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Abstract The immunoreactivity of the serotoninergic
receptor subtype 1A (SHT, ,R) was quantitatively analyzed
in the human infant brainstem medulla (caudal and rostral
levels). We hypothesized that immunoreactivity of SHT|,R
would be reduced in infants diagnosed with sudden infant
death syndrome (SIDS). In particular that those infants with
known clinical risk factors (including cigarette smoke
exposure, bed sharing and sleep position) would have
greater changes than those without clinical risks. Compar-
ing SIDS (n=67) to infants who died suddenly with
another diagnosis (non-SIDS, n = 25), we found decreased
SHT,,R immunoreactivity in the majority of the nuclei
studied at the rostral medulla level including dorsal motor
nucleus of the vagus (DMNYV), nucleus of the solitary tract,
vestibular, and inferior olivary nucleus (ION). There was a
significant relationship with all risk factors for SHT,,R,
especially for DMNV, suggesting that SHT, \Rs are highly
vulnerable to various insults within the SIDS DMNYV. This
study not only provides further evidence of abnormalities
within the brainstem serotoninergic system of SIDS infants,
but also shows that these changes may be associated with
exposure to clinical risk factors.
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Introduction

Sudden infant death syndrome (SIDS) is defined as “the
sudden unexplained death of an infant less than 1-year of
age after a thorough case investigation, including a com-
plete autopsy, examination of a death scene, and review of
the clinical history” [33]. In most developed countries,
SIDS is the most common single cause of death in the post-
neonatal period (1-12 months). However, the specific cause
of death remains unknown. One fundamental hypothesis is
that SIDS infants have abnormal brainstem control of car-
diorespiratory function during hypoxia [9]. Thus, one ave-
nue of SIDS research is to identify abnormal brainstem
pathology.

The serotoninergic (5-HT) system is a productive area of
current research in SIDS. There are seven sub-families of
5-HT receptors, 5-HT,_;, consisting of a total of 14 struc-
turally and pharmacologically distinct mammalian 5-HT
receptor subtypes [5]. The small amount of information
available regarding the regional distribution of 5-HT
receptors in the infant human brainstem shows that these
receptors are highly expressed during early development
and decreases with age [12]. The receptors are expressed in
most nuclei of the brainstem, predominantly related to
serotonin-containing cells in the raphe nuclei [12, 20].

Comparing SIDS to non-SIDS brainstems, abnormal
5-HT receptor expression and binding have been reported;
5-HT, ,_p and 5HT, receptor binding densities are reduced
in the arcuate nucleus, nucleus of raphé obscurus, inferior
olivary nucleus, nucleus of the paragigantocellularis
lateralis, nucleus of the gigantocellularis and intermediate
reticular zone [13, 21, 23]. 5-HT,, and 5-HT,, receptor
immunoreactivity are also decreased in the dorsal motor
nucleus of the vagus, nucleus of the solitary tract, and ven-
trolateral medulla in SIDS infants [20]. Finally, a positive
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association between serotonin transporter (SHTT) promoter
polymorphism and SIDS has been reported [19, 32].

Several risk factors have now been associated with
SIDS. There is a male predominance, and epidemiological
associations have been found with sleep position (prone
sleeping) and cigarette smoke exposure (reviewed in [6]).
Despite strong epidemiological evidence for these risk fac-
tors, pathological associations with these risk factors are
rare. Receptor binding studies of the serotoninergic system
found positive associations with gender [23] and cigarette
smoke exposure [13].

Studies at the protein level using immunohistochemistry
have the advantage over receptor binding studies in that
they can identify and localize the cellular distribution of
proteins as well as allowing visual identification of specific
cell types. By undertaking immunohistochemistry, this
study provides an investigation of the protein immunoreac-
tivity for the serotoninergic receptor subtype 1A (SHT,R)
in the human infant brainstem. We focused on the 5HT,R
subtype because this subtype appears to be one of the
main ones involved in brain development [2], has a high
distribution and expression in medullary regions of car-
diorespiratory regulation [13, 20, 23], and known roles in
cardiorespiratory control [14, 15], sleep regulation [8],
neural development, and apoptosis (reviewed in [1]). Of
particular interest is its inhibitory actions in the central
respiratory network; it suppresses hypoxic activation of
respiratory neurons [25], and decreases ventilatory
responses to hypercapnia [29], two physiological conse-
quences thought to occur in the eitiology of SIDS. Also,
because of previous findings that this subtype is abnormally
expressed in SIDS; immunoreactivity [20] and binding den-
sity [23] were significantly reduced in multiple medullary
nuclei of SIDS cases.

Another major abnormal finding in the SIDS brainstem
is increased apoptosis [17, 18, 31]. Several regulatory path-
ways may be involved in this process, including serotonin-
ergic and/or glutamatergic receptors. For example,
activation of SHT, 4R results in cell survival against certain
insults including ischemia and NMDA mediated activities
[1]. Thus, the SHT, Rs act as neuroprotectants. Based on
these regulatory roles, our hypothesis is that the immunore-
activity of SHT 4R is reduced (consistent with loss of pro-
tective activity) in SIDS infants compared to non-SIDS
infants. To test this hypothesis, we compared the immuno-
reactivity results from SIDS infants to those from infants
who died of known causes (non-SIDS). Additional analyses
examined associations between these brainstem changes
and characteristics of the infants including age, gender, and
history of cigarette smoke exposure, prone sleeping, or bed
sharing, where we postulated that there would be an associ-
ation between abnormalities of the immunoreactivity of
SHT, 4R and these clinical risks.
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Materials and methods
Data and tissue collection

Each subject included in this study had a death scene
report, clinical history, and autopsy. These data and brain
tissue were obtained from the Department of Forensic Med-
icine, Glebe, NSW, Australia. All cases were number coded
and any identifying information was removed.

The dataset was sourced from all cases of sudden infant
deaths (1-12 months of age) between January 1997 and
December 2002. From 196 cases collected over the period
of study only 92 cases were eligible for inclusion. Cases
were excluded if they were known to have cause for neuro-
logical damage such as head injury or evidence of shaken
impact syndrome (n=7), if a diagnosis of SIDS was
doubted (positional asphyxia, or a bed-sharing (sleeping)
accident where the clinical history or death scene investiga-
tion suggested possible overlaying, or ‘undetermined/
other’; n = 28), or if brain tissue was not available (n = 17).
Moreover, only cases for which the brain was fixed in the
same fixative, either 10 or 20% neutral buffered formalin
(NBF), were included in this study. This resulted in the
exclusion of another 52 cases for which the brain was fixed
in a solution of NBF and glacial acetic acid.

Cases were included in this study if the death scene
report, clinical history, and autopsy were complete and par-
affin blocks of tissue from the medulla were available after
the brain had been examined by a neuropathologist. Thus,
tissue used in this study was residual in diagnostic tissue
blocks after the post-mortem examination was complete.
Coronal sections of the brainstem were cut at 7 um thick-
ness and mounted onto silanized glass slides. Approval was
obtained from the Sydney Human Ethics Committee and
Central Sydney Area Health Service.

Immunohistochemistry

Immunostaining was performed using a guinea pig
polyclonal antibody against SHT,,R (BD Pharmingen,
catalogue no. 550469). This antibody has been well charac-
terized and its specificity established in brain tissue by
the manufacturer and by Collin et al. [7]. The immuno-
histochemistry method was performed as reported in detail
previously [26]. All steps were undertaken at room temper-
ature unless otherwise noted. In brief, all the tissue sections
went through deparaffinisation, rehydration of ethanols to
water, and antigen retrieval by microwaving in a Tris/
EDTA buffer (1 mM EDTA, 1 mM sodium citrate, 2 mM
Tris; pH 9.0) on high power (Black & Decker, Maryland,
700 W, USA) for 14 min. Sections were quenched for
endogenous peroxidase activity, blocked in 10% normal
horse serum (NHS) for 30 min and then incubated in the
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primary antibody (1:500 in 1% NHS) overnight at 4°C.
Sections were then incubated in the biotinylated anti-guinea
pig secondary antibody (Vector Laboratories Inc., BA-
7000) for 40 min, followed with the avidin/biotin-horserad-
ish peroxidase enzyme reagent (Vector Laboratories,
VEPK-4000) for 30 min. Brown color reaction was created
with diaminobenzidine (DAB) (Dako Laboratories) for
4 min, counterstained with Harris’ Hematoxylin, and then
mounted in DPX. Negative controls consisted of sections
immunostained as mentioned above except that the primary
antibody was replaced with 1% NHS.

Brainstem nuclei of interest

Two brainstem medullary levels (rostral and caudal) were
studied. Tissue sections from the rostral level corresponded
to Fig. 21 of the Atlas of the human brainstem [24], while
those from the caudal level corresponded to Fig. 15. Not all
infant cases had tissue sections available at both levels. The
nuclei quantified at both levels included the hypoglossal
(X1I), dorsal motor nucleus of the vagus (DMNYV), inferior
olivary nucleus (ION), nucleus of the solitary tract (NTS),
cuneate nucleus (CUN), raphé nucleus (RAPHE) and arcu-
ate nucleus (AN). The vestibular nucleus (VEST) was stud-
ied in the rostral medulla. The RAPHE included the raphé
obscurus and raphé pallidus, thus, the entire midline raphé.

Quantification

All quantification was performed with the use of computer-
ized image analysis systems at the Australian Key Centre
for Microscopy and MicroAnalysis, University of Sydney.
Images were captured at 10x magnification using the
Nikon Eclipse E800 light microscope and sensicam CCD
camera. The number of images captured per nucleus ranged
from 2 to 6, depending on the size of each nucleus. All
slides were coded so that analysis was performed blinded to
the diagnosis.

A manual cell count included only neurons to identify
and report the percent of positive stained neurons. The pre-
sentation of SHT, R counts as a percentage, standardizes
the results amongst the different cases, consistent with our
previous published data [16, 17]. The correlation between
our results and global neuronal density within the nuclei,
which would require stereotactic counting, is not known.

Statistical analysis

Data were collated and exported to SPSS for Windows
(V14.0, Chicago, USA) for statistical analysis. Clinical and
autopsy characteristics were compared between groups
(SIDS and non-SIDS) using Student’s ¢ test, and results
presented as mean £ SD.

For SHT, 4R staining quantification, results are presented
as the mean percentage of positively stained neurons (%
positive) = SEM. Since all data were normally distributed,
two-way analysis of variance (ANOVA) with post-hoc
between group comparisons was used.

To assess whether any changes could be attributed to
developmental processes, analyses were undertaken for all
infants. Subgroup analyses were then undertaken to com-
pare diagnostic groups (SIDS vs. non-SIDS). Where a vari-
able was found to have positive correlation, analysis of
covariance (ANCOVA) was applied using co-variates to
compare the diagnostic groups. A P value of < 0.05 was
considered statistically significant.

Results
Dataset characteristics

The detailed characteristics of this infant dataset were
reported recently [17, 18]. In brief, the SIDS infants
included n = 67 (39 males and 28 females) and the non-SIDS
included n =25 (18 males and 7 females). The causes of
death of infants in the non-SIDS group included pneumonia
(n = 6), Waterhouse-Friderichsen syndrome =+ septicaemia
(n =4), pneumococcal meningitis (n = 1), Chiari type II
malformation (n = 1), lower respiratory tract infection
(RTI) (n=1), brompheniramine toxicity and RTI (n = 1),
aspiration of gastric contents (n = 1), myocarditis (n = 3),
dilated cardiomyopathy (n = 1), congenital heart disease
(n =2), gastroenteritis (n = 1), leukemia (n = 1), drowning
(n = 1), and necrotising enterocolitis (n = 1).

The ranges in age and birth weight were comparable
between the SIDS and non-SIDS groups (P> 0.05 for
both), as were autopsy characteristics such as body and
brain weight, head circumference and body length (summa-
rized in Table 1). Tissue-related factors that had the poten-
tial to affect staining such as post-mortem interval (PMI)
and fixation time, did not differ between the two diagnostic
groups; non-SIDS versus SIDS PMI =21.3 £ 13.4 versus
25.5+21.6h (P=0.4), fixation time=7.1 +2.9 versus
6.3 £+ 3.7 weeks (P =0.3).

The clinical risk factors analyzed in this study included a
history of prone sleeping, bed sharing, and cigarette smoke
exposure. Not all data were available for all cases. Sleep
position data included the usual sleep position and the posi-
tion found prior to death, categorized into prone and non-
prone. Data regarding cigarette smoke exposure was
obtained via parental self report and did not discriminate
between active or passive exposure. Thus, infants with any
exposure to cigarette smoke (from any person in the house-
hold) were analyzed as having a positive history of smoke
exposure. Amongst SIDS infants, 7 out of 57 (12%) usually
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Table 1 Infant dataset characteristics

Characteristics Non-SIDS SIDS P value
(n=25) (n=067)

Male:female 18:7 39:28 -
Gestational age (weeks) 36.7+4.0 383+32 0.1
Age at death (months) 38022 400+24 0.8
Post-conception age (weeks) 514 +7.5 554+102 02
Birth weight (kg) 277+£1.0 2794038 0.9
Body weight at death (kg) 626 +2.1 6.11£17 0.7
Brain weight (g) 744 £ 169 710 £ 168 0.3
Body length at death (cm) 615+7.0 61.3£68 0.9
Head circumference 414 £33 405+34 0.2

at death (cm)

All values are the mean & SD. P values are the comparison between
the non-SIDS and SIDS groups

slept prone, but 33 out of 59 SIDS cases (56%) were found
prone. Similar percentages were also seen for the non-SIDS
group [usually slept prone = 1/12 (8%), found prone = 4/12
(33%)]. Bed sharing was reported in 32% of SIDS cases
(n=20/62) [compared to 8% (1/13) of non-SIDS cases].
Most of the deaths occurred at night whether they were of
the SIDS (39/64; 61%) or non-SIDS group [night time of
death = 10/16 (63%)]. The majority of our SIDS cases (43/

Fig.1 S5HT, 4R staining in the

DMNYV and ION of a SIDS

infant compared to a non-SIDS a
infant at the rostral medulla

level. Positive neurons for

SHT 4R are characterized by a

dark brown stain (black arrows)

and negative neurons are charac- ™

terized by a light brown stain ; . -
(white arrows), similar to the E -
background. Note the decrease o p ‘:?
in the number of positive 2
neurons in the SIDS tissue 4 :
compared to non-SIDS tissue. . )
Scale bar 30 pm for panels a and ”
b, and 50 pm for panels c and d y q
» L] +] ']
& ‘
ﬁ .
Z A
O :
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Non-SIDS

53; 81%) had a history of cigarette smoke exposure, and
although this was higher than the number of non-SIDS
cases (7/12; 58%), the difference was not statistically sig-
nificant (P = 0.1).

Staining pattern

Immunoreactivity for SHT;,R was seen in all the nuclei
studied at both medullary levels. Staining was specifically
localized to the cytoplasmic membrane and/or cytoplasm
of neurons and was visualized by a dark brown color
(Fig. 1). Thus, all neurons with brown colour staining
darker than the surrounding tissue in the cytoplasmic
membrane (with or without staining in the cytoplasm),
were counted as positive. Light stained neurons, similar to
the background, and with no obvious membrane staining
were considered negative. Regionally, 5HT, ,R immuno-
reactivity was highest in the XII and lowest in the RAPHE
(Table 2).

Quantitative analysis for developmental characteristics,
SIDS versus non-SIDS, and risk factors

Within the entire dataset, there was no relationship between
postconceptional age and 5HT;,R immunoreactivity.

SIDS
) b P“
o : ] o
d
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Table 2 5HT, ,R immunoreactivity of all studied nuclei of non-SIDS versus SIDS cases, with gender subgroup analysis

Nucleus Non-SIDS SIDS P value Non-SIDS SIDS P males P females
Males Females P value Males Females Pvalue Cversus C versus
SIDS SIDS
Caudal n=13 n=47 n=9 n=4 n=29 n=18
medulla
X1 73.9+£3.0 73.0+20 0.8 73.3+£38 752+56 08 76.1 £ 1.7 68.1+4.3 0.06 0.5 0.4
DMNV?® 524 +58 452+24 03 528 £ 115 48.1+142 0.8 46.1 £3.1 447+36 038 0.3 0.5
NTS 405+33 355+£2.0 0.2 404+£40 409+6.7 09 36.1+2.6 344+34 0.7 0.4 0.4
CUN 56.3+£3.8 492 +2.1 0.1 554+£50 589+32 0.7 484+28 50.6+3.1 0.6 0.3 0.4
ION 65.7£5.0 53927 0.05 69.0+39 566+£158 0.2 553+32 51.6+46 0.5 0.01 0.7
AN 58.0+£39 61.2+1.9 04 640+34 444+65 0.01 61.5+24 60.8+3.0 09 0.5 0.03
RAPHE 204+46 169+1.8 0.4 225+£56 169+7.7 0.6 17.0+£2.0 16.7+27 09 0.3 0.9
Rostral n=17 n=>53 n=13 n=4 n=29 n=24
medulla
X1 79.6 £24 758+ 1.8 0.2 79.0+£29 82.0+38 0.6 77.3+£2.1 73.8+30 03 0.8 0.3
DMNV?*  57.6+45 479422 0.05 546+72 666145 05 472+£28 48.7+28 0.7 0.07 0.04
NTS 484 +35 358+1.8 0.002 44.1+32 654+£49 0.008 357+25 359+26 1.0 0.2 0.001
CUN 65.0+£32 533423 0.01 639+38 683+£64 06 53.6+3.6 528+29 09 0.1 0.05
VEST 547+£59 36.1 £2.1 0.008 554+74 518+£27 08 37.5+27 345+35 05 0.04 0.09
ION 70.0£23 539+2.1 <0001 719+22 63.8+6.6 0.1 56.7+2.8 50.6+32 0.2 0.05 0.1
AN 59.1£35 609 1.1 0.6 60.6 £39 547+82 05 60.8+1.5 609+17 1.0 0.9 0.5
RAPHE 25.0+33 234419 0.7 252+41 243+42 09 251+26 21.54+28 0.3 0.9 0.7

Values are represented as mean % positive of neuron staining &= SE. Bold values indicate the comparison between those two groups resulted in

statistical significance P value < 0.05
# Adjusted for postconceptional age

However, a positive correlation was found with postcon-
ceptional age in the SIDS group, evident for the DMNV
(caudal DMNV P = 0.01, #* = 0.4; rostral DMNV P = 0.01,
r*=0.37) (Fig. 2). Gender differences were seen in the non-
SIDS group where males had higher SHT ,R immunoreac-
tivity than females in the caudal AN (P = 0.01), but a lower
immunoreactivity than the females in the rostral NTS
(P =0.008) (Table 2).

Comparing the SIDS to non-SIDS infants, 5HT,R
immunoreactivity was significantly reduced in the SIDS
infants in the caudal ION, and in the rostral DMNV, NTS,
CUN, VEST, and ION compared to non-SIDS group
(Table 2). Subgroup analysis by gender (SIDS compared to
non-SIDS) showed that compared to non-SIDS males,
SIDS males had decreased immunoreactivity in the ION
(both levels) and in the rostral DMNV, and VEST. Com-
pared to non-SIDS females, SIDS females had decreased
immunoreactivity in the rostral DMNV, NTS, and CUN,
but increased immunoreactivity in the AN (Table 2).

For the entire group, cigarette smoke exposure was associ-
ated with decreased SHT,;,R immunoreactivity in the rostral
DMNV (P =0.05) and ION (P =0.03), and in the caudal
CUN (P =0.03). Within the SIDS cohort, cigarette smoke
exposure was associated with decreased SHT 4R in the rostral

AN (P =0.04) (Table 3). Infants in the SIDS group who were
found prone had lower SHT, ;R immunoreactivity compared
to SIDS infants found non-prone, in the caudal DMNV
(P=0.02) and CUN (P=0.02) (Table4). Finally, SIDS
infants with a history of bed sharing had significantly higher
5HT, ,R immunoreactivity compared to the SIDS infants with
no history of bed sharing in the caudal XII (yes vs. no
80.3 £ 2.6 vs. 71.9 &£ 2.3 respectively; P = 0.045).

Discussion

This study describes and quantifies the immunoreactivity of
the serotoninergic receptor subtype 1A in several nuclei of
the caudal and rostral medulla of human infants. The
expression of this receptor was compared between non-
SIDS and SIDS infants. Additional analyses examined for
associations with age, gender, and the clinical risk factors
of cigarette smoke exposure, sleep position, and bed shar-
ing. The most important findings were that (a) there was
decreased neuronal 5HT,,R immunoreactivity in SIDS
infants compared to non-SIDS infants, affecting the major-
ity of nuclei studied, with many more nuclei affected at the
rostral than caudal medulla level and (b) changes in
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a Caudal Dorsal Motor Nucleus of the Vagus The cellular localization of 5SHT,R immunostaining
100 has been reported as predominantly somatic and dendritic,
a0 f""“s'os =1 with occasional observations in the axonal hillock [1]. We
£ A - . . found that 5HT,,R immunostaining within neurons was
'§_ 01 =g @g.—i;___l_';_ i S 0144 strongest along the cytoplasmic membrane and within the
S ol . _‘__ﬁ's.:. ----- . cytoplasm (i.e. somatic). Some fibrous, presumably den-
£ |- eoet dritic, staining was also occasionally seen in some medul-
IR ) * " o lary regions. This distribution is thus consistent with the
0 ‘ . i . ‘ ' ' recognized role of the 5SHT, 4R as a somato-dendritic auto-
30 40 50 80 70 80 a0 receptor [4]. The predominant somatic versus dendritic
postconceptional age (w) expression that we observed may be representative of the
b Rostral Dorsal Motor Nucleus of the Vagus immaturity of many of the neurons expressing 5HT]ARS’
1007 u SIS (r=58) based on the findings that expression of SHT,,R in the
0. s 4 nonSI0S (=10 hippocampus is initially localized to the cell body and
z s I gradually shifts to the dendrites during postnatal develop-
:% 604 R2=00008 AA - .- Ropi3m ment as the neurons mature [22]. It seems likely that they
:; . o 1 :" o . . are newly synthesized and are not fully functional as they
£ 40 B . . n - seem to still be internalized, but this assumption needs to
= 20 S . " o be verified using a different antibody to SHT, ,R. Differ-
ences in cellular staining distributions have been reported
0 i . . . . X using different antibodies and are thought to be due to

30 40 50 80 0 80 80

postconceptional age (w)

Fig. 2 A scatter plot of SHT | ,R immunoreactivity in the dorsal motor
nucleus of the vagus at the a caudal medulla level and b rostral medulla
levels in the SIDS (solid squares) and non-SIDS (solid diamonds)
according to postconceptional age, with added regression lines for
comparison (SIDS, dotted line; non-SIDS, solid line)

SHT, ,R immunoreactivity, predominantly in the DMNV,
showed a significant relationship with all of the clinical risk
factors.

region specific masking of the epitope, membrane anchor-
ing, or chain modification [3].

Regionally, SHT,,R immunostaining was seen in all
nuclei of the medulla, and is consistent with previous IHC
[20] and binding [13, 21, 23] reports. However, in contrast
to binding studies, we found that the RAPHE had the lowest
quantitative SHT | \R immunostaining expression compared
to the other nuclei. This discrepancy in expression between
binding and immunostaining may be because our staining
is detecting autoreceptors (with somatic distribution),

Table 3 Quantitation of

SHT, (R comparing a positive Nucleus All dataset SIDS

history of cigarette smoke expo- No smoking Smoking Pvalue  No smoking Smoking P value

sure with a negative history

within the whole dataset and Caudal medulla n=11 n=736 n=28 n=732

SIDS population XII 76.4 £29 723424 03 748 £33 719427 05
DMNV* 50.7 £ 4.7 442 +2.6 0.2 48.2+5.0 453 +£2.7 0.6
NTS 348 +44 36.6 2.4 0.7 355+49 36.1 £2.6 0.9
CUN 58.8 +34 48.5+2.4 0.03 55.8 £4.1 489+ 2.6 0.2
ION 64.5+3.5 52.8 £3.2 0.08 63.0+4.2 523+34 0.06
AN 68.9 £ 5.1 58.1 £2.2 0.08 68.1 £6.1 59.6 £2.2 0.2
RAPHE 13.0 £ 3.2 154+1.6 0.6 9.0+23 158 £ 1.7 0.1
Rostral medulla n=12 n=239 n=3_8 n=234
XII 78.0+12.5 76.0 £ 2.3 0.6 76.7 +3.2 749 £ 2.6 0.7

Values are represented as mean DMNV?* 55.6 +4.1 462 +2.4 0.05 539+44 453+£23 0.09

% positive of neuron NTS 41.5+39 354423 02 38.0 + 4.5 341423 05

staining + SE. Bold values

indicate the comparisonbetween  CUN 62.5+£36  543+£29  0.09 593+41 525431 02

those two groups resulted VEST 472+6.38 359+£28 0.1 40.1 £6.2 346 £2.8 0.4

in statistical significance ION 65.2+42 539425 0.03 62.6 £5.6 514+£2.6 0.1

P value < 0.05

. ) ] AN 62.7+ 1.9 508+ 1.4 0.2 64.6 £1.9 592 +1.5 0.04

Adjusted for postconceptional —p ) by 191424 220421 05 201427  220+23 07

age
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Table 4 Quantitation of SHT,,R comparing SIDS infants found in
the prone position with SIDS infants found non-prone

Nucleus SIDS

Prone Non-prone P value
Caudal medulla n=20 n=19
X1I 71.9+£32 734 +£3.6 0.7
DMNV? 40.5+29 555+3.6 0.02
NTS 325+28 40.1 £3.5 0.1
CUN 44.7 £ 3.0 55.6 +3.4 0.02
ION 52.1+38 58.6 £4.7 0.3
AN 59.24+29 652 +23 0.1
RAPHE 13.3+£23 196 +24 0.07
Rostral medulla n=24 n=22
X1I 77.1 £ 1.6 74.0 £ 3.6 0.4
DMNV? 464 +23 473 +34 0.8
NTS 356 £2.6 38.1 £3.0 0.5
CUN 533+26 558 +£43 0.6
VEST 36.4 £ 2.1 389 +42 0.6
ION 582+23 529 +£39 0.2
AN 60.7 £ 1.7 622+ 1.7 0.5
RAPHE 21.5+3.0 251+£2.6 0.4

Values are represented as mean % positive of neuron staining & SE.
Bold values indicate the comparison between those two groups result-
ed in statistical significance P value < 0.05

% Adjusted for postconceptional age

whereas the binding studies are detecting both auto- and
hetero SHT, , receptors.

Our laboratory previously reported an increase in apop-
tosis in the SIDS medulla [17, 18, 31]. In addition, we pre-
viously reported changes in the NMDA system [16]. Our
present findings support a role of the serotoninergic system
in generating or promoting the increased apoptosis. Our
findings also support our hypothesis that SIDS infants have
decreased 5-HT 4R (indicative of a loss of protective activ-
ity) because of the known role of SHT,,Rs in protecting
against cell death (reviewed in [3]). Decreased 5HT|,R
immunoreactivity was consistent in the rostral and the cau-
dal ION, but for the other nuclei, the decrease was statisti-
cally evident only at the rostral medulla level, and only in
the DMNYV, NTS, vestibular and cuneate nuclei. Similar
decreases in SHT, ,R immunoreactivity have been reported
in a Japanese cohort of SIDS infants in the DMNV and
NTS [20]. In an American SIDS cohort, decreased SHT, ,R
binding was also found in the NTS, but in contrast to our
findings, not in the ION [23]. Another contrast is that we did
not find decreased SHT | ,R immunoreactivity in the AN and
RAPHE of SIDS infants despite the prior report of reduced
5HT, 4R binding found in these nuclei [23]. Although the
difference in results could be due to the difference in
methodology, binding versus immunohistochemistry, it

may also be indicative that changes in 5HT, R are more
evident at the functional, rather than expressional level; i.e.
changes are only evident in the receptor once it is functional
and not at the early stage of its protein expression. However,
regional dependency cannot be excluded since expressional
changes for SHT, ,Rs correlate with functional changes in
the NTS of SIDS infants.

One hypothesis for the mechanism of SIDS is that the
infants have abnormal brainstem control of cardiorespira-
tion [9]. Our current findings in the DMNYV and NTS sup-
port this, as do those of Ozawa and Okado [20] and
Paterson et al. [23]. Amongst other functions, these nuclei
are known to regulate heart rate, blood pressure, and respi-
ratory drive. For example, in rats, activation of SHT,R in
DMNYV increased central respiratory drive, evidenced by
increased activity in the parasympathetic cardiac [28] and
phrenic nerves [30]. Thus, a decrease in 5SHT,R in the
DMNYV and NTS could contribute to the abnormal heart
rate [10, 27] and respiratory responses [11] that have also
been reported in (future) SIDS infants.

Changes that predominated in one or the other gender
included decreased 5HT;,R in the DMNV, NTS, and
increased SHT 4R in the AN of females. Amongst males,
the ION showed decreased SHT | R. Such gender-related
differences are not unusual and have been reported for
example in the RAPHE where 5HT | 4R binding was lower
in male SIDS compared with female SIDS infants [23]. The
5HT, R findings from this current study closely mimic the
5HT, R findings we recently reported from our piglet
model of intermittent hypercapnic hypoxia (IHH) [26]. In
that study, we reported that after [HH there was decreased
5HT, ,R immunoreactivity in the DMNYV of female piglets,
while decreased immunoreactivity occurred in the ION in
male piglets. These findings thus suggest that females are
more vulnerable to hypoxia-induced changes in SHT, R
expression within the DMNV, while for the males, it is the
ION that appears to have greater vulnerability. The different
direction of change in the female SIDS AN (increased) was
unexpected and seems to be due to the fact that baseline
SHT, \R immunoreactivity is lower in females than in males
(when comparing non-SIDS females to males). This result
needs to be interpreted with caution since this baseline
difference between the genders was only evident at the caudal
AN, with no difference at rostral AN, and may be due to the
lower number of female cases (n = 4) at the caudal level.

Only two previous studies have examined the relation-
ships between epidemiological risk factors for SIDS and
changes in serotoninergic expression [13, 23]. The one
positive association found was of decreased *H-lysergic
acid diethylamide (LSD) binding (which binds to all
SHT, o p and SHT, receptor subtypes) in the AN of infants
exposed to cigarette smoke [13]. No associations were
found for PH8 (a marker of serotonin containing neurons)
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immunoreactivity or for specific SHT,,R binding using
3H8-hydroxy-2-[di-N-propylamino]-tetralin (*H-8-OH-
DPAT) [23]. In contrast, we found positive associations
with exposure to cigarette smoke, prone sleep position
and bed sharing. One likely explanation for this is our
larger dataset which allowed us to reach statistical power,
and our specific targeting of the 1A receptor protein.
These are important findings because they provide biolog-
ical correlates with epidemiological findings, and offer a
potential etiological mechanism between SIDS and these
risk factors.

Exposure to cigarette smoke was associated with
decreased SHT | ,R immunoreactivity in most of the nuclei
we studied, with statistically significant changes in the
DMNV (rostral level only), ION and cuneate nucleus of
cigarette smoke exposed infants, regardless of their diagno-
sis. A decreased pattern in rostral DMNV and ION was still
evident when studying the SIDS group alone, although
smoke-exposed SIDS infants also demonstrated decreased
immunoreactivity in the rostral AN. Cigarette smoke expo-
sure appears to affect SHT, 4Rs in several medullary nuclei,
with the caveat that smoke exposure was self-reported, and
does not differentiate between active or passive exposure.
Regardless, the finding that the SHT, , changes were asso-
ciated with smoke exposure is significant and again high-
lights the vulnerability of 5HT,,Rs, especially in the
DMNYV of SIDS infants. Interestingly, in our animal stud-
ies, piglets exposed to postnatal nicotine also had signifi-
cant reduction in SHT, ,R immunoreactivity in the DMNV
[26]. This raises the possibility that nicotine contributes to
the SHT | 4R changes seen in SIDS infants, and that postna-
tal cigarette smoke exposure, as opposed to a purely prena-
tal exposure, may also precipitate the changes.

Our model of IHH most closely represents rebreathing
in prone sleeping infants, and we have found similar
pathology in SIDS infants found prone and piglets exposed
to IHH [26]. Here, decreased SHT | ,R immunoreactivity is
present in the DMNYV of both piglets and infants, so we
postulate that a hypercapnic-hypoxic environment has a
causal association with decreased SHT| ,R immunoreactiv-
ity. The implications of increased SHT 4R in XII of SIDS
infants who had a history of bed sharing remains unclear,
and is complicated in our dataset by the fact that 94% of
the bed sharing infants were also exposed to cigarette
smoke.

In conclusion, using a large infant dataset, we present
evidence of abnormal expression of the serotoninergic
receptor 1A protein in the brainstem of SIDS compared to
non-SIDS infants. Additional, novel data show that some of
these findings are associated with exposure to the risk fac-
tors of cigarette smoke exposure and prone sleeping. These
findings further support a role of the brainstem serotoniner-
gic system in the etiology of SIDS.
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