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Abstract
The brainstem has been a focus of sudden infant death syndrome (SIDS) research with amassing evidence of increased 
neuronal apoptosis. The present study extends the scope of brain regions examined and determines associations with known 
SIDS risk factors. Immunohistochemical expression of cell death markers, active caspase-3 and TUNEL, was studied in 37 
defined brain regions in infants (aged 1–12 months) who died suddenly and unexpectedly (SUDI). A semi-quantitative mean 
score of marker expression was derived for each region and scores compared between three SUDI subgroups: explained 
SUDI (eSUDI; n = 7), SIDS I (n = 8) and SIDS II (n = 13). In eSUDI, active caspase-3 scores were highest in several nuclei 
of the rostral medulla, and lowest in the hypothalamus and cerebellar grey matter (GM). TUNEL was highest in regions of 
the hippocampus and basal ganglia, and lowest in the thalamus and cerebellar GM. TUNEL scores were higher in SIDS II 
compared to eSUDI in the amygdala (p = 0.03) and 5/9 nuclei in the rostral medulla (p = 0.04 − 0.01), and higher in SIDS II 
compared to SIDS I in the amygdala (p < 0.01), putamen (p = 0.01), lentiform nucleus (p = 0.03) and parietal (p = 0.03) and 
posterior frontal (p = 0.02) cortex. Active caspase-3 was greater in the hypoglossal nucleus (p = 0.03) of SIDS I compared 
to eSUDI infants. Co-sleeping, cigarette smoke exposure and the presence of an upper respiratory tract infection in SIDS 
infants was associated with differences in marker expression. This study affirms the sensitivity of the brainstem medulla to 
cell death in SIDS, and highlights the amygdala as a new region of interest.

Keywords  Apoptosis · Caspase-3 · Postnatal brain · Sudden unexpected death in infancy · TUNEL

Abbreviations
AN	� Arcuate nucleus
CA	� Cornu ammonis
CNS	� Central nervous system
Cun	� Cuneate nucleus
DMNV	� Dorsal motor nucleus of the vagus
eSUDI	� Explained sudden unexpected death in infancy
ION	� Inferior olivary nucleus
LRt	� Lateral reticular formation
NSTT	� Nucleus of the spinal trigeminal tract
PCD	� Programmed cell death

SIDS	� Sudden infant death syndrome
SUDI	� Sudden unexpected death in infancy
TUNEL	� Terminal deoxynucleotidyl transferase (Tdt)-

mediated dUTP-biotin nick end-labelling
URTI	� Upper respiratory tract infection
Vest	� Medial and spinal vestibular nuclei combined
XII	� Hypoglossal nucleus

Introduction

Sudden unexpected death in infancy (SUDI) encompasses 
all deaths of a sudden, unexpected nature in infants aged 
between 1 week and 1 year [1]. Following autopsy, SUDI 
deaths may be either explained (eSUDI), for example sud-
den death due to trauma, or remain unexplained, such as 
in the case of sudden infant death syndrome (SIDS) and 
those cases which are deemed undetermined/unascertained 
[2]. SIDS has been defined as “the sudden unexpected death 
of an infant < 1 year of age, with onset of the fatal episode 
apparently occurring during sleep, that remains unexplained 
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after a thorough investigation, including performance of a 
complete autopsy and review of the circumstances of death 
and the clinical history” [3]. For the purposes of stand-
ardisation, the San Diego Criteria [3] may be used to sub-
categorise SIDS into three groups: SIDS IA, cases wholly 
meeting the aforementioned Krous et al., definition with all 
necessary investigations performed but providing no insight 
into factors potentially contributing to death; SIDS IB, cases 
meeting most of the requirements of SIDS IA; however, the 
results of one or more of the post-mortem screening tests 
(toxicology, microbiology, radiology, vitreous chemistry and 
metabolic screening) are incomplete. SIDS II cases are those 
outside of the age of SIDS, or where potentially aggravat-
ing factors are present, including unsafe sleeping conditions, 
resolved developmental delays or acute illness, with these 
factors insufficient to result in death on their own.

In 2017, the Global Action and Prioritization of Sud-
den Infant Death Project identified “research on the role of 
abnormal or immature brain anatomy and physiology” to 
be an ongoing priority in SUDI research [4]. To date, the 
brainstem, which contains nuclei pertinent to the control of 
cardio-respiratory function, has been a focal point of SIDS 
neuropathology research, with multiple abnormalities being 
reported, predominantly in the medulla [reviewed: 5]. Nota-
bly, there is evidence of increased apoptosis in the brainstem 
of SIDS infants [6–10]. The present study, aims to align 
itself with the priority from the 2017 consensus, extending 
upon the literature to determine if there is any variation in 
expression of cell death markers in the wider central nervous 
system (CNS) of unexplained and explained SUDI infants.

Neuronal programmed cell death (PCD) is the active 
removal of selected neurons and is crucial for correct tissue 
development and homeostasis [11, 12]. PCD plays three key 
roles in the developing infant CNS: (i) restriction of progeni-
tor cell numbers during neurogenesis; (ii) removal of defec-
tive neurons and; (iii) control of accurate connections and 
afferent/ efferent neuron ratios during synaptogenesis [11, 
12]. PCD is intrinsically coupled with other developmental 
processes such as neuro- and synaptogenesis [11, 13]. The 
extent, timing and mechanisms of PCD have been reported 
to vary in different regions of the developing brain. This 
variation has been attributed to the differential progression 
of concurrent developmental processes (i.e. neurogenesis 
and synaptogenesis) as well as several other factors, includ-
ing the balance of pro-survival and pro-death factors in the 
local microenvironment, neuron type, metabolic demands 
and vascular supply [14–16]. While processes critical to 
development are occurring, the immature brain is more 
sensitive to insult [15].

Apoptosis is the predominant form of PCD active in the 
CNS during development and is mediated by a family of 
intracellular cysteine proteases (caspases) [17]. Although 
initially thought to be specific for apoptosis, terminal 

deoxynucleotidyl transferase (Tdt)-mediated dUTP-biotin 
nick end-labelling (TUNEL) identifies DNA fragmenta-
tion in multiple cell death pathways including necrosis and 
apoptosis [18]. Active caspase-3 is frequently used as a spe-
cific marker of apoptosis. In the SIDS brain, an increase 
in TUNEL has been reported in the hippocampus [10] and 
in the arcuate, cuneate and gracile nuclei of the medulla 
[8, 10, 19]. Increased active caspase-3 expression has also 
been identified in the medulla in two independent SIDS 
cohorts [6–8], however, neither TUNEL nor active cas-
pase-3 expression were increased in the hypothalamus [20], 
suggesting that increased cell death in the SIDS brain is 
not global. To better understand the cell death paradigm in 
the infant brain, the present study focused on extending the 
brain regions examined, with analysis comparing three sub-
groups of SUDI (eSUDI, SIDS I and SIDS II). The findings 
are intended to help direct future neuropathology studies by 
identifying any further potential regions of interest in the 
SUDI brain, and to help address the priorities of the inter-
national consensus on SUDI research.

Materials and methods

Data and tissue collection

All information regarding infant characteristics and the brain 
tissue used in this study were collected by the Department 
of Forensic Medicine, NSW between 2008 and 2012. The 
data for this study were extracted from the autopsy report 
including the neuropathology report and associated clinical 
information collected by the Department of Forensic Medi-
cine. Additional information pertaining to tissue handling, 
fixation method and duration was also obtained in order to 
identify any variations which might have implications on 
histological staining. This study had ethical approval from 
the Sydney Local Health District NSW (RPAH Zone) and 
University of Sydney Ethics review committees, and from 
the NSW State Coroner. In accordance with ethical guide-
lines, all identifying data were removed and case numbers 
were used to identify tissue samples and associated infant 
characteristics.

7 µm sections of 20% formalin fixed paraffin embedded 
tissue were mounted on 2% 3-aminopronopyltriethoxysilane 
treated slides. Wherever possible, a minimum of two serial 
sections were collected for staining with the two markers. 
Due to limited tissue availability, duplicate staining was 
performed for only 20% of sections examined. Thirty-seven 
macro- or microscopically defined regions were defined 
for examination. Briefly, this included: the frontal, pari-
etal, occipital, temporal and insular cortex, basal ganglia 
structures (the striatum and lentiform nucleus) and their 
components (head of the caudate nucleus, putamen, globus 
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pallidus, claustrum), amygdala, anterior thalamic nuclear 
group, the lateral geniculate nucleus, hypothalamus, hip-
pocampus, the dentate nucleus, white matter and three grey 
matter layers of the cerebellar hemisphere and nine nuclei of 
the rostral medulla (arcuate, cuneate, dorsal motor nucleus 
of the vagus, inferior olivary, lateral reticular formation, 
nucleus of the solitary tract, nucleus of the spinal trigemi-
nal tract, the vestibular (medial and spinal combined) and 
hypoglossal nucleus).

Immunostaining

Peroxidase immunohistochemistry for active caspase-3 and 
TUNEL was performed manually as previously described 
[6]. All steps were performed at room temperature unless 
otherwise stated. In brief, sections were deparaffinised, 
rehydrated and subjected to microwave antigen retrieval in 
TRIS–EDTA buffer (1 mM trisodium citrate, 1 mM EDTA, 
2 mM TRIS; pH 9.0) and cooled. Endogenous peroxidase 
activity was quenched in a 3% hydrogen peroxide, methanol 
and phosphate buffered saline (PBS) solution.

Sections for active caspase-3 staining were blocked for 
1 h in 10% normal horse serum (NHS) and incubated over-
night in affinity purified rabbit anti-active caspase-3 anti-
body (1:200; Cat no: 559565, BD Pharmigen). After wash-
ing with PBS, sections were incubated for 1 h in secondary 
antibody (anti-rabbit IgG; 1:250; BA-1000, Vector Labora-
tories). This was followed by further washing before incuba-
tion in a peroxidase avidin–biotin complex (ABC) (PK-4000, 
Vectastain ABC Kit, Vector Laboratories) for 1 h.

TUNEL staining was performed using a commercially 
available kit (Millipore, ApopTag Peroxidase in Situ kit, 
#S7100), with slight modification to the manufacturer’s 
instructions. Sections were covered briefly in equilibration 
buffer prior to incubation in a humidified chamber for 1 h 
at 37 °C with the Tdt-enzyme (diluted 1:2:1-Tdt: reaction 
buffer: dH2O). The labelling reaction was stopped by 10-min 
immersion in stop-wash buffer. Sections were incubated in 
anti-digoxygenin-peroxidase for 40 min and washed in PBS.

Following final PBS washes, both active caspase-3 and 
TUNEL stained sections were incubated with chromogen 
(3,3′-diaminobenzidine [DAB]) and counterstained with 
Harris’ haematoxylin. Sections were dehydrated through a 
graded ethanol series and cleared in xylene before mounting.

Negative controls for IHC were incubated with 1% NHS 
in place of primary antibody (active caspase-3), and for 
TUNEL, negative control sections were incubated in the 
absence of Tdt (2:2-reaction buffer: dH2O).

For the hippocampus, lateral geniculate nucleus (LGN) 
and rostral medulla, active caspase-3 and TUNEL stain-
ing were double stained. TUNEL colour development with 
DAB preceded blocking of sections in 10% NHS and active 
caspase-3 staining as above. However, following incubation 

with alkaline phosphatase ABC (AK-5000, Vectastain ABC 
Kit, Vector Laboratories), sections were washed in 0.05 M 
Tris-buffered saline (pH 7.5) and colour developed in the 
dark for 45 min in nitro blue tetrazolium chloride (NBT) 
(K0598, Dako North America Inc.) prior to cover-slipping 
using VectMount (H-5000, Vector Laboratories). For these 
sections, nuclear TUNEL and cytoplasmic active caspase-3, 
were scored independently. To ensure comparability between 
single and double labelled sections, 20% of the co-stained 
sections also had separate staining for active caspase-3 and 
TUNEL.

Semi‑quantitative scoring of immunostaining

Sections were examined using the 20× objective lens of a 
Leica Upright DM6000 Light Microscope (Leica Microsys-
tems Ltd. Heerbrugg, Switzerland). Blind to diagnosis, a 
single scorer, counted the number of neurons positive for 
active caspase-3 or TUNEL in each of the 37 defined areas 
and expressed these counts as a percentage of the total 
number of neurons in each area. A semi-quantitative score 
from 1 to 5 was derived as follows: ‘0’ = 0%; ‘1’ = 1–20%; 
‘2’ = 21–50%; ‘3’ = 51–70% and ‘4’ > 70% of neurons with 
positive marker expression in a given region. This semi-
quantitative method has been used previously by our group 
[7, 10].

Statistical analysis

All data were exported to SPSS for Windows (version 21; 
SPSS (IBM) Inc., Illinois, USA) for statistical analysis. 
ANOVA with post-hoc least significant difference (LSD) 
correction was used to compare continuous infant char-
acteristic data and the mean scores for immunostaining 
between diagnostic groups; these values are presented as 
the mean ± standard error of the mean (SEM). Independ-
ent samples t-tests were used to compare mean scores of 
marker expression in the presence and absence of risk fac-
tors. Chi square testing (Fischer’s exact test) was used to 
compare nominal infant data characteristics; these values are 
expressed as a percentage. A total mean score (taken across 
all 37 regions) was also calculated for active caspase-3 and 
TUNEL for each case and used for statistical comparison 
between eSUDI, SIDS I and SIDS II infants. For all tests, 
significance was taken at p < 0.05.

Results

Data characteristics

The 28 cases included in this study are a subset of the previ-
ously characterised 2008–2012 SIDS cohort [6]. All of the 
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eSUDI (n = 7) and SIDS I (n = 8) cases of the dataset are 
included herein, and only 13/49 SIDS II cases; selection 
was on the basis of sex and age matching of SIDS II cases 
to eSUDI infants and tissue section availability. For the pur-
poses of analysis, SIDS IA (n = 4) and SIDS IB (n = 4) cases 
were pooled together as SIDS I (n = 8). Diagnoses of the 
eSUDI infants were: acute pneumonia (n = 1), thrombotic 
occlusion of Blalock Taussig Shunt (n = 1), complication 
of congenital heart disease (n = 2), myocarditis (n = 2), and 
meningoencephalitis of uncertain aetiology (n = 1).

The three diagnostic groups were matched for clinical 
and autopsy features and the prevalence of SIDS risk fac-
tors. Consistent with diagnostic criteria, the presence of bed-
share/co-sleeping was greater in SIDS II compared to SIDS 
I infants (69% vs 0% p < 0.01) (Table 1).

Immunostaining and analysis

Marker expression in the eSUDI infant brain

Active caspase‑3 (Table 2)  Positive active caspase-3 stain-
ing was restricted to the cytoplasm of neurons (Fig. 1a–d). 
The mean score of active caspase-3 ranged from zero in 
the head of the caudate nucleus, the hypothalamus and the 
cerebellar cortex (internal granular layer, Purkinje cells and 
molecular layer) to 2.1 ± 0.1 in the arcuate, cuneate and infe-
rior olivary nuclei in the rostral medulla and was < 1 in 30 
of the 37 regions examined. Active caspase 3 staining was 
identified in the globus pallidus and the arcuate, cuneate and 
inferior olivary nuclei in the rostral medulla of all eSUDI 
infants (Table 2).

Table 1   Clinical, autopsy and SIDS risk factor data for the study dataset

Bold used to highlight significance
Results presented as the mean ± SEM or percentage with characteristic. Fractions are provided to reflect instances where data was not complete 
for the diagnostic group’s total n-value
eSUDI explained sudden unexpected death in infancy, Gest. gestational, PCA post conception age, PMI post mortem interval, SIDS sudden 
infant death syndrome, URTI upper respiratory tract infection
 aObtained using Fischer’s exact test for nominal data and ANOVA with the Post-Hoc LSD for continuous data. Significance taken at p < 0.05
b Reported presence of an URTI in the 2 weeks prior to death

Data characteristic p-valuesa

eSUDI (n = 7) SIDS I (n = 8) SIDS II (n = 13) SIDS I vs 
eSUDI

SIDS II vs 
eSUDI

SIDS I vs 
SIDS II

Clinical data
 Male: female 3: 4 (43) 6: 2 (75) 8: 5 (62) 0.32 0.64 0.66
 Gest. Age < 37 weeks (%) 1/6 (17) 1/7 (14) 2/13 (15) 1.00 1.00 1.00
 Birth weight (kg) 2.8 ± 0.4 3.0 ± 0.3 3.1 ± 0.2 1.00 1.00 1.00

Autopsy data
 Age at death (months) 4.14 ± 1.3 4.5 ± 0.7 3.7 ± 0.7 1.00 1.00 1.00
 PCA (weeks) 51.6 ± 5.4 57.4 ± 2.8 53.6 ± 2.9 0.95 1.00 1.00
 Body weight (kg) 5.7 ± 1.1 6.9 ± 0.6 6.0 ± 0.6 0.84 1.00 1.00
 Brain weight (g) 650 ± 87 765 ± 52 717 ± 48 0.70 1.00 1.00
 Body length (cm) 56.9 ± 4.8 63.9 ± 1.9 60.8 ± 2.0 0.36 1.00 1.00
 Head circumference (cm) 38.9 ± 1.9 41.5 ± 0.9 40.2 ± 1.3 0.72 1.00 1.00

Factors pertaining to staining
 PMI (h) 25.4 ± 9.3 39.0 ± 4.1 30.0 ± 5.0 0.50 1.00 0.88
 Fixation duration (days) 5.0 ± 0.6 8.6 ± 1.9 8.4 ± 1.7 1.00 1.00 1.00

Risk factor prevalence
 Found prone sleep position (%) – 5/8 (63) 6/11 (55) – – 1.00
 Bed share/co-sleeping (%) – 0/8 (0) 9/13 (69) – – 0.005
 Cigarette smoke exposure (%) 1/5 (20) 3/8 (38) 4/10 (40) 1.00 1.00 1.00
 Drug/alcohol (%) 0/7 (0) 0/8 (0) 3/13 (23) – 0.52 0.26
 Recent URTI b (%) 1/7 (14) 2/8 (25) 6/13 (46) 1.00 0.33 0.40
 SIDS family history (%) 0/5 (0) 0/8 (0) 2/11 (18) – 0.52 0.50
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Table 2   Active caspase-3 
expression in the eSUDI and 
SIDS brain

Results presented as mean score ± SEM (% cases with positive staining). Scoring schema: 0 = 0%; 
1 = 1–20%; 2 = 21–50%, 3 = 51–70%; 4 > 70% neurons with positive staining in the given region. Following 
one-way ANOVA with post-hoc LSD correction, significance taken at p < 0.05
eSUDI explained sudden unexpected death in infancy, SIDS sudden infant death syndrome
*Significance compared to eSUDI. Bold used to highlight significance

Brain region eSUDI (n = 7) SIDS I (n = 8) SIDS II (n = 13)

Basal Ganglia
 Caudate nucleus (head) 0.0 ± 0.0 (0) 0.2 ± 0.2 (17) 0.2 ± 0.1 (15)
 Claustrum 0.0 ± 0.0 (0) 0.0 ± 0.0 (0) 0.1 ± 0.1 (8)
 Globus pallidus (inner + outer) 0.2 ± 0.2 (100) 0.1 ± 0.1 (43) 0.1 ± 0.1 (85)
 Lentiform nucleus 0.2 ± 0.1 (33) 0.1 ± 0.1 (71) 0.2 ± 0.1 (85)
 Putamen 0.1 ± 0.1 (14) 0.1 ± 0.1 (25) 0.4 ± 0.1 (46)
 Striatum 0.1 ± 0.1 (14) 0.3 ± 0.2 (33) 0.3 ± 0.1 (46)

Cerebellum
 Dentate nucleus 0.1 ± 0.1 (14) 0.3 ± 0.2 (29) 0.3 ± 0.2 (23)
 Internal granular layer 0.0 ± 0.0 (0) 0.0 ± 0.0 (0) 0.1 ± 0.1 (8)
 Molecular layer 0.0 ± 0.0 (0) 0.0 ± 0.0 (0) 0.0 ± 0.0 (0)
 Purkinje cells 0.0 ± 0.0 (0) 0.1 ± 0.1 (13) 0.2 ± 0.2 (8)
 White Matter 0.3 ± 0.2 (29) 0.1 ± 0.1 (13) 0.3 ± 0.1 (31)

Cortical regions
 Ant. Sup. Frontal lobe 0.5 ± 0.3 (33) 0.7 ± 0.2 (67) 0.4 ± 0.1 (31)
 Post. Frontal lobe 0.3 ± 0.2 (29) 0.6 ± 0.2 (57) 0.6 ± 0.2 (54)
 Insular cortex 0.5 ± 0.2 (50) 0.6 ± 0.2 (57) 0.4 ± 0.1 (42)
 Occipital lobe 0.6 ± 0.2 (57) 0.9 ± 0.3 (71) 0.5 ± 0.2 (46)
 Parietal lobe 0.3 ± 0.2 (29) 0.4 ± 0.2 (43) 0.7 ± 0.2 (69)
 Temporal lobe 0.6 ± 0.2 (57) 0.7 ± 0.2 (71) 0.4 ± 0.1 (38)

Hippocampus
 Cornu Ammonis 4 0.7 ± 0.2 (67) 0.6 ± 0.2 (57) 0.8 ± 0.1 (85)
 Cornu Ammonis 3 0.7 ± 0.2 (67) 0.6 ± 0.2 (57) 0.8 ± 0.2 (77)
 Cornu Ammonis 2 0.7 ± 0.3 (50) 0.4 ± 0.2 (43) 0.6 ± 0.2 (54)
 Cornu Ammonis 1 0.7 ± 0.4 (33) 0.3 ± 0.2 (29) 0.6 ± 0.2 (46)
 Dentate gyrus 0.3 ± 0.2 (33) 0.4 ± 0.2 (43) 0.7 ± 0.2 (69)
 Entorhinal cortex 0.3 ± 0.2 (33) 0.1 ± 0.1 (14) 0.6 ± 0.2 (54)
 Subiculum 0.3 ± 0.2 (33) 0.3 ± 0.2 (29) 0.5 ± 0.1 (54)

Medulla (rostral)
 Arcuate nucleus 2.1 ± 0.1 (100) 1.8 ± 0.4 (75) 2.2 ± 0.2 (100)
 Cuneate nucleus 2.1 ± 0.1 (100) 1.8 ± 0.3 (88) 2.4 ± 0.1 (100)
 Dorsal motor nucleus of the vagus 1.7 ± 0.3 (86) 1.4 ± 0.4 (63) 1.5 ± 0.2 (85)
 Hypoglossal nucleus 1.3 ± 0.5 (57) 2.6 ± 0.3* (100) 2.2 ± 0.3 (85)
 Inferior olivary nucleus 2.1 ± 0.1 (100) 2.1 ± 0.1 (100) 2.2 ± 0.1 (100)
 Lateral reticular formation 1.4 ± 0.5 (57) 0.8 ± 0.4 (50) 1.5 ± 0.3 (77)
 Nucleus of the spinal trigeminal tract 0.7 ± 0.4 (43) 0.8 ± 0.4 (38) 1.1 ± 0.4 (54)
 Nucleus of the solitary tract 0.9 ± 0.4 (43) 1.0 ± 0.5 (38) 1.1 ± 0.3 (54)
 Vestibular nucleus 1.7 ± 0.3 (86) 1.8 ± 0.4 (75) 1.9 ± 0.3 (92)

Other
 Amygdala 0.3 ± 0.2 (33) 0.1 ± 0.1 (14) 0.5 ± 0.1 (46)
 Hypothalamus 0.0 ± 0.0 (0) 0.2 ± 0.2 (20) 0.1 ± 0.1 (14)
 Lateral geniculate nucleus 0.8 ± 0.5 (50) 0.2 ± 0.2 (17) 0.9 ± 0.2 (69)
 Thalamus (anterior nuclei) 0.3 ± 0.3 (33) 0.4 ± 0.2 (40) 0.1 ± 0.1 (14)
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TUNEL (Table 3)

Positive TUNEL staining was restricted to the nucleus of 
neurons with many showing the typical features of cell 
death, including shrinkage and pyknosis (Fig. 1e–h). The 
mean score of TUNEL ranged from zero in the Purkinje 
cells of the cerebellum and anterior nuclei of the thalamus 
to 2.0 ± 0.3 in the entorhinal cortex of the hippocampus, with 
the mean score < 1 in 23 of the 37 brain regions examined. 
TUNEL staining was identified in the lentiform nucleus, 
dentate gyrus, entorhinal cortex, subiculum and CA4 region 
of the hippocampus in all eSUDI infants (Table 3).

TUNEL compared to active Caspase‑3

In 24 of the 37 brain regions, the mean score of TUNEL was 
greater than the mean score of active caspase-3. The total 
mean scores (taken across all 37 brain regions) of active 
caspase-3 (0.6 ± 0.1) and TUNEL (0.8 ± 0.1) were not sta-
tistically different (Fig. 2).

Differences between diagnostic groups (eSUDI vs SIDS I vs 
SIDS II)

Active caspase‑3 (Table 2) and TUNEL (Table 3)  Comparing 
diagnostic groups, a difference in the mean score of active 
caspase-3 was seen in 1 of the 37 brain regions, with SIDS 
I infants having a greater mean score of active caspase-3 
compared to eSUDI infants in the hypoglossal nucleus (XII) 
(p = 0.03). The mean scores of active caspase-3 in the CNS 
of SIDS II infants were not different compared to eSUDI 
and SIDS I infants.

Compared to eSUDI infants, SIDS II infants had a sig-
nificantly greater mean score of TUNEL in the amygdala 
(p = 0.03) and the arcuate (p < 0.01), cuneate (p < 0.01), infe-
rior olivary (p = 0.01), lateral reticular formation (p = 0.04) 
and hypoglossal (p = 0.02) nuclei of the rostral medulla. 
Compared to SIDS I, SIDS II infants had greater mean 
scores of TUNEL in the: amygdala (p < 0.01), lentiform 
nucleus (p = 0.03), putamen (p = 0.01), and the posterior 
frontal (p = 0.02) and parietal (p = 0.03) cortex. The mean 
score of TUNEL was greater in the CA1 region of the hip-
pocampus in SIDS I compared to SIDS II infants (p < 0.01).

Mean total score apoptotic marker expression (Fig. 2)

The mean total score for active caspase-3, across all 37 brain 
regions, was similar in all three diagnostic groups. The mean 
total score of TUNEL was significantly greater in SIDS II 
compared to SIDS I infants (p < 0.01).

Risk factor analysis

Risks independent of diagnostic group (Table 4)

The impact of cigarette smoke exposure and the presence 
of an URTI on cell death marker expression was analysed 
across all infants in the dataset, regardless of diagnosis 
(where data was available).

Infants with cigarette smoke exposure (n = 8) had greater 
mean scores of active caspase-3 than those without (n = 15) 
in the occipital cortex (p = 0.03), hypoglossal nucleus 
(p = 0.04), the CA1 (p < 0.01) and CA4 (p = 0.01) regions 
of the hippocampus. In the dentate nucleus, the mean score 

Fig. 1   Micrographs demonstrating active caspase-3 and TUNEL 
expression in the infant brain. Active caspase-3 (a–d) and TUNEL 
(e–h) expression is shown in the dentate nucleus of the cerebellum (a, 
e), putamen (b, f), amygdala (c, g) and CA1 region of the hippocam-
pus (d, h). Solid black arrows indicate positive neurons and thin 

white arrows indicate negative neurons. Scale bar represents 50  µm 
for the dentate nucleus (a, e) and 20 µm for all other regions (b–d, 
f–h). CA cornu ammonis, TUNEL terminal deoxynucleotidyl trans-
ferase (Tdt)-mediated dUTP-biotin nick end-labelling
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Table 3   TUNEL expression in 
the eSUDI and SIDS brain

Results presented as mean score ± SEM (% cases with positive staining). Scoring schema: 0 = 0%; 
1 = 1–20%; 2 = 21–50%, 3 = 51–70%; 4 > 70% neurons with positive staining in the given region. Following 
one-way ANOVA with post-hoc LSD correction, significance taken at p < 0.05
eSUDI explained sudden unexpected death in infancy, SIDS sudden infant death syndrome, TUNEL termi-
nal deoxynucleotidyl transferase (Tdt)-mediated dUTP-biotin nick end-labelling
*Significance compared to eSUDI, ^Significance compared to SIDS I. Bold used to highlight significance.

Brain region eSUDI (n = 7) SIDS I (n = 8) SIDS II (n = 13)

Basal Ganglia
 Caudate nucleus (head) 0.9 ± 0.1 (86) 0.3 ± 0.2 (33) 0.9 ± 0.2 (69)
 Claustrum 1.0 ± 0.3 (0) 0.4 ± 0.2 (0) 0.7 ± 0.2 (8)
 Globus pallidus (inner + outer) 1.2 ± 0.2 (17) 0.6 ± 0.3 (14) 1.2 ± 0.2 (8)
 Lentiform nucleus 1.2 ± 0.2 (100) 0.7 ± 0.2 (71) 1.4 ± 0.2^ (31)
 Putamen 1.4 ± 0.3 (86) 0.8 ± 0.2 (75) 1.6 ± 0.1^ (100)
 Striatum 1.1 ± 0.2 (86) 0.6 ± 0.2 (67) 1.2 ± 0.2 (100)

Cerebellum
 Dentate nucleus 0.6 ± 0.3 (43) 0.5 ± 0.2 (50) 0.9 ± 0.2 (62)
 Internal granular layer 0.1 ± 0.1 (14) 0.1 ± 0.1 (13) 0.2 ± 0.2 (8)
 Molecular layer 0.3 ± 0.2 (29) 0.3 ± 0.2 (25) 0.2 ± 0.1 (23)
 Purkinje cells 0.0 ± 0.0 (0) 0.0 ± 0.0 (0) 0.0 ± 0.0 (0)
 White Matter 1.0 ± 0.3 (71) 0.5 ± 0.2 (50) 1.0 ± 0.2 (85)

Cortical regions
 Ant. Sup. Frontal lobe 0.7 ± 0.2 (67) 0.8 ± 0.2 (83) 1.1 ± 0.1 (92)
 Post. Frontal lobe 1.0 ± 0.2 (86) 0.6 ± 0.2 (57) 1.1 ± 0.1^ (100)
 Insular cortex 1.0 ± 0.3 (83) 0.6 ± 0.2 (57) 0.6 ± 0.2 (42)
 Occipital lobe 0.9 ± 0.3 (57) 0.7 ± 0.3 (57) 0.9 ± 0.2 (77)
 Parietal lobe 0.7 ± 0.2 (71) 0.6 ± 0.2 (57) 1.2 ± 0.2^ (92)
 Temporal lobe 1.1 ± 0.3 (86) 1.0 ± 0.3 (71) 1.5 ± 0.1 (100)

Hippocampus
 Cornu Ammonis 4 1.7 ± 0.3 (100) 1.3 ± 0.2 (100) 1.4 ± 0.2 (92)
 Cornu Ammonis 3 0.7 ± 0.2 (67) 1.1 ± 0.3 (86) 0.9 ± 0.2 (77)
 Cornu Ammonis 2 0.7 ± 0.2 (67) 0.7 ± 0.3 (71) 0.5 ± 0.1 (46)
 Cornu Ammonis 1 0.8 ± 0.2 (83) 1.3 ± 0.2 (100) 0.5 ± 0.1^ (54)
 Dentate gyrus 1.8 ± 0.3 (100) 1.4 ± 0.2 (100) 1.3 ± 0.2 (92)
 Entorhinal cortex 2.0 ± 0.3 (100) 1.3 ± 0.4 (71) 1.5 ± 0.3 (77)
 Subiculum 1.3 ± 0.2 (100) 1.8 ± 0.3 (100) 1.7 ± 0.2 (100)

Medulla (rostral)
 Arcuate nucleus 0.9 ± 0.3 (71) 1.4 ± 0.3 (88) 1.7 ± 0.1* (100)
 Cuneate nucleus 0.6 ± 0.2 (57) 1.0 ± 0.3 (75) 1.5 ± 0.2* (92)
 Dorsal motor nucleus of the vagus 0.6 ± 0.3 (43) 0.8 ± 0.2 (75) 0.8 ± 0.1 (77)
 Hypoglossal nucleus 0.4 ± 0.2 (43) 0.6 ± 0.2 (63) 1.0 ± 0.1* (92)
 Inferior olivary nucleus 0.7 ± 0.3 (57) 1.0 ± 0.2 (88) 1.5 ± 0.1* (100)
 Lateral reticular formation 0.4 ± 0.3 (29) 0.6 ± 0.3 (50) 1.1 ± 0.1* (92)
 Nucleus of the spinal trigeminal tract 0.4 ± 0.3 (29) 1.1 ± 0.2 (88) 0.9 ± 0.2 (54)
 Nucleus of the solitary tract 0.4 ± 0.3 (29) 0.5 ± 0.3 (38) 0.5 ± 0.2 (46)
 Vestibular nucleus 0.6 ± 0.2 (57) 0.9 ± 0.3 (63) 1.0 ± 0.2 (77)

Other
 Amygdala 0.7 ± 0.2 (67) 0.4 ± 0.2 (43) 1.2 ± 0.1*^ (100)
 Hypothalamus 0.3 ± 0.3 (33) 0.0 ± 0.0 (0) 0.1 ± 0.1 (14)
 Lateral geniculate nucleus 1.2 ± 0.6 (50) 1.0 ± 0.5 (50) 2.1 ± 0.3 (77)
 Thalamus (anterior nuclei) 0.0 ± 0.0 (0) 0.2 ± 0.2 (20) 0.1 ± 0.1 (14)
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of TUNEL was greater in infants with a positive history of 
cigarette smoke exposure compared to those with a negative 
history (p = 0.03).

Compared to infants without an URTI (n = 19), infants 
with an URTI (n = 9) in the 2 weeks prior to death had 
a greater mean score of active caspase-3 in the NSTT 
(p < 0.01). Infants without an URTI had greater mean scores 
of active caspase-3, compared to infants with an URTI in the 
anterior superior frontal (p = 0.03) and insular (p = 0.02) cor-
tex. Compared to infants without an URTI, infants with an 
URTI had greater mean scores of TUNEL in the amygdala 
(p = 0.03), dentate gyrus (p = 0.02), parietal cortex (p = 0.01) 
and the arcuate (p = 0.04), cuneate (p < 0.01), lateral reticular 
formation (p = 0.02), nucleus of the spinal trigeminal tract 
(p < 0.01), nucleus of the solitary tract (p = 0.04), and ves-
tibular (p < 0.01) nuclei of the rostral medulla.

Sleep related risk factors—SIDS infants only (Table 5)

Sleep related risk factors (being found in the prone sleep-
ing position and bed-sharing/co-sleeping), were analysed in 
SIDS infants (SIDS I and SIDS II combined). Bed share/
co-sleeping was associated with a greater mean score of 
active caspase-3 in the lentiform nucleus (p = 0.04) and the 
cuneate nucleus (p = 0.01). No differences in the mean score 
of TUNEL were observed between bed sharers/co-sleepers 
(n = 9) and non-bed sharers/co-sleepers (n = 4). Compared to 
infants found in other sleep positions (n = 11), infants found 
in the prone sleeping position had greater mean scores of 
active caspase-3 in the striatum (p = 0.03), subiculum 
(p = 0.03) and dentate nucleus (p = 0.02). No differences in 

the mean score of TUNEL were observed between infants 
found in the prone sleeping position and infants found in 
other positions.

Discussion

The main findings of this study include: (1) In the develop-
ing infant brain, PCD is highest in the medulla and hip-
pocampus, but minimal in the cerebellum. (2) SIDS II had 
higher expression of TUNEL compared to eSUDI infants in 
the five nuclei of the rostral medulla and in the amygdala, 
and compared to SIDS I infants in the lentiform nucleus 
and the parietal and posterior frontal cortex. (3) A single 
difference was observed for active caspase-3 with greater 
expression in the hypoglossal nucleus in SIDS I compared 
to eSUDI infants. (4) The risk factors of a presence of an 
URTI and cigarette smoke exposure, were associated with 
greater levels of cell death amongst a greater number of 
brain regions when compared to the sleep related risks of 
prone sleeping or bed-sharing.

Cell death marker expression in the eSUDI infant 
brain

The first component of the present study was the exploratory 
examination of the distribution of cell death markers in the 
eSUDI brain. To the best of our knowledge, the pattern of 
physiological PCD in the human brain between the end of 
the first month and the end of the first year of life, has not 
previously been profiled in as many regions. In the human 

Fig. 2   Diagnostic group comparisons of mean total score of cell 
death marker expression across all thirty-seven brain regions exam-
ined. Scoring schema: 0 = 0%; 1 = 1–20%; 2 = 21–50%, 3 = 51–70%; 
4 > 70% neurons with positive staining in the given region. Blue line 
indicates the mean total score of marker expression, regardless of 

diagnosis. *Significance taken at p < 0.05 following one-way ANOVA 
with post-hoc LSD correction. eSUDI explained sudden unexpected 
death in infancy, SIDS sudden infant death syndrome, TUNEL ter-
minal deoxynucleotidyl transferase (Tdt)-mediated dUTP-biotin nick 
end-labelling
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postnatal brain, PCD has been shown to occur in regions 
with active neurogenesis, such as the external granular cell 
layer (EGL) of the cerebellum and the dentate gyrus of the 
hippocampus, as well as in post-mitotic neurons at sites of 
synaptogenesis, spread throughout the cerebral cortex and 
cerebellum [11, 13, 21, 22]. In the present study, PCD was 
not restricted to certain regions of the brain, rather varied 
across the CNS, with the cerebellum, hypothalamus and 
structures of the basal ganglia demonstrating some of the 
lowest scores of cell death marker expression and sub-
regions of the medulla and hippocampus demonstrating 
some of the highest scores. Regional heterogeneity likely 
reflects the fine balance between pro- and anti- cell survival 
factors in the local microenvironment, neuron type and stage 
of maturation [14–16].

The dentate gyrus of the hippocampus, a site of postnatal 
neurogenesis, demonstrated one of the greatest mean scores 
of TUNEL of all brain regions. This finding is consistent 
with Sparks et al., who reported Alz-50 (a marker associ-
ated with neurons dying through degenerative processes) 
expression in the non-SIDS para-hippocampal gyrus [23]. 
The TUNEL study by Waters et al. did not examine the den-
tate gyrus [10].

Of all the brain regions examined, the cerebellar cor-
tex and dentate nucleus have the lowest expression of both 
active caspase-3 and TUNEL. The EGL of the cerebellum 
is a key site of postnatal neurogenesis and is present from 
the 9–11th gestational week to the 11th postnatal month in 
human infants [24], decreasing in thickness during the sec-
ond half of the first year of life [24]. Given the age-related 
variation in EGL presence and/or thickness, which is quite 
marked over the first year of life, this region was excluded 
from examination in the present study. PCD in the human 
cerebellum is reported to be greatest in the EGL, peaking 
at postnatal day 3 [25]. In the same study, compared to the 
EGL, lower levels of cell death were observed in the internal 
granular layer, molecular layer and cerebellar white matter, 
with each peaking in the first postnatal month and falling 
to near zero by the fourth postnatal month in humans [25]. 
Thus, the low levels of cell death markers seen in the cer-
ebellum of our eSUDI infants (mean age 4.1 months) are 
consistent with the literature.

Nuclei of the rostral medulla, including the arcuate, 
cuneate and inferior olivary nuclei, demonstrated the great-
est mean scores of active caspase-3 expression of all brain 
regions. The heterogeneity in active caspase-3 and TUNEL 
expression amongst the nuclei of the rostral medulla was 
expected given previous findings of different levels of neu-
ronal death amongst medullary nuclei during development 
[26, 27]. Similar to our findings, very low TUNEL expres-
sion had been demonstrated in the hypoglossal nucleus of 
infants in their first year of life by Porzionato et al. [26]. We 
identified the greatest TUNEL score in the arcuate nucleus, Ta
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however this region was not examined by Porzionato et al. 
[26].

SIDS compared to eSUDI

We identified differences in either activated caspase-3 or 
TUNEL scores in 11 of the 37 brain regions examined. Of 
these, five differences were in the rostral medulla and con-
firm previously reported results [6–10], despite the current 
study being on a smaller sample size and including a pro-
portion of the SIDS II population studied by Anbrose et al., 
2018 [6]. The hypoglossal nucleus was the only region to 
demonstrate greater active caspase-3 in the SIDS population 
of this study, and also had greater TUNEL; this is consistent 
with two of our previous studies [7, 8]. Present findings add 
to the data reporting abnormalities of the SIDS hypoglossal 
nucleus including increased number of synapses [28] and 
morphological changes [29]. In the present study, greater 
mean scores of active caspase-3 in the hypoglossal nucleus 
were associated with cigarette smoke exposure, and ciga-
rette exposure was similarly associated with the morphologi-
cal changes reported in the hypoglossal nucleus of eSUDI 
infants by Lavezzi et al. [29]. Functionally, the hypoglos-
sal nucleus is involved in maintaining airway patency via 
motor control of the tongue muscles [30]. Animal studies 
have shown causal association between nicotine exposure 
and perturbed hypoglossal function [31–33]. Taken together, 
cigarette smoke exposure may be a factor contributing to the 
hypoglossal abnormalities amassing in the literature; conse-
quently, putting the infant at risk of death due to diminished 
airway patency.

The amygdala was the only region demonstrating height-
ened TUNEL in SIDS II infants compared to both eSUDI 
and SIDS I infants. The amygdala is a telencephalic com-
ponent of the limbic system situated in the dorsomedial 
temporal lobe [34]. Through a myriad of afferent and effer-
ent projections, the amygdala is implicated in integrative 
responses to affective behaviour and environmental cues, 
and via connections to the hippocampus is involved in 
episodic memory processing [34, 35]. The significance in 
secondary cell death changes to this area, in the context of 
SIDS are yet to be elucidated, however abnormal changes 
in the amygdala have been implicated in a number of neu-
rodevelopmental disorders [reviewed: 35]. Recently, the 
amygdala has been identified as an integral structure in the 
central homeostatic network of the human brain having close 
connections with the brainstem [36], with specific links to 
the hypoglossal nucleus and dorsal motor nucleus of the 
vagus in the medulla [37]. A limitation of the present study 
is examination of the amygdala complex as a single entity 
and not sub-analysis of its individual nuclei. Thus, future 
studies should consider examining individual nuclei of the 

amygdala, in turn exploring the relevant functional implica-
tions in the context of SIDS.

With adherence to the San Diego criteria, SIDS I cases 
are seen to be “classic SIDS” and to represent a population 
with fewer SIDS risk factors as compared to SIDS II infants. 
The CA1 region of the hippocampus is the only region to 
demonstrate greater TUNEL scores in SIDS I compared to 
SIDS II infants. Given, there were no changes in TUNEL 
expression reported in the presence of the SIDS risk factors 
analysed, this difference likely reflects a change more closely 
related to the pathogenesis of SIDS as opposed to confound-
ing risk factor presence.

Hypoxic-ischemia (HI) is a cell death stimulus that has 
been extensively discussed in the context of SIDS and is 
commonly associated with the caspase-9 and caspase-3 
mediated intrinsic apoptotic pathway, however neuronal 
death following HI may also be attributed to necrotic pro-
cesses [17, 38–40]. The nature of the cell death stimulus 
and upstream signals, along with availability of downstream 
substrates dictate the cell death pathways implicated [41, 42] 
and potentially contributes to the observed variation in cell 
death marker expression amongst brain regions. A recent 
study by our laboratory found no change in active caspase-9; 
questioning its involvement in the SIDS medulla [6]. In the 
present study, differences between diagnostic groups were 
more evident with TUNEL, than with active caspase-3, 
staining. DNA fragmentation, identified with TUNEL is a 
common end-point point of multiple cell death pathways 
[18]. The greater TUNEL expression in SIDS II infants, 
without an accompanying increase in active caspase-3 sug-
gests non-apoptotic cell death mechanisms are potentially 
implicated and highlights the complexity of cell death pro-
cesses in SIDS and the need to better understand and iden-
tify both the cell death stimulus and the pathway(s) involved. 
The overall lack of significant difference in TUNEL expres-
sion between eSUDI and SIDS I, in all thirty-seven brain 
regions, suggests an inherent similarity in the amount and/
or type of exposure to stimuli promoting DNA fragmentation 
and cell death in both groups. A limitation of this study, as 
with all SIDS research, that might contribute to this obser-
vation is the limited and heterogeneous composition of the 
eSUDI control group.

Risk factor association with cell death markers

The impact of identifiable risk factors on cell death marker 
expression were evaluated. The greater TUNEL scores seen 
in SIDS II infants compared to the eSUDI and/or SIDS I 
infants may reflect the presence of confounding risk factor(s) 
in the SIDS II group. Of the four SIDS risk factors analysed, 
only bed share/co-sleeping differentiates SIDS II from SIDS 
I cases and is reflected in the statistical difference observed 
between risk profiles for SIDS I and SIDS II infants [3]. In 
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the present study, the mean score of active caspase-3 was 
greater in the lentiform nucleus and cuneate nucleus of bed 
sharers/co-sleepers, and greater in the striatum, subiculum 
and dentate nucleus of infants found in the prone sleeping 
position. When stratifying for the presence and absence of 
these sleep related SIDS risk factors, no differences were 
seen in TUNEL scores, this contrasts with our previous 
finding of increased TUNEL in the cuneate and gracile 
nuclei of alone sleepers [8]. Caspase-3 activation can be 
detected within an hour of a HI insult, reaching peak levels 
after 18–24 h [43, 44] and is followed by DNA fragmen-
tation (TUNEL expression) peaking 24 h after insult [45, 
46]. Thus, the heightened active caspase-3, in the absence 
of changes in TUNEL, suggests a recent hypoxic-ischemic 
insult, attributable to sleep related risk factors [43–46].

Cigarette smoke exposure is a leading modifiable SIDS 
risk factor [47] but also predisposes infants to other illnesses 
including respiratory infections [48]. In the present study, 
regardless of diagnosis, exposure to cigarette smoke was 
associated with greater active caspase-3 in the occipital cor-
tex, hypoglossal nucleus, CA1 and CA4 region, and greater 
TUNEL in the dentate nucleus. Previous studies have also 
identified increased TUNEL expression in the AN and dorsal 
motor nucleus of the vagus in infants exposed to cigarette 
smoke exposure [8], although this was not observed in the 
present study. The difficulties in reproducing (and interpret-
ing) these findings are not surprising given the variabilities 
possible in type (pre- vs post-natal, active and passive) and 
duration of exposure to cigarette smoke that may exist and 
could contribute to differences in the expression of apoptotic 
markers and potential mechanisms underpinning neuronal 
death. Regardless, the combined findings in the literature 
provide evidence that cigarette smoke exposure does, in 
itself, lead to upregulation of cell death pathways and this 
is not restricted to the brainstem medulla. This is further 
supported by work in a mouse pre-into post-natal cigarette 
smoke exposure model, where increased active caspase-3 
and TUNEL were reported in several nuclei of the medulla 
[49] and hippocampus [50].

In the present study, a history of an URTI was associated 
with greater TUNEL expression in the amygdala, dentate 
gyrus, parietal cortex and six of the nine nuclei of the rostral 
medulla; this included the nucleus of the spinal trigeminal 
tract, a nucleus previously reported to demonstrate an associ-
ation between URTI and increased cell death marker expres-
sion [6]. An URTI was reported in 46% of SIDS II infants, 
thus the potential contribution of this risk factor to height-
ened TUNEL levels, as seen in SIDS II compared to eSUDI 
and SIDS I, cannot be discounted. The observed increase in 
neuronal cell death following an URTI is likely a secondary 
effect of the inflammatory response mounted towards the 
systemic immune challenge. Following peripheral infec-
tion there is increased systemic circulation of monocytes, 

cytokines, kinins and other mediators of inflammation, and 
these have the potential to reach the brain [51]. In neurode-
generative disorders, it has been suggested that inflamma-
tory mediators following systemic challenge, accelerate or 
exacerbate underlying neurodegenerative processes [51, 52]. 
Although further investigation into the mechanisms which 
underpin these observations are necessary, it is suggested 
that events at the immune-system-brain interface result in 
CNS localised inflammatory responses, such as microglial 
activation, which exacerbate local pathological events [51, 
52]. Microglia have been shown to interact with neurons, 
selectively targeting extra-numerary, distressed and/or dying 
neurons [53]. Aberrant microglia activation and subsequent 
pro-inflammatory responses have been reported to pro-
mote collateral tissue destruction [54]. While involvement 
of circum-ventricular organs might have been expected, 
given they are one proposed site of the immune-system-
brain interface [52], this was not the case, making it dif-
ficult to explain why in the present study, heightened cell 
death was in particular brain regions following an URTI. 
Overall, these findings suggest neuronal cell death processes 
occurring in SIDS infants are further exacerbated by the 
presence of systemic inflammatory mediators following an 
URTI, which upon reaching the CNS, they promote local 
inflammatory responses that facilitate and/or accelerate cell 
death pathways.

Conclusion

The present study is the first to profile apoptosis amongst 
37 defined regions of the human infant (1–12 months of 
age) brain, and confirms that the expression of PCD mark-
ers (active caspase-3 and TUNEL) is non-homogeneous 
across these regions. When comparing infants who died 
suddenly, regional differences were seen amongst those 
with an explained cause of death, SIDS I and SIDS II, 
with five of the eleven observed differences being local-
ised to the rostral medulla of the brainstem. Furthermore, 
known SIDS risk factors such as co-sleeping, cigarette 
smoke exposure and a recent URTI were associated with 
differences in the expression of the PCD markers studied.
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