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Sudden infant death syndrome (SIDS) is understood as a syndrome that presents with the common phenotype of sudden death but involves heterogenous biological causes. Many pathological findings have been consistently reported in SIDS, notably in areas of the brain known to play a role in autonomic control and arousal. Our laboratory has reported abnormalities in SIDS cases in medullary serotonin (5-HT) receptor 1A and within the dentate gyrus of the hippocampus. Unknown, however, is whether the medullary and hippocampal abnormalities coexist in the same SIDS cases, supporting a biological relationship of one abnormality with the other. In this study, we begin with an analysis of medullary 5-HT1A binding, as determined by receptor ligand autoradiography, in a combined cohort of published and unpublished SIDS (n = 86) and control (n = 22) cases. We report 5-HT1A binding abnormalities consistent with previously reported data, including lower age-adjusted mean binding in SIDS and age vs. diagnosis interactions. Utilizing this combined cohort of cases, we identified 41 SIDS cases with overlapping medullary 5-HT1A binding data and hippocampal assessment and statistically addressed the relationship between abnormalities at each site. Within this SIDS analytic cohort, we defined abnormal (low) medullary 5-HT1A binding as within the lowest quartile of binding adjusted for age and we examined three specific hippocampal findings previously identified as significantly more prevalent in SIDS compared to controls (granular cell bilamination, clusters of immature cells in the subgranular layer, and single ectopic cells in the molecular layer of the dentate gyrus). Our data did not find a strong statistical relationship between low medullary 5-HT1A binding and the presence of any of the hippocampal abnormalities examined. It did, however, identify a subset of SIDS (~25%) with both low medullary 5-HT1A binding and hippocampal abnormalities. The subset of SIDS cases with both low medullary 5-HT1A binding and single ectopic cells in the molecular layer was associated with prenatal smoking (p = 0.02), suggesting a role for the exposure in development of the two abnormalities. Overall, our data present novel information on the relationship between neuropathogical abnormalities in SIDS and support the heterogenous nature and overall complexity of SIDS pathogenesis.
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INTRODUCTION

The sudden and unexpected death of an apparently healthy infant during a sleep period has long been recognized as a medical entity requiring investigation, but its cause remains unknown. Since the middle of the twentieth century, various definitions have been proposed for this phenomenon. It has usually been labeled as a “syndrome,” which is a set of medical signs and symptoms that correlate strongly with each other without an established unifying cause. The use of the word syndrome is distinct from “disease,” which is utilized when the cause or mechanism of the signs and symptoms is known, either by diagnostic laboratory findings, or pathognomonic clinical and/or autopsy findings. The typical phenotype of sudden infant death syndrome (SIDS) is the unique age distribution with a peak at 2–4 postnatal months, occurrence of death associated with a sleep period, socioeconomic disadvantage, and male predominance. SIDS is a diagnosis of exclusion and its differential diagnosis is broad and heterogeneous, including various causes that may be found on autopsy, e.g., inborn errors of metabolism, congenital heart disease.

Over the last two decades, our group has provided substantial evidence using neurochemical techniques that a subset of SIDS infants is characterized by serotonergic brainstem pathology in regions of the medulla oblongata involved in cardiorespiratory control and arousal. These abnormalities include serotonin (5-HT) receptor binding abnormalities (1–5), a decrease in 5-HT levels and tryptophan hydroxylase 2 (TPH2) (5), the key regulatory enzyme in 5-HT production, and an increase in serotonergic cells with an immature-like phenotype (4). Among these, the most robust and reproducible serotonergic abnormality identified in the brainstem to date is a deficiency in binding to the 5-HT1A receptor (4, 5), a receptor which functions as a presynaptic auto-receptor on 5-HT neurons and a heteroreceptor on postsynaptic 5-HT neurons and non-5-HT neurons (6). This binding deficiency has been identified by us with tissue receptor autoradiography in two independent published datasets of SIDS cases compared to non-SIDS controls (4, 5) and confirmed by other laboratories with different techniques (7). Most recently, our laboratory reported a novel anatomic finding from light microscope studies in the hippocampus of ~40% of SIDS cases (8). Hippocampal abnormalities, including abnormalities of the dentate gyrus (DG), have been reported in other cohorts of SIDS and sudden unexpected death in childhood (SUDC) (9–15), suggesting hippocampal involvement across a spectrum of ages. The hippocampal abnormalities identified in SIDS and SUDC, specifically granular cell bilamination of the DG, had been reported in patients with temporal lobe epilepsy (TLE) (16–19), suggesting a seizure-related mechanism of sudden death in SIDS and SUDC, a hypothesis postulated by others (20, 21). Shown in Figure 1 are examples of medullary 5-HT1A binding and the hippocampal features analyzed here. While hippocampal pathology in SIDS suggests an involvement of sleep-related fatal seizures, brainstem serotonergic abnormalities suggest brainstem-mediated central cardiorespiratory dysfunction during sleep.


[image: Figure 1]
FIGURE 1. Hippocampal and medullary pathology identified in SIDS infants. The diagram on the left shows general brain structure with the hippocampus and medulla highlighted with red and blue boxes, respectively. Images (a–d) show hematoxylin and eosin staining of the hippocampus. Hippocampal anatomy is shown at 4x in a control infant for reference (a). The dentate gyrus (DG) in a control infant is shown at 10x with a densely packed, single layer of granule cells (b). The hippocampus of a SIDS infant displays (c) bilamination of the DG (arrow), (d) single, ectopic granule cells in the molecular layer (arrow), and (d) progenitor cells in the subgranular layer (arrowhead). Hippocampal images were modified from Kinney et al. (8). Examples of medullary 5-HT1A autoradiography are shown in (e,f). The density of 5-HT1A receptor binding, including in the raphe obscurus (arrowhead), is visually lower in a SIDS case (f) compared with a control (e). The receptor binding surrounding the control medulla (e) represents binding in cerebellum tissue. A colored density scale is included for reference. Brainstem images were modified with permission from Paterson et al. (4). DG, dentate gyrus; CA, cornu ammonis; ML, molecular layer.


Biologically, hippocampal development and the brainstem serotonergic system are related through the trophic actions of 5-HT during development (22–25). Pathologically, they are related through 5-HT-mediated cardiorespiratory dysfunction during seizures and seizure-induced impairment in serotonergic brainstem function (21, 26). Functionally, medullary 5-HT and limbic sites including the hippocampus are considered to be interconnected “nodes” and comprise an integrated central homeostatic network that regulates responses to stress (27). Given the links between the hippocampus, brainstem 5-HT and serotonergic dysfunction during seizures, we postulated that the hippocampal abnormalities identified in a subset of SIDS infants are related to the brainstem serotonergic abnormalities identified in SIDS infants. This is based on the fact that SIDS infants with hippocampal abnormalities seem to share clinical presentations (sudden and unexpected death), demographics, and general autopsy findings with SIDS infants with medullary 5-HT1A abnormalities. While these common features suggest one pathological process, whether they represent two separate diseases is unknown. Whether hippocampal abnormalities coexist with brainstem serotonergic abnormalities in the same infant is also unknown. In this study we hypothesized that the medullary 5-HT1A binding abnormality is found in SIDS infants with hippocampal structural abnormalities, suggesting a dependence between the two lesions and providing evidence for a single entity with a combined hippocampal-brainstem phenotype.

Prior to our analysis of the relationship between medullary and hippocampal abnormalities in SIDS, we expanded upon our reported medullary 5-HT1A findings to show 5-HT1A binding deficiencies in a combined published and unpublished cohort of SIDS and controls. Subsequently, in order to investigate the hypothesized relationship between the hippocampal findings and brainstem 5-HT1A abnormalities, this research investigated three specific questions: (1) do SIDS cases with identified hippocampal abnormalities have lower medullary 5-HT1A binding compared with SIDS cases without abnormalities?; (2) are SIDS cases with the lowest medullary 5-HT1A binding in the SIDS cohort at higher risk for hippocampal abnormalities compared with SIDS cases with normal or elevated binding?; and (3) are there clinical and/or risk factors specifically associated with the concurrent presence of both abnormalities? To address these questions, we used an analytic cohort with both a histological assessment of fixed hippocampus (8) and neurochemical analysis of frozen medulla (4, 5). In our analysis of the 5-HT1A-hippocampal relationship, we focused specifically on hippocampal features shown to have a higher prevalence in SIDS infants compared with controls, namely, focal granule cell bilamination of the DG, clusters of immature cells in the subgranular layer of the DG, and single ectopic granule cells in the molecular layer of the DG (8). We focused on eight brainstem nuclei reported to be abnormal in SIDS (as determined by 5-HT1A receptor binding), including nuclei containing 5-HT cells and considered by our group as part of the core medullary serotonergic lesion in SIDS (28).



MATERIALS AND METHODS


Tissue

Tissue samples were obtained from infant autopsies between 1998 and 2013. Tissue came from the San Diego Medical Examiner's office (SDME) and were available for research under the auspice of the California Code, Section 27491.41. Deaths adjudicated as SIDS were those in which a complete autopsy, death scene investigation, and review of the clinical history and circumstances of death, failed to reveal a known cause of death (COD) (4, 5). All cases were internally adjudicated using standard protocols, autopsy, and death scene investigations. Adjudications were done blinded to findings in the medulla and the hippocampus.



Combined Cohort of SIDS and Controls for Analysis of Medullary 5-HT1A Binding

Data on 5-HT1A binding levels were obtained from a combined cohort of SIDS (n = 86) and control (n = 22) cases that originated from multiple, independent datasets collected over different periods of time. The individual datasets comprising the cohort were designated in our laboratory as Dataset 3 [n = 22; 6 controls,16 SIDS], including cases collected from 1998 to 2004 (4), Dataset 4 [n = 40; 5 controls, 35 SIDS], including cases collected from 2004 to 2008 (5), and Dataset 5 [n = 46; 11 controls, 35 SIDS], including cases collected from 2008 to 2013 [unpublished]. Medullary 5-HT1A binding was performed on medulla taken at autopsy then fresh-frozen. Controls in our combined cohort for 5-HT1A analysis were infants that died from a definitive COD. The CODs are as follows: congenital heart disease (n = 7); respiratory infection (n = 4); asphyxial accident (e.g., wedging of head) (n = 4); drowning (n = 1); gastroesophageal reflux disease (n = 1); complication of prematurity (n = 1); fatty acid oxidation disorder (n = 1); hemolytic anemia associated with febrile illness (n = 1); meconium aspiration (n = 1); complications of traumatic placental abruption (n = 1). The combined cohort represents all SIDS and control cases to date that originated from the SDME and were analyzed in our laboratory for medullary 5-HT1A binding. Of the 86 SIDS cases in this combined cohort, 41 had hippocampal data available for analysis, as described below in “SIDS subset with both medullary 5-HT1A binding and hippocampal analyses” and depicted in Figure 2.
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FIGURE 2. The diagram illustrates the different laboratory datasets from which the analytic cohort (n = 41) originates. Datasets 3–5 are independent datasets with no overlap in SIDS or control cases. Fixed hippocampus tissue was available for morphological assessment on a total of 153 cases. Hippocampal results were reported in Kinney et al. (8) using adjudications of unexplained (n = 114) and explained (n = 39). Frozen medulla tissue was available for 5-HT1A receptor autoradiography on 108 total cases. Results from analysis of medullary 5-HT1A binding data from Datasets 3 and 4 have been previously published in Paterson et al. (4) and Duncan et al. (5), respectively. Additional 5-HT1A binding data from a third independent dataset, Dataset 5, have been collected and added to published Datasets 3 and 4 for the combined cohort of 108, including 86 SIDS cases and 22 controls in this report (See Figure 3). Individual SIDS cases that had available hippocampal assessment data and medullary 5-HT1A receptor binding data comprise the analytic cohort (n = 41 SIDS). Of note, all 41 SIDS cases were adjudicated as unexplained in Kinney et al. (8).




Original Dataset of SIDS and Controls for Hippocampal Features

Hippocampal features were originally examined in 153 cases. These cases included 114 cases adjudicated as unexplained deaths and 39 cases adjudicated as explained deaths (8). Histological assessment was performed on formalin-fixed tissue taken at autopsy. The definition of unexplained, as published by Kinney et. al. (8), is equivalent to the definition of SIDS as reported in previous 5-HT1A binding studies (4, 5). In our current study, we use the term SIDS, rather than unexplained, to be consistent with previous published brainstem neurochemistry studies (4, 5). Of the 114 SIDS cases with hippocampal assessment, 41 had medullary 5-HT1A binding measurements available for analysis, as described below in “SIDS subset with both medullary 5-HT1A binding and hippocampal analyses” and depicted in Figure 2.



SIDS Analytic Cohort With Both Medullary 5-HT1A Binding and Hippocampal Analyses

Forty one SIDS cases had both hippocampal assessment and medullary 5-HT1A binding data and comprise the analytic cohort (Figure 2). This combined SIDS cohort with data from frozen medulla and fixed hippocampus includes the following: Dataset 3 SIDS (n = 4) (4), Dataset 4 SIDS (n = 20) (5), and Dataset 5 SIDS [unpublished] (n = 17).



Hippocampal Study Review

Hippocampi analyses and data were previously published (8). Briefly, coronal hippocampal sections (6μm) were independently analyzed by pediatric neuropathologists (Kinney, Armstrong). The presence or absence of 44 developmental and acquired features in the DG, Ammon's horn, subiculum, entorhinal cortex, temporal cortex and white matter was assessed for each case (8).



Brainstem Receptor Autoradiography

Receptor autoradiography for medullary 5-HT1A binding was previously performed on frozen medulla of Datasets 3 and 4 using 3H 8-hydroxy-2-[di-N-propylamino]-tetralin (3H-DPAT) as described (4, 5). Frozen medulla from Dataset 5 were analyzed using these same protocols. For this report, we focused our analysis on eight nuclei that contain 5-HT-producing neurons (raphe obscurus [RO], gigantocellularis [GC], paragigantocellularis lateralis [PGCL], intermediate reticular formation [IRZ], and arcuate nucleus [ARC]) and nuclei that contain 5-HT projections (nucleus of the solitary tract [NTS], hypoglossal nucleus [HG], and dorsal motor nucleus of the vagus [DMX]).



Statistical Analyses
 

Medullary Abnormalities in 5-HT1A Across the Combined Cohort of Cases With 5-HT1A Binding

Analysis of covariance was performed to examine differences in mean 5-HT1A binding in SIDS vs. Controls, adjusted for postconceptional age and dataset, as these two variables are potential confounders due to their association with both 5HT1A binding and diagnosis (SIDS vs. Control).

A test of interaction between diagnosis (SIDS vs. Control) and postconceptional age was also performed. Least-squares (adjusted) means with standard error for SIDS vs. Controls were reported for the models involving nuclei that had no age by diagnosis interaction. Slope estimates of 5-HT1A binding as a function of age were reported for the models from nuclei that displayed a significant age by diagnosis interaction.



Comparison of Mean 5-HT1A Binding With the Presence or Absence of Specific Hippocampal Abnormalities

To look for an association between low 5-HT1A binding and hippocampal abnormalities, we chose to focus on hippocampal features that were significantly more common in SIDS cases compared with controls (8). These features, thought to be developmental in nature as opposed to acquired (e.g, due to hypoxia), include focal granule cell bilamination, clusters of immature cells in the subgranular layer, and single ectopic granule cells in the molecular layer of the DG. The primary outcomes were 5-HT1A binding values in fmol/mg (continuous outcome) in each nucleus. Multivariable linear regression was used to compare mean 5-HT1A binding in SIDS cases with and without the hippocampal feature, adjusted for dataset and postconceptional age (PCA) [gestational age + postnatal age] (Table 5).



Association Between the Presence of a Hippocampal Abnormality and Low 5-HT1A Binding

For each nucleus, multivariable logistic regression was used to estimate the association between the binary, 5-HT1A (lowest quartile [Q1] vs. above first quartile) outcome variable and the presence vs. absence of a hippocampal feature, adjusted for PCA. Classification into the lowest quartile was based on the distribution of binding specific to each dataset. Classification of 5-HT1A binding within individual datasets was necessary because of small, but significant, differences in binding data across datasets collected over the 14 year period of case collection and analysis. For Table 6, the presence vs. absence of a hippocampal abnormality was instead modeled as the outcome, and for each model the PCA-adjusted predicted probability of having a hippocampal abnormality was reported.



Analyses of SIDS Subsets as Defined by the Presence or Absence of Low Medullary 5-HT1A Binding and Hippocampal Features

SIDS cases were grouped into four subsets according to the presence vs. absence of low medullary 5-HT1A binding and presence vs. absence of a specific hippocampal feature. A SIDS case was defined as having low medullary 5-HT1A binding if 5-HT1A binding was in the lowest quartile (Q1) for two or more of the eight medullary nuclei. A test of association between clinical features and SIDS subsets (four groups: presence vs. absence of hippocampal abnormality X binding in Q1 vs. binding above Q1) was performed using a Fisher exact test for categorical features, and a Wilcoxon rank sum test for continuous features.

In all analyses, a p < 0.05 was considered statistically significant. Comparisons were not adjusted for multiplicity associated with examination of differences in multiple brain nuclei.

Analyses were performed with SAS version 9.4 (SAS Institute, Inc., Cary, NC) and R version 4.0.3.





RESULTS


Medullary Abnormalities in 5-HT1A Across the Combined Cohort of SIDS and Control Cases With 5-HT1A Receptor Binding Data

Before analyzing the analytic cohort of SIDS cases with both hippocampal assessment and medullary 5-HT1A binding data, we examined the full combined 5-HT1A cohort of SIDS cases (n = 86) for abnormalities in 5-HT1A binding compared to control cases (n = 22). The demographics of SIDS and control cases are noted in Table 1. The two groups differed with respect to median PCA; therefore, SIDS vs. control comparisons were adjusted for PCA. Mean postmortem interval (PMI) was higher (p = 0.025) in the SIDS cases. As previously published (4, 5), however, there was no effect of PMI on 5-HT1A binding. In two nuclei, the GC and NTS, there was lower PCA-adjusted mean binding in SIDS infants compared to controls (p = 0.006 and 0.02, respectively) (Table 2). Statistical analyses of this combined cohort showed a significant age vs. diagnosis interaction in the following nuclei: RO (p = 0.005), PGCL (p = 0.006), IRZ (p = 0.046), HG (p = 0.02) (Table 2; Figure 3). Within these nuclei the age vs. diagnosis interaction shows that 5-HT1A binding decreases with PCA in SIDS cases, but binding does not vary with age in control cases. In the remaining two nuclei, the ARC and DMX, there was no interaction and no difference in mean binding between SIDS infants and controls (Table 2).


Table 1. Demographics of the SIDS and control cases comprising the full combined cohort for 5-HT1A binding analysis.
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Table 2. 5-HT1A receptor binding in the medullary serotonin system in a combined cohort of SIDS and controls.
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FIGURE 3. Cross-sectional association of postconceptional age and medullary 5-HT1A binding in selected nuclei. The red and black lines represent the estimated dataset-adjusted mean of 5-HT1A binding according to postconceptional age for SIDS and controls from combined datasets, respectively. The p-value reflects a postconceptional age × Diagnosis interaction.




Hippocampal Features

We focused on three hippocampal features that were significantly more common in SIDS cases compared with controls (8); focal granule cell bilamination, clusters of immature cells in the subgranular layer, and single ectopic granule cells in the molecular layer of the DG. Figure 1 shows an example of these features while Table 3 shows the prevalence of these abnormalities in the original report (8) and in the SIDS analytic cohort from this report that have medullary 5-HT1A data. Of note, the prevalence of clusters of immature cells in the subgranular layer was higher (73.2% vs. 53.5%, p = 0.04) in the current SIDS cases compared to the prevalence in the published cases (Table 3). This may be due to sampling variation. The prevalences of the other hippocampal features were similar for the Kinney et al. (8) and present study.


Table 3. Prevalence of hippocampal features of interest in Kinney et al. (8) and their prevalence in the analytic cohort of SIDS with available medullary 5-HT1A binding data.
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Demographic Data of SIDS Analytic Cohort With Both Hippocampal Analysis and Medullary 5-HT1A Binding

Demographic data for all SIDS cases in the analytic cohort are shown in Table 4. There were no significant differences in the demographics of the cases from the three datasets (Datasets 3, 4, and 5) (data not shown).


Table 4. Demographics of the SIDS analytic cohort with hippocampal assessment and 5-HT1A binding.
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Comparison of Mean 5-HT1A Binding With the Presence or Absence of Specific Hippocampal Abnormalities

In the SIDS analytic cohort with both hippocampal analysis and 5-HT1A binding data (n = 41), we addressed the hypothesis that the SIDS cases with a hippocampal abnormality will have lower medullary 5-HT1A binding compared to SIDS cases without a hippocampal feature (Table 5). We found no difference in medullary 5-HT1A binding levels in SIDS cases with or without granule cell bilamination (Table 5). There was no difference in medullary 5-HT1A binding in 7 of 8 nuclei with or without clusters of immature cells in the subgranular layer. One exception, the raphe obscurus (RO), showed higher mean binding in SIDS cases with the hippocampal abnormality (p = 0.04) (Table 5). There was no difference in medullary 5-HT1A binding in 6 of 8 nuclei with or without single ectopic granule cells in the molecular layer of the DG. In the HG and DMX, mean medullary 5-HT1A binding was lower (p = 0.033 and 0.01, respectively) in SIDS cases with the hippocampal feature compared to SIDS cases without the hippocampal feature (Table 5).


Table 5. Medullary 5-HT1A binding in SIDS cases with and without specific hippocampal abnormalities.
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Association Between the Presence of a Hippocampal Abnormality and Low 5-HT1A Binding

We addressed the hypothesis that SIDS cases with the lowest medullary 5-HT1A binding have a higher prevalence of hippocampal abnormalities compared to SIDS cases with higher binding. We rationalized that if there is an association between a hippocampal feature and low medullary 5-HT1A binding, there would be a higher prevalence of the feature in the SIDS cases with the lowest binding. We saw no difference in the prevalence of hippocampal abnormalities in SIDS cases with the lowest binding (Q1) compared to SIDS cases defined as having higher binding (Q2-Q4). This was true for all hippocampal abnormalities and all medullary nuclei including a composite measure representing low binding in at least two nuclei (Table 6).


Table 6. Estimated age-adjusted prevalence of hippocampal abnormality in SIDS cases with low (first quartile) vs. higher 5-HT1A binding (quartiles 2–4).
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Analyses of SIDS Subsets as Defined by the Presence or Absence of Low Medullary 5-HT1A Binding and Hippocampal Features

Although we did not find significant associations between low medullary 5-HT1A binding (defined as binding in the lowest quartile) and hippocampal abnormalities (Table 6), there are cases within the cohort that exhibit both lesions [Subset 4] (Figure 4). Table 7 shows clinical and risk factor data associated with SIDS subsets based on the presence or absence of medullary 5-HT1A binding in the lowest quartile of binding (Q1) with and without the presence of focal granule cell bilamination. There were 10 SIDS cases (10/41, 24%) that showed both low medullary 5-HT1A binding and DG bilamination [Subset 4]. There was no significant difference in PCA, gestational age (GA), male sex, illness 24–48 h prior to death, body position (prone), face position (face down or face covered), prevalence of bedsharing, or sleep site across the different groups. There was a significant difference (p = 0.007) in the prevalence of premature birth (birth <37 gestational weeks), with the highest prevalence of premature birth in the SIDS subset with low 5-HT1A binding only (50%) (Table 7) [Subset 2]. There were no premature infants in the SIDS subset with focal granule cell bilamination, with or without low medullary 5-HT1A binding [Subset 3 and 4, respectively]. There was no difference in reported prenatal alcohol exposure. There was a higher prevalence of prenatal smoking (60%) in the subset with medullary 5-HT1A abnormalities only [Subset 2] compared with the other three subsets (0–33% prenatal smoking), but this comparison was not statistically significant (p = 0.10). In addition to the clinical and risk factors listed, we also examined the prevalence of the following factors: history of illness 1 week prior to death, position to sleep, position found, prenatal exposure to selective serotonin reuptake inhibitors (SSRIs), complications of pregnancy, complications of labor, complications of delivery, complications of the postnatal period, and minor congenital abnormalities. There were no statistical differences found with these clinical features among the SIDS subsets (data not shown).


[image: Figure 4]
FIGURE 4. Summary of SIDS subsets based on hippocampal and brainstem (5-HT1A) abnormalities. Hippocampal morphological and brainstem 5-HT1A abnormalities are depicted in red. The percentages of SIDS cases falling within each subset are shown and vary depending on the hippocampal feature.



Table 7. Clinical and risk factor profile by medullary 5-HT1A binding and hippocampal feature (focal granule cell bilamination) status.

[image: Table 7]

We performed similar analyses on SIDS subsets with and without hippocampal clusters of immature cells in the subgranular layer of the hippocampus (Table 8). Mean PCA was higher in the SIDS subset without either lesion (Subset 1) (p = 0.04) (Table 8). This reflects a higher postnatal age in this subset, given that gestational age is not different. Cases from this same group were also more likely to have been sleeping somewhere besides the crib (p = 0.03). There were no significant differences among the subsets in prenatal exposures to SSRIs, alcohol, and smoking.


Table 8. Clinical and risk factor profile by medullary 5-HT1A binding and hippocampal feature (clusters of immature cells in the subgranular layer).

[image: Table 8]

In the analysis of SIDS subsets with and without single ectopic granule cells in the molecular layer of the DG (Table 9), there was a borderline significant difference in PCA (p = 0.05) and the face position (face down or face covered) (p = 0.09). There was a difference in prenatal smoking (p = 0.02) with the highest prevalence of smoking (71%) in the cases with both hippocampal and brainstem 5-HT1A abnormalities [Subset 4]. There were no significant differences amongst the groups in any other clinical or risk factors analyzed (data not shown).


Table 9. Clinical and risk factor profile by medullary 5-HT1A binding and hippocampal feature (single ectopic granule cells in the molecular layer of the dentate gyrus) status.
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DISCUSSION

We used a combined analytic cohort of SIDS cases from our laboratory to statistically address the hypothesis that hippocampal abnormalities and medullary 5-HT1A abnormalities are associated, with one dependent on the presence of the other. We hypothesized that evidence supporting a dependent relationship between the two lesions would be demonstrated in either (1) decreased medullary binding in the presence of one or more hippocampal lesions, (2) an increased prevalence of hippocampal abnormalities in the cases with the lowest medullary binding, and/or (3) a uneven distribution of cases across the 4 designated subsets with an increased number of SIDS cases with both abnormalities present compared to SIDS cases with only one abnormality. While our resulting data largely support the important observation that our overarching hypothesis is not true, they also highlight the complexity of SIDS etiology. Below we discuss our findings, the limitations of the methods, and contribution of the data to our understanding of SIDS pathology.


Hippocampal-Brainstem Relationship

Our analyses focused on three hippocampal features reported by Kinney et al., to be significantly present in SIDS infants compared to controls (8). The prevalence of these features, particularly granule cell bilamination, among different SIDS cohorts has varied (14, 15) as has the reported specificity of the finding to pathology in pediatric cohorts including SIDS and sudden unexplained death in childhood (9, 10, 12, 14, 29–32). Differences in the statistical significance of these hippocampal features likely reflect cohort size, availability and definitions of controls, differences in and availability of consistent hippocampal levels, and differences among neuropathological assessments. Despite differences among studies, our combined analytic cohort presented a unique opportunity to examine potential relationships between the observations in our laboratory of hippocampal abnormalities and medullary 5-HT1A deficiencies. Using statistical methods, we were largely unable to detect the hypothesized relationships. Nonetheless, we did see significant differences in medullary 5-HT1A values when comparing cases with and without clusters of immature cells in the subgranular layer (increased binding in the RO of cases with the hippocampal abnormality) and when comparing cases with and without single ectopic granular cells in the molecular layer of the DG (decreased binding in the HG and DMX of cases with the hippocampal abnormality). The biological significance of these findings is unknown however, particularly given the lack of statistical significance when we examined the prevalence of the hippocampal lesions in cases with low 5-HT1A binding at these medullary sites.

Our original hypothesis that medullary and hippocampal findings in SIDS infants coexist was based partially on the known trophic role of 5-HT during development in neuronal migration and neurogenesis, including in the dentate gyrus of the hippocampus (22–25). While 5-HT present in the hippocampus during hippocampal development is thought to mainly derive from rostral 5-HT groups in the midbrain and pons (33, 34), connectivity between medullary 5-HT nuclei and limbic structures including hippocampus have been shown in the human (27), suggesting a potential additional role for caudal 5-HT groups in hippocampal development. We speculated that abnormalities in the hippocampus in SIDS reflect proliferation and/or migration defects and are due to defective or deficient brainstem 5-HT innervation of the hippocampus, including innervation of the hippocampal Cajal Retzius cells that produce the reelin during development and regulate neuronal migration (24). In addition to potential trophic implications of an abnormal serotonergic system on hippocampal formation, we also considered a potential implication of an abnormal hippocampus on the medullary 5-HT system. Our findings in the hippocampus represent a putative morphological marker of an impaired central homeostatic network involving the limbic system (including hippocampus), brainstem and forebrain (35). An instability in limbic regions, potentially resulting in abnormal seizure-like electrical discharges, could propagate to the medullary regions involved in breathing and/or autonomic function decreasing activity of the 5-HT neurons. The effect of seizure on 5-HT neuronal activity in the medulla during and after seizure activity has been shown in rat models (26) and patients with temporal lobe epilepsy exhibit decreased binding to 5-HT1A receptors within the midbrain raphe (36, 37). Given this, we also postulated a scenario where an abnormal hippocampus and hippocampal electrical discharge, either acutely at the time of death or intermittently during the postnatal period, could lead to abnormal medullary 5-HT neuronal activity in SIDS infants.

In our analysis of SIDS subsets (summarized in Figure 4), our assessment of available clinical and risk factor data shows no distinct profile associated with SIDS cases presenting with both hippocampal and medullary abnormalities, SIDS cases with neither hippocampal nor medullary abnormalities, nor SIDS cases presenting at autopsy with abnormalities at only one site (hippocampus or medulla). Interestingly, in our analysis of SIDS subsets with and without low medullary 5-HT1A binding and single ectopic granule cells in the molecular layer of the DG (Table 9), we showed a significantly higher rate of prenatal exposure to smoking in the subset of cases with both the brainstem and the hippocampal abnormality. Prenatal smoking is a known risk factor for SIDS and has been related to lower 5-HT1A receptor expression in medullary nuclei of postmortem infants (SIDS and controls) compared with cases with no prenatal smoking history (7). Rodent and primate models of prenatal nicotine exposure also show an effect of prenatal nicotine exposure on the 5-HT1A receptor, albeit with increased 5-HT1A receptor expression (38) and binding (39), respectively. Relative to hippocampal development, prenatal nicotine exposure has effects on hippocampal neuronal signaling and function (40) as well as morphological indices [reviewed in (41)]. Our findings related to this subset of SIDS cases suggest a developmental relationship or connectivity between the medullary and hippocampal entities that is affected more so by prenatal exposure than is either entity alone. The number of cases with exposure information is relatively small and therefore this result should be considered as hypothesis-generating (see Limitations below). In our analysis of SIDS subsets with and without low medullary 5-HT1A binding and focal granule cell bilamination, there was a higher rate of prematurity in the SIDS subset with low medullary 5-HT1A binding only (Table 7). Prematurity is a known risk factor for SIDS (42) and vulnerability within this group related to deficits in the medullary 5-HT system is of interest and warrants further study. In this same analysis of SIDS subsets with and without low medullary 5-HT1A and clusters of immature cells in the subgranular layer (Table 8), we showed a significant difference in sleep site with a higher proportion of cases with neither hippocampal or medullary abnormalities sleeping in sites other than the crib (e.g., adult bed). Given the low numbers included in this analysis, the significance is unknown. It may, however, reflect a need for an increased burden of SIDS risks factors (sleeping in an adult bed) to precipitate death in cases without these abnormalities.

In our analysis of SIDS subsets, the number of cases (~25%) with both hippocampal and 5-HT1A abnormalities is of interest. We postulate that in these cases, the hippocampal and brainstem abnormalities may be related, either via mechanisms suggested above or in ways related to an unknown common cause lying upstream of both. In cases displaying only one abnormality, we cannot rule out the possibility that the other abnormality would present itself had the infant lived long enough. Finally, in cases with neither abnormality, the question remains as to the underlying pathogenesis. Death in these cases may be related to other intrinsic (e.g., genetic) or extrinsic (e.g. environmental) risk factors alone or in combination postulated to play a role in SIDS [reviewed in (43)].

In our analyses, we focus on brainstem abnormalities as determined by binding deficiencies in the 5-HT1A receptor in the medulla only. We cannot rule out the possibility that hippocampal abnormalities co-exist with potential 5-HT abnormalities in rostral brainstem structures (pontine or midbrain). Of note, in addition to medullary 5-HT1A abnormalities, we have also observed abnormalities in other 5-HT indices in the medulla including a defect in binding to 3H- lysergic acid diethylamide (LSD), a much broader 5-HT receptor ligand (1, 3), a deficiency in 5-HT levels as determined by high performance liquid chromatography (HPLC) (5), and an increased number of neurons expressing tryptophan hydroxylase 2 (TPH2) [rate determining enzyme in 5-HT production] as determined by immunocytochemistry (4). Thus, we cannot rule out the possibility that hippocampal abnormalities co-exist with other 5-HT abnormalities in rostral or caudal brainstem structures. Overlap between cases to date with hippocampal data and medullary measures of 5-HT level and TPH2 cell number is insufficient to look for associations as we have done here.



Medullary 5-HT1A Abnormalities in the Combined Cohort

In addition to new data discussed above on the relationship between hippocampus and medullary abnormalities, it is important also to emphasize the medullary 5-HT1A data in the full combined cohort [published and unpublished] of SIDS and controls (Table 2, Figure 3). In this combined cohort, we have confirmed published deficiencies in 5-HT1A binding in multiple nuclei of the rostral and caudal medulla, including nuclei containing 5-HT neurons (RO, GC, PGCL, and IRZ) and nuclei containing 5-HT projections (HG and NTS). These data support the robustness of the published 5-HT1A binding abnormalities in SIDS. Abnormalities in binding include overall decreased binding in SIDS compared to controls (GC and NTS) and significant age vs. diagnosis interactions (RO, PGCL, IRZ, and HG). The latter finding, first reported in Duncan et. al. (5), shows a decreased binding with age in the SIDS cases only. This decrease in binding potentially reflects a dynamic change with age due to instability in binding or compensation over time in response to some other factor or developmental abnormality. Alternatively, it may reflect the possibility that the most vulnerable infants (lowest 5-HT1A binding) are still susceptible at an older age or that infants with a greater deficiency live longer, potentially avoiding for a longer period of time the external stressors that we hypothesize trigger sudden death.



Limitations of Methods

To address the relationship between hippocampal and brainstem 5-HT1A abnormalities, we have utilized a analytic cohort of SIDS cases only. Overlapping hippocampal and brainstem data exist for only 5–9 control cases thus limiting our ability to utilize controls for comparison. Within the SIDS analytic cohort, we have defined low 5-HT1A binding as cases in the lowest quartile (lowest 25%) of binding compared to SIDS cases with binding in all other quartiles (26–100%). We cannot exclude the possibility that hippocampal abnormalities statistically associate with more subtle 5-HT1A deficiencies—that is, SIDS cases falling within the second quartile of binding (25–50%). Mostly non-significant differences in medullary 5-HT1A binding with or without hippocampal dysmorphology suggests however, that this is not the case (Table 5). We also cannot rule out that hippocampal abnormalities associate with medullary 5-HT1A abnormalities defined as low based on controls, an analysis that we could not do due to reasons discussed. Within our SIDS analytic cohort, medullary 5-HT1A data were not available for all medullary nuclei. Thus, in our analysis of SIDS subsets (Tables 7–9), our designations of subsets based on low 5-HT1A binding in two or more medullary nuclei have been given without knowledge in some cases of binding in all nuclei. Our receptor binding analyses over 14 years covered three independent datasets. In the binding experiments, we utilize radioactive standards, which normalize the data across experiments. However, over the three different datasets, there were small but significant differences, specifically with Dataset 5 compared with Datasets 3 and 4. This difference was statistically adjusted for in our final analysis but is included in the limitations given the unavoidable nature of experimental variation over such a long period of time. Finally in our analysis of clinical and risk factor data, we report only on what is available in the autopsy and investigative reports. While we analyzed the data for differences in prenatal exposures, we consider these data with caution. The information that is not available is likely missing at random and thus not incurring bias into the comparisons performed. However, the number of cases where exposure information is provided is relatively low and the exposure data that we do have on the cases is general (yes/no) with little information about quantity of exposure or when the exposure occurred (e.g, first, second, or third trimester).



Implications of Independent Hippocampal and Medullary 5-HT1A Brainstem Lesions

Our data support that the presence of the three hippocampal features identified previously as increased in SIDS infants (8) is not strictly dependent on the presence of abnormalities in medullary 5-HT1A binding. Whether these lesions reflect two independent diseases or one disease with minor differences in pathological phenotypes remains unknown. The former supports a heterogenous etiology of SIDS while the latter suggests a common disease process with mechanisms affecting different nodes within the integrated central homeostatic network. Given the number of SIDS cases with and without one or both of the lesions, our data support the heterogenous nature of SIDS with different vulnerabilities in different infants. Hypotheses regarding biological or mechanistic relationship(s) between different vulnerabilities in SIDS and the means by which risk factors intersect these vulnerabilities to increase susceptibility to sudden death remain critical.
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risk factor without hippocampal feature  5-HTy4 binding only only 5-HT1a binding with hippocampal
feature

[Subset 1] [Subset 2] [Subset 3] [Subset 4]
N 12 (29%) 6(15%) 13(32%) 10 (24%)
Postconceptional age (wk) 547468 610112 53.0+83 542464 024
Gestational age (W) 37.8+44 375+36 393+ 1.1 39.7 09 0.10
Prematurity 3(25%) 3(50%) 0(0%) 0(0%) 0.007
Male sex 7 (68%) 4(67%) 9(69%) 5(50%) 0.82
liness 2448 h prior to death 2(17%) 2(33%) 431%) 444%) 059
(N=12:6;13;9)
Found prone 5 (42%) 2(50%) 6(50%) 7 (88%) 0.19
(N=12:4;12;8)
Face down o Face covered 4(36%) 2(18%) 1(9%) 4(36%) 0.18
N=9:397)
Bed Sharing 3(25%) 1(17%) 431%) 2(20%) 096
Smoking 0 3(60%) 2(17%) 2(33%) 0.10
(N=6:512;6)
Alcohol 0 0 o 1(14%) 065
N=6;4,9,7)
Sleep site 0.18
(N=12;6;11;10)
Ciib 7 (58%) 4(67%) 2(18%) 5(50%)
Adult bed 4(33%) 1(7%) 8 (73%) 4(40%)
Sofa 0 0 0 o
Car seat 0 0 1(9%) 0
Other 18%) 1(17%) 0(0%) 1.(10%)

5-HT, serotonin; Q, quartile; N, number; wk, week. Information on some risk factors was not available for every case. The N's shown under the risk factor in the first column indicate the
number of cases in each subset with information available when missing data were present. Significant p-values (o < 0.05) are bolded.
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Medullary N % with hippocampal Age-adjusted

nucleus at/ feature + SE p-value
Q2-a4
at Q2-Q4

FOCAL GRANULE CELL BILAMINATION

Composite* 16/25 66+ 12 50+ 10 0.35
RO 10/29 61+ 16 59+9 0.90
GC 10/29 43+ 16 659 0.25
PGCL 11/28 58+ 16 609 094
IRZ 10/28 50+ 16 61+£9 0.54
ARC 7/18 44£19 66+ 11 0.31
HG 9/22 85 +17 50+ 11 081
DMX 8/19 67 £17 40£12 0.25
NTS 9/22 45 £ 17 54+ 11 0.62
CLUSTERS OF IMMATURE CELLS IN SUBGRANULAR LAYER

Composite* 16/25 7412 76+£9 0.90
RO 10/29 783+ 15 8148 0.59
GC 10/29 68+ 16 837 0.34
PGCL 11/28 M£15 82+7 0.45
IRZ 10/28 60+ 17 8547 0.14
ARC 7/18 89+ 11 79+ 10 0.56
HG 9/22 67 £ 17 81+9 0.42
DMX 8/19 84413 72+ 11 052
NTS 9/22 69+ 16 80+9 0.53

SINGLE ECTOPIC GRANULE CELLS IN MOLECULAR LAYER OF THE
DENTATE GYRUS

Composite* 16/26 68+ 13 62+ 10 0.71
RO 10729 78315 62+ 10 0.57
GC 10729 5717 68+ 10 0.56
PGCL 11/28 72+£15 63+ 10 0.62
IRZ 10/28 60+ 16 65+9 0.78
ARC 778 46+ 19 66+ 12 0.36
HG 9/22 79+ 14 50 £ 11 017
DMX 8/19 89+ 11 43+ 14 0.08
NTS 9/22 8114 49£12 0.14

Estimates are adjusted for post-conceptional age and classification of low binding
is performed within dataset. SIDS, sucden infant death syndrome; 5-HT, serotonin;
RO, raphe obscurus; GC, gigantocelllaris; PGCL, paragigantocelluaris lateralis; IRZ,
intermediate reticular zone; ARG, arcuate nucleus; HG, hypoglossal nucleus; DMX, dorsal
motor nucleus of the vagus; NTS, nucleus of the soliary tract; SE, standard error. The
numbers (N) of SIDS cases in Q1 and Q2-Qd are given in the second column. The total
Nvaries due to the fact that not every SIDS case had binding in every nucleus.
*Composite measure s an indicator for a case having low 5-HT1 binding (Q1) in at least
2 nuclei.
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Gestational age (k)
Postnatal age (wk)
Postconceptional age (wk)

Median (IQR)
Postconceptional age (wk)

Prematurity (GA<37 weeks)
Postmortem interval (i)
Male sex

Race/ethnicity

White

Black

Hispanic

Other

Unknown

Controls sIDs
Mean = SD or
22 86
388+19 383 +3.2
9.1+128 16.7 £8.9
479+ 133 540+838
419(40.3,533) 526 (48.0,58.2)
3 (14%) 17 (20%)
155467 192:£7.0
8 (36%) 14 (64%)
6 (30%) 36 (44%)
5 (25%) 9(11%)
9 (45%) 23 (28%)
0(0%) 13 (16%)
7 5

p-value

0.46
0.006
0.01

0.001

0.76
0.03
0.15
0.04

SIDS, sudden ifant death syndrome; 5-HT, serotonin; SD, standard deviation; wk, week;
PCA, postconceptional age; GA, gestational age; hr, hours. SD, Standard Deviation; IQR,

interquartile range.
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Age- and dataset-adjusted mean  SE Estimated slope  SE,

fmol/mg tissue fmol/mg tissue
Nucleus N SIDS Controls p-value Age x Diagnosis sIDs Controls
SIDS/ Interaction Change in binding per Change in binding per

Controls p-value® week week

RO 78/22 - - - 0.005 ~061 + 026 +057 +0.33

ac 78/22 1630101  2236£187 0006 ns.

PGCL 78/22 - - - 0,006 ~0214009° +0.18:£0.11

RZ 7722 - - - 0.05 ~0.1840.07° +0.03 0,08

ARC 56/16 532040  654=0.71 014 ns.

HG 68/17 - - - 002 ~000:+004° +0.08 1 0.05

DMX 53/11 826052  955=1.16 032 ns.

NTS 68/17 1026054 1308+ 1.06 002 ns.

Al estimates are adjusted for postconceptional age and dataset. Abbreviations. SIDS, sudden infant death syndrome; 5-HT, serotonin; RO, raphe obscurus; GC, gigantocelularis;
PGCL, paragigantoceluaris lateralis; IRZ, intermediate reticular zone; ARC, arcuate nucleus; HG, hypoglossal nucleus; DMX, dorsal motor nucleus of the vagus; NTS, nucleus of the
soltary tract; SE, standard error; n.s., not significant. The numbers () of SIDS and controls are given in the second column. The total N variss due to the fact that not every case had
binding data available for every nucleus.

With a significant postconceptional age X diagnosis interaction, estimated slopes are provided because the difference in means between SIDS cases and controls varies by age.
bSlope differs from zero, p < 0.05.
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Medullary Adjusted Mean 5-HTya Age- and
Nucleus binding in fmol/mg + SE dataset-
adjusted p-value

N Hippocampal Hippocampal

Absent/  abnormality- abnormality-
Present  ABSENT PRESENT

FOCAL GRANULE CELL BILAMINATION

RO 16/23 3867 £6.36 33.57 +5.06 0.49
GC 18/23 1673 +£227 1458 = 1.80 0.66
PGCL 16/28 1280 +1.76 11.79+ 1.40 0.62
IRZ 16/22 1003+ 144 875+1.16 045
ARC 10/16 3.88+1.27 4.80 +0.95 0.51

HG 15/16 7474147  7.21+105 0.86
DMX 14/13 8.08 £1.05 764+1.13 0.78
NTS 15/16 913£1.09 9.05+098 0.95
CLUSTERS OF IMMATURE CELLS IN SUBGRANULAR LAYER

RO 9/30 21.82:£7.67 39.34+4.49 0.04
GC 9/30 1197 £283 1587 = 1.65 021

PGCL 9/30 970£219 1287 +1.29 0.20
IRZ 9/29 780+182 965+ 1.08 0.36
ARC 5/20 4.65£1.62 4.49 £ 0.90 0.92
HG 8/23 6.52 +1.60 7.57 £0.92 0.67
DMX 7/20 765+164  7.944089 0388
NTS 8/23 7.76+148 9484085 0.30
SINGLE ECTOPIC GRANULE CELLS IN MOLECULAR LAYER OF DG
RO 14/26 4124 +632 31.80%5.14 0.22
Gc 14/26  1613£229 14924186 094
PGCL 14/25 1256 +£1.78 1191145 0.76
IRZ 14/24 1049+ 143 841+ 1.18 024
ARC 10/16 4.08+1.13 4.86+1.05 0.57
HG 13/18 9.08 £1.08 5.98 +0.96 0.03
DMX 511 1017 +£1.06 6.27 £0.89 0.01

NTS 13/18 10554104 7.97+092 0.08

SIDS, sudden infant death syndrome; 5-HT, serotonin; RO, raphe obscurus; GC,
gigantocelularis; PGCL, paragigantocellularis lateralis; IRZ, intermediate reticular zone;
ARC, arcuate nucleus; HG, hypoglossal nucieus; DMX, dorsal motor nucleus of the vagus;
NTS, nucleus of the soltary tract; SE, standerd error. The numbers (N) of SIDS cases with
the presence or absence of the hippocampal feature are given in the second column.
The total N varies due to the fact that not every SIDS case had binding in every nucleus.
Significant p-values (o < 0.05) are bolded.
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Published prevalence in controls
®

7.7%; 95% Cl 1.6-20.9%
(3/39)
10.8%; 95% C1 2.9-24.2%
(4/39)
33.3%; 95% Cl 19.1-50.2%
(13/39)

Published prevalence in SIDS
®*

41.2%; 95% C1 32.1-50.8%
“7/114)

53.5%; 95% Cl 43.9-62.9%
©1/114)

57.9%; 95% Cl 48.3-67.1%
(66/114)

Prevalence in the analytic cohort
of SIDS cases with medullary
5-HT14 data

56.1%; 95% C1 39.8-71.5%
(28/41)

73.2%; 96% CI 57.1-85.8%
@0/41)

63.4%; 95% Cl 46.9-77.9%
(@6/41)

“The prevalence of each hippocampal feature is significantly greater in SIDS than controls (p < 0.01) (3). SIDS, sudden infant death syndrome; 5-HT, serotonin; Cl, confidence interval.
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Mean  SD or
n (%)
N 4
Gestational age (wk) 387+29
Postnatal age (W) 163+85
Postconceptional age (wk) 549+8.1
Median (IGR) 53.0(49.0,59.0)
postconceptional age (wk)
Prematurity (GA<37 weeks) 6(15%)
Postmortem interval (hr) 19.7 62
Male sex 25 (61%)
Race/ethnicity
White 18 (46%)
Black 2(5%)
Hispanic 12 (31%)
Other 7(18%)
Unknown 2

SIDS, sudden infant death syndrome; 5-HT, serotonin; wk, week; GA, gestational age; h,
hour; SD, Standard Deviation; %, percent; IQR, interquartile range.
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