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Significance of endotoxin in lethal synergy

between bacteria associated with sudden infant
death syndrome: follow up study

N M Sayers, D B Drucker, J A Morris, D R Telford

Abstract
Aim-To investigate the role of endotoxin
in synergy between bacterial toxins as-

sociated with sudden infant death syn-
drome (SIDS).
Methods-Extracellular toxins of 13 isol-
ates ofStaphylococcus from SIDS victims
and matched healthy infants were tested
for lethal toxicity in chick embryos with
and without standard endotoxin (used at
1.00ng/embryo). Endotoxin and toxins
from staphylococci were used at dilutions
with negligible lethality.
Results-Simultaneous injection of non-

lethal levels of endotoxin and toxins from
11 of the 13 staphylococcal isolates tested
produced lethal toxicity that was 111 to
613% greater than expected by an additive
effect alone. This was highly significant
and occurred even in the absence of sta-
phylococcal enterotoxins or toxic shock
syndrome toxin-1.
Conclusion-Endotoxin enhancement of
staphylococcal toxin lethality could be
partly responsible for the clinical outcome
in SIDS.
(J7 Clin Pathol 1996;49:365-368)
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Sudden infant death syndrome (SIDS) is the
main cause of post-perinatal infant mortality
in the UK.' The syndrome is significantly as-

sociated with a number of features2": SIDS is
uncommon in the first month of life and rare

after the first year of life; the number of deaths
peaks at two to three months of age, during
the winter months and between 2400 and 0600
hours. In addition, there is persuasive evidence
that viral infections of the upper respiratory
tract predispose to SIDS.45
The "common bacterial toxin hypothesis" is

the only hypothesis that explains the char-
acteristic age distribution of SIDS.6 The hy-
pothesis states that a viral infection ofthe upper
respiratory tract can lead to a "supra-infection"
by commensal bacteria, and if this occurs at
the same time as infantile immunoglobulins are

at their lowest (at approximately two to three
months of age) the baby is at risk of SIDS.

Studies have shown that SIDS victims, com-
pared with matched healthy controls: (1) have
a higher carriage rate of staphylococci and col-
iforms in their nasopharynx'; and (2) are sig-
nificantly more likely to harbour a toxigenic
strain in their nasopharynx.' It has also been
shown that toxins from staphylococci and
enterobacteria interact synergistically to pro-
duce a lethal effect following injection into
chick embryos.9
The aim of this study is to explore the role

ofendotoxin in SIDS by investigating the inter-
action between endotoxin and extracellular
toxin preparations of staphylococci using a
chick embryo bioassay. Endotoxin or lipo-
polysaccharide is the primary component of
Gram negative bacteria responsible for the
pathophysiological response to septic shock.'0

Methods
The staphylococcal strains used in this study
were isolated from pernasal swabs (PNS) taken
from SIDS victims at the earliest opportunity
and from age and season matched healthy
babies. The collection of samples has been
described fully elsewhere.7-9

BACTERIA TESTED
Thirteen staphylococcal isolates were tested
and details are presented in table 1. Bacterial
identification was confirmed using com-
mercially available API STAPH kits (Bio-
Merieux (UK) Ltd, Basingstoke, UK) which

Table 1 Staphylococcus species type, code and
concentration of toxin preparations used in study

Staphylococcal Study Dilution Percentage Toxins
species Number used lethality produced

S aureus 1* 1/1 18 C
S aureus 2* 1/1 23 C
S aureus 3* 1/1 0 C
S aureus 4* 1/1 0
S aureus 5* 1/1 9
S aureus 6* 1/2 0 C
S aureus 7* 1/8 9 TSST-1
S aureus 8t 1/4 9 D
S aureus 9t 1/1 23
S aureus lOt 1/1 15
S aureus lit 1/16 0 TSST-1
S aureus 12t 1/1 0 C, D
S epidermidis 13t 1/16 9

* Bacteria isolated from infants who died of SIDS; tbacteria
isolated from healthy controls; C = staphylococcal enterotoxin C;
D= enterotoxin D; TSST-i = toxic shock syndrome toxin-i.
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were used strictly in accordance with the manu-
facturer's instructions. All isolates were pre-
served at -20°C.
Two staphylococcal species were tested, Sta-

phylococcus aureus and Staphylococcus epi-
dermidis. Isolates 1-7 were isolated from the
PNS of SIDS victims whereas isolates 8-13
were isolated from the PNS of normal healthy
infants (table 1). The Staphylococcus isolates
were tested for the production of enterotoxins
A to D (SEA-SED) and toxic shock syndrome
toxin-1 (TSST-1) (table 1) by Antonnette
Wieneke (Central Public Health Laboratory,
Colindale, London, UK) using the SET-RPLA
kit (TD900, Unipath, Basingstoke, UK). The
manufacturer's instructions were followed ex-
cept that the dilutions of the culture filtrates
used were 1 in 2, 1 in 10 and 1 in 100.11

TESTING OF TOXICITY
The bacterial isolates chosen were screened for
lethal toxicity9l12 using a chick embryo assay
system originally described by Eichhorn,'3
which has the advantage of sensitivity to a very
wide range of toxins.
The growth, harvesting and assessment of

concentration of bacterial suspensions were
carried out following previously published
methods.9'12 Briefly, bacteria were grown on
dialysis membranes overlain onto a plate of
defined media'4 and incubated at 37°C for 18
hours. Bacteria and supra-membranous cell
products were collected by washing with
Hanks' balanced salt solution (HBSS) (Sigma,
Poole, Dorset, UK) and the concentration of
each bacterial suspension in HBSS was assessed
using a double-beam spectrophotometer (Pye-
Unicam, Cambridge, UK) set at Xssnm. Bac-
terial suspensions were compared by adjusting
the suspensions to a standardised and notional
absorbance (where A=5-0), representing the
undiluted sample. Bacteria were removed by
centrifugation at 3000 x g for 20 minutes, then
filter sterilisation using a 0X2 [tm pore mem-
brane filter (Gelman Sciences, Michigan,
USA). The concentration of each crude toxin
preparation was considered to be the same as
that of the original bacterial suspension from
which it was derived. Toxin preparations were
stored at - 20°C and diluted as required with
HBSS.
The biological activity of each crude toxin

preparation was assessed by intravenous in-
jection into 11-day old chick embryos.9 13
Briefly, 50 p1 of each toxin preparation (at the
desired concentration) was injected into the
chorio-allantoic vein of each embryo. If in-
jection resulted in haemorrhage, the embryo
was replaced. The survival of each embryo
post-injection was assessed after an 18 hours
incubation period.

PRE-SYNERGY TOXICITY TESTING
Putative toxins from staphylococci were tested
undiluted, and diluted (1 in 2, 1 in 4, 1 in 8,
1 in 16, and 1 in 32) with HBSS. Two separate
toxin preparations from each individual bac-

Table 2 Percentage lethality of standard endotoxin
assessed over a range of concentrations in the chick embryo
assay (see text for details)

Concentration of endotoxin injected
into each egg (pglembryo) Percentage lethality

0 1
250 0
500 11-5
1000* 11 5
2000 34 6
3000 53 8
4000 53-3

* Concentration used in synergy experiment.

terial isolate were tested in a minimum of 11
eggs. Endotoxin derived from Escherichia coli
055:B5 (Sigma) was tested at 5, 10, 20, 40,
80, and 160 ng/ml. When injected (50 pl) into
each individual egg, this equates with a final
concentration of250 pg, 500 pg and 1, 2, 4, and
8 ng per embryo. Embryos were also challenged
with 50 p1l of HBSS alone (negative controls).
For both staphylococcal toxins (table 1) and

endotoxin (table 2), the dilution factor was
noted at which lethal toxicity in the chick em-
bryo was less than, or equal to, 25% of eggs
challenged.

SYNERGY EXPERIMENTS
Staphylococcal toxins and endotoxin were
combined at non-lethal concentrations (de-
termined in the pre-synergy experiments) and
then diluted 1 in 2, 1 in 4, 1 in 8, 1 in 16,
and 1 in 32 with HBSS. When toxins from
staphylococci were combined with endotoxin,
the concentration of both was initially used at
twice that indicated in tables 1 and 2; on
mixing, this resulted in each toxin being diluted
by 1 in 2, thereby arriving at the required
concentration. A minimum of 1 1 chick embryos
was used to test each combination.

Results
Analysis of enterotoxin production by the sta-
phylococcal isolates showed (table 1) that isol-
ates 1-3, 6, and 12 produced staphylococcal
enterotoxin C (SEC), isolates 8 and 12 pro-
duced staphylococcal enterotoxin D (SED),
isolates 7 and 11 produced TSST-1, and isol-
ates 4, 5, 9, 10, and 13 produced neither
detectable enterotoxin nor TSST-1. Staphy-
lococcal strains isolated from SIDS victims
predominantly produced SEC (four of seven
isolates) compared with matched healthy con-
trols (one of six isolates).
The pre-synergy experiments indicated that

the lethality of each staphylococcal toxin pre-
paration varied greatly, and that the con-
centrations of toxin preparations used in the
subsequent synergy experiments ranged from
undiluted to a dilution factor 1 in 8 of that of
the original concentration (table 1).

Endotoxin was used at a concentration of
1 ng/embryo (20 ng/ml) which killed 1 1 * 5% of
the embryos challenged (table 2).
The expected effect of combining sub-lethal

doses of staphylococcal toxins with endotoxin
was originally estimated by a simple addition
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Table 3 Comparison of actual and expected (by addition) lethality of toxin preparations
from staphylococci in presence of endotoxin

Staphylococcal Percentage lethality Percentage lethality Expected percentage
species and code without endotoxin with endotoxin lethality with endotoxin

S aureus 1I 18 91 29-5
S aureus 2* 23 46 34-5
S aureus 3* 0 73 11-5
S aureus 4* 0 36 11-5
S aureus 5* 9 55 20-5
S aureus 6* 0 64 11-5
S aureus 7* 9 55 20 5
S aureus 8t 9 55 20-5
S aureus 9t 23 73 34-5
S aureus lOt 15 82 26-5
S aureus lit 0 82 11-5
S aureus 12t 0 73 11-5
S epidennidis 13t 9 27 20-5

* Bacteria isolated from infants who died of SIDS; t bacteria isolated from healthy controls.
Concentrations of endotoxin and staphylococcal toxins are given in tables 1 and 2. Difference
between observed and expected values is significant at p =-00001 (Wilcoxon signed rank test).

Table 4 Lethal toxigenicity of staphylococcal toxins in the
presence of endotoxin diluted with HBSS in the chick
embryo assay

Percentage lethality of staphylococcal
toxins plus endotoxin diluted with HBSS

Staphylococcal
species and code 1/1 112 114 118 1116 1/32

S aureus 1* 91 27 36 18 0 9
S aureus 2* 46 18 9 18 9 9
S aureus 3* 73 36 9 0 0 0
S aureus 4* 36 27 18 0 9 0
S aureus 5* 55 55 55 46 46 27
S aureus 6* 64 46 18 0 9 0
S aureus 7* 55 18 27 0 9 0
S aureus 8t 55 18 27 18 0 0
S aureus 9t 73 82 73 46 27 18
S aureus lOt 82 64 64 36 36 27
S aureus lit 82 55 9 9 9 9
S aureus 12t 73 73 55 55 55 55
S epidermidis 13t 27 18 9 0 0 0

* Bacteria isolated from infants who died of SIDS; t bacteria
isolated from healthy controls.
Concentrations of endotoxin and staphylococcal toxin pre-
parations used are given in tables 1 and 2.

(table 3). This assumed that both the sta-
phylococcal toxin and endotoxin would act
separately (additively) as if tested alone in the
chick assay. The results of the actual com-
binations are shown in tables 3 and 4. When
endotoxin and toxin preparations of sta-
phylococcal isolate numbers 1 and 3-12 were
combined a notable increase in lethality was
seen ranging from 1 1 1 to 613% over and above
that expected. Determination of statistical sig-
nificance by the Wilcoxon signed rank test
revealed that the enhancement of lethality was
highly significant (p = 0 000 1). This synergistic
activity was dilutable by 1 in 2 to 1 in 32,
depending on the staphylococcal isolate (table
4). Toxin preparations from isolates 2 (S au-
reus) and 13 (S epidermidis) showed less no-
ticeable apparent synergy than others with
endotoxin; the maximum rise in toxicity seen
was 33 and 31%, respectively. Isolate 2 had
been cultured from the PNS of a SIDS victim
(table 1), whereas isolate 13 had been cultured
from the PNS of a healthy infant (table 1).

Discussion
The results presented herein show that Gram
negative endotoxin and extracellular toxins
from staphylococci act synergistically to pro-
duce a lethal effect in chick embryos. Eleven
of the 13 staphylococcal isolates tested stim-

ulated a lethal synergistic effect with endotoxin.
Of those 11 isolates, four produced SEC, two
produced SED, two produced TSST-1, and
four did not produce any detectable enter-
otoxins or TSST-1. These results suggest that
the presence of any particular enterotoxin or
TSST-1 is not an absolute requirement for
lethal synergy to occur between staphylococci
and endotoxin. In addition, as table 4 illus-
trates, the presence of enterotoxin or TSST-1
(vide supra) does not guarantee high dilutability
of combined lethality of staphylococcal toxin
plus endotoxin. Staphylococci produce other
extracellular toxins including exfoliating toxins
(A and B), pyrogenic exotoxins (A, B and C),
and leucocidin'5 which may also be involved.
Toxins from two staphylococcal isolates (2

and 13) produced a less marked effect with
endotoxin. Enterobacteria also produce a wide
range of toxins other than endotoxin; these
include haemolysins, vero-cell cytotoxin and
proteases,'6 17 which could also act syner-
gistically with staphylococci.
The physiological effects of endotoxin are

varied.'0 Gram positive toxins (including
TSST-1, SEA, SEB and SEC'8 19) can po-
tentiate the activity of endogenous endotoxin
by priming or activating macrophages.20 Endo-
toxin activity can also be potentiated by other
antigens including influenza virus A2' 22; it has
also been reported that SIDS victims are more
likely to have depleted antibodies to endotoxin
core than normal healthy controls.23 These ob-
servations are pertinent to the "common bac-
terial toxin hypothesis".6
The experimental evidence described sug-

gests that endotoxin produced by enter-
obacteria could play a role in the observed
synergy between enterobacteria and sta-
phylococci.9 Further work is in progress to
identify additional staphylococcal toxins (other
than enterotoxins and TSST-1) which may be
involved in this process. As SIDS victims are
more likely to harbour enterobacteria and sta-
phylococci in their nasopharynx than normal
healthy infants,7 this is of significance in the
aetiology of SIDS. If bacterial toxins do have
a pathogenetic role in SIDS then prevention
based on immunisation is a possibility.2425
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