [Google Scholar] [CrossRef] [PubMed]

	



Cohen, J.D.; Castro-Alamancos, M.A. Neural correlates of active avoidance behavior in superior colliculus. J. Neurosci. 2010, 30, 8502–8511. [Google Scholar] [CrossRef] [PubMed]

	



Westby, G.W.; Keay, K.A.; Redgrave, P.; Dean, P.; Bannister, M. Output pathways from the rat superior colliculus mediating approach and avoidance have different sensory properties. Exp. Brain Res. 1990, 81, 626–638. [Google Scholar] [CrossRef] [PubMed]

	



Dean, P.; Redgrave, P.; Westby, G.W. Event or emergency? Two response systems in the mammalian superior colliculus. Trends Neurosci. 1989, 12, 137–147. [Google Scholar] [CrossRef] [PubMed]

	



Guntheroth, W.G. The Sudden Infant Death Syndrome; Futura Pub, Co.: Armonk, NY, USA, 1995; p. 201. [Google Scholar]

	



Klüver, H.; Barrera, E. A method for the combined staining of cells and fibers in the nervous system. J. Neuropathol. Exp. Neurol. 1953, 12, 400–403. [Google Scholar] [CrossRef]

	



Lavezzi, A.M.; Ferrero, S.; Roncati, L.; Matturri, L.; Pusiol, T. Impaired orexin receptor expression in the Kölliker-Fuse nucleus in sudden infant death syndrome: Possible involvement of this nucleus in arousal pathophysiology. Neurol. Res. 2016, 38, 706–716. [Google Scholar] [CrossRef]

	



Lavezzi, A.M.; Ferrero, S.; Paradiso, B.; Chamitava, L.; Piscioli, F.; Pusiol, T. Neuropathology of Early Sudden Infant Death Syndrome-Hypoplasia of the Pontine Kolliker-Fuse Nucleus: A Possible Marker of Unexpected Collapse during Skin-to-Skin Care. Am. J. Perinatol. 2019, 36, 460–471. [Google Scholar] [CrossRef]

	



Lavezzi, A.M.; Poloniato, A.; Rovelli, R.; Lorioli, L.; Iasi, G.A.; Pusiol, T.; Barera, G.; Ferrero, S. Massive Amniotic Fluid Aspiration in a Case of Sudden Neonatal Death with Severe Hypoplasia of the Retrotrapezoid/Parafacial Respiratory Group. Front. Pediatr. 2019, 7, 116. [Google Scholar]

	



Landis, R.J.; Koch, G.G. The measurement of observer agreement for categorical data. Biometrics 1977, 33, 159–174. [Google Scholar] [CrossRef] [PubMed]

	



Constitution of the Italian Republic, Law n. 31. Regulations for diagnostic post-mortem investigation in victims of sudden infant death syndrome (SIDS) and unexpected fetal death. Off. Gaz. Ital. Repub. Gen. Ser. 2006, 34, 4. Available online: http://users.unimi.it/centrolinorossi/files/gazz_ufficiale.pdf (accessed on 6 February 2006).

	



Kanesaki, T.; Sprague, J.M. Anatomical organization of pretectal nuclei and tectal laminae in the cat. J. Comp. Neurol. 1974, 158, 319–338. [Google Scholar] [CrossRef]

	



King, A.J. The superior colliculus. Curr. Biol. 2004, 14, R335–R338. [Google Scholar] [CrossRef] [PubMed]

	



Basso, M.A.; Bickford, M.E.; Cang, J. Unraveling circuits of visual perception and cognition through the superior colliculus. Neuron 2021, 109, 918–937. [Google Scholar] [CrossRef]

	



Basso, M.A.; May, P.J. Circuits for Action and Cognition: A View from the Superior Colliculus. Annu. Rev. Vis. Sci. 2017, 3, 197–226. [Google Scholar] [CrossRef]

	



Méndez, C.A.; Celeghin, A.; Diano, M.; Orsenigo, D.; Ocak, B.; Tamietto, M. A deep neural network model of the primate superior colliculus for emotion recognition. Philos. Trans. R. Soc. Lond B Biol. Sci. 2022, 377, 20210512. [Google Scholar] [CrossRef]

	



Jure, R. Autism Pathogenesis: The Superior Colliculus. Front. Neurosci. 2019, 12, 1029. [Google Scholar] [CrossRef]

	



Jure, R. The “Primitive Brain Dysfunction” Theory of Autism: The Superior Colliculus Role. Front. Integr. Neurosci. 2022, 16, 797391. [Google Scholar] [CrossRef]

	



May, P.J.; Porter, J.D. The laminar distribution of macaque tectobulbar and tectospinal neurons. Vis. Neurosci. 1992, 8, 257–276. [Google Scholar] [CrossRef]

	



Perkins, E.; Warren, S.; May, P.J. The mesencephalic reticular formation as a conduit for primate collicular gaze control: Tectal inputs to neurons targeting the spinal cord and medulla. Anat. Rec. 2009, 292, 1162–1181. [Google Scholar] [CrossRef] [PubMed]

	



Mitchell, E.A.; Ford, R.P.; Stewart, A.W.; Taylor, B.J.; Becroft, D.M.; Thompson, J.M.; Scragg, R.; Hassall, I.B.; Barry, D.M.; Allen, E.M.; et al. Smoking and the sudden infant death syndrome. Pediatrics 1993, 91, 893–896. [Google Scholar] [CrossRef] [PubMed]

	



Schoendorf, K.C.; Kiely, J.L. Relationship of sudden infant death syndrome to maternal smoking during and after pregnancy. Pediatrics 1992, 90, 905–908. [Google Scholar] [CrossRef] [PubMed]

	



Slotkin, T.A.; Lappi, S.E.; McCook, E.C.; Lorber, B.A.; Seidler, F.J. Loss of neonatal hypoxia tolerance after prenatal nicotine exposure: Implications for sudden infant death syndrome. Brain Res. Bull. 1995, 38, 69–75. [Google Scholar] [CrossRef]

	



Anderson, T.M.; Lavista Ferres, J.M.; Ren, S.Y.; Moon, R.Y.; Goldstein, R.D.; Ramirez, J.M.; Mitchell, E.A. Maternal Smoking Before and During Pregnancy and the Risk of Sudden Unexpected Infant Death. Pediatrics 2019, 143, e20183325. [Google Scholar] [CrossRef]

	



Ernst, A.; Zibrak, J.D. Carbon monoxide poisoning. N. Engl. J. Med. 1998, 339, 1603–1608. [Google Scholar] [CrossRef]

	



Palmeri, R.; Gupta, V. Carboxyhemoglobin Toxicity. In StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL, USA, 2022. [Google Scholar]

	



Patel, S.; Jose, A.; Mohiuddin, S.S. Physiology, Oxygen Transport and Carbon Dioxide Dissociation Curve. In StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL, USA, 2022. [Google Scholar]

	



Raub, J.A.; Benignus, V.A. Carbon monoxide and the nervous system. Neurosci. Biobehav. Rev. 2002, 26, 925–940. [Google Scholar] [CrossRef]

	



Celio, M.R.; Spreafico, R.; De Biasi, S.; Vitellaro-Zuccarello, L. Perineuronal nets: Past and present. Trends Neurosci. 1998, 21, 510–515. [Google Scholar] [CrossRef]

	



Thach, B.T.; Lijowska, A. Arousals in infants. Sleep 1996, 19 (Suppl. S10), S271–S273. [Google Scholar] [CrossRef]

	



Lavezzi, A.M.; Pusiol, T.; Matturri, L. Cytoarchitectural and functional abnormalities of the inferior colliculus in sudden unexplained perinatal death. Medicine 2015, 94, e487. [Google Scholar] [CrossRef]

	



Lavezzi, A.M.; Ottaviani, G.; Matturri, L. Developmental alterations of the auditory brainstem centers--pathogenetic implications in Sudden Infant Death Syndrome. J. Neurol. Sci. 2015, 357, 257–263. [Google Scholar] [CrossRef] [PubMed]

	



Redgrave, P.; Coizet, V.; Comoli, E.; McHaffie, J.G.; Leriche, M.; Vautrelle, N.; Hayes, L.M.; Overton, P. Interactions between the Midbrain Superior Colliculus and the Basal Ganglia. Front. Neuroanat. 2010, 4, 132. [Google Scholar] [CrossRef] [PubMed]

	



Lord, C.; Elsabbagh, M.; Baird, G.; Veenstra-Vanderweele, J. Autism spectrum disorder. Lancet 2018, 392, 508–520. [Google Scholar] [CrossRef]

	



Faraone, S.V.; Asherson, P.; Banaschewski, T.; Biederman, J.; Buitelaar, J.K.; Ramos-Quiroga, J.A.; Rohde, L.A.; Sonuga-Barke, E.J.; Tannock, R.; Franke, B. Attention-deficit/hyperactivity disorder. Nat. Rev. Dis. Prim. 2015, 1, 15020. [Google Scholar] [CrossRef] [PubMed]

	



Gold, W.A.; Krishnarajy, R.; Ellaway, C.; Christodoulou, J. Rett Syndrome: A Genetic Update and Clinical Review Focusing on Comorbidities. ACS Chem. Neurosci. 2018, 9, 167–176. [Google Scholar] [CrossRef] [PubMed]

	



Thompson, J.; Lovicu, F.; Ziman, M. The role of Pax7 in determining the cytoarchitecture of the superior colliculus. Dev. Growth Differ. 2004, 46, 213–218. [Google Scholar] [CrossRef]

	



Filiano, J.J.; Kinney, H.C. A perspective on neuropathologic findings in victims of the sudden infant death syndrome: The triple-risk model. Biol. Neonate 1994, 65, 194–197. [Google Scholar] [CrossRef]








[image: Biomedicines 11 01689 g001 550] 





Figure 1. Transversal section of the rostral midbrain at the level of the red nucleus. Arrows indicate the location of the superior colliculi. CA: cerebral aqueduct; CP: cerebral peduncle; OMN: oculomotor nucleus; OCn: oculomotor nerve; PAG: periaqueductal gray; RN: red nucleus; SC: superior colliculus; SL: spinal lemniscus; SN: substantia nigra. Top right: brainstem diagram with indication of the location of the midbrain in the brainstem. Klüver–Barrera staining. Scale bar 1000 μm. 
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Figure 2. Cytoarchitectural laminar organization of the SC in the infant. The superficial layers consist of in order from the outside: the stratum zonale (SZ), the stratum griseum superficialis (SGS) and the stratum opticum (SO). The deep layers consist of: the stratum griseum intermedium (SGI), the stratum album intermedium (SAI), the stratum griseum profundum (SGP) and the stratum album profundum (SAP). PAG: periaqueductal gray. Klüver–Barrera staining. Scale bar 200 μm. 
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Figure 3. SIDS-related changes in cell lamination. (A) normal structure of the SC in a control case (male, 4 months); (B) a considerable number of polygonal cells invading the superior layers in a SIDS case (male, 4 months). Arrows indicate some of these neurons. Klüver–Barrera staining. Scale bar 100 μm. 
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Figure 4. SIDS-related changes in myelin staining. (A) normal structure of the SC in a control case (female, 4 months); (B) a significant increase in the degree of myelin staining of the neuronal processes in the SGS, SGI and SGP in a SIDS case (male, 4 months). Klüver–Barrera staining. Scale bar 100 μm. 
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Table 1. Association between superior colliculus (SC) alterations and the main risk factors among the groups.
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Variables

	
SIDS

	
Control

	
Total

	
p-Value






	
SC cytoarchitecture




	
Normal

	
8

	
18

	
26

	
<0.05




	
Alterations

	
18

	
0

	
18




	
Maternal smoking




	
Smoker

	
15

	
3

	
18

	
0.006




	
Non-smoker

	
11

	
15

	
26




	
Sleep position




	
Prone

	
19

	
0

	
19

	
<0.05




	
Supine

	
6

	
8

	
14




	
On their side

	
0

	
1

	
1




	
Other situation

	
1

	
9

	
10
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