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Sudden infant death syndrome is the most common cause of
postneonatal infant mortality in the developed world. It is a
diagnosis of exclusion with peak age of incidence between 2 and
6 mo. Fifty to 63% of these infants have a preexisting upper
respiratory tract infection before death. We hypothesized that the
immature immune system may be altered by a primary infection,
preventing a protective response after secondary challenge. To
mimic dual infection, we used a nonlethal strain of a rat-adapted
influenza A virus and a sublethal dose of endotoxin to establish
a model that results in pathology and death in 12-d-old rat pups
similar to that seen in infants dying of sudden infant death
syndrome. Mortality only occurred when specific criteria such as
timing between infectious insults and developmental age of the
pup were met. Results suggest that mortality is caused by a rapid
systemic shock event rather than lung-specific damage. Gross
pathologic findings such as lung petechiae and liquid blood
around the heart on necropsy were consistent with those seen in
infants dying of sudden infant death syndrome. Histopathologic
lesions including subendocardial hemorrhage and mild cortical

thymocyte necrosis were found with greater severity and fre-
quency in dually challenged animals. Macrophage subpopulation
in rat-adapted influenza A virus–inoculated animals was signif-
icantly elevated in the spleen at the time of death. Our model
suggests that the developing immune system can be primed to
respond in an exaggerated way to a second immune challenge
resulting in unexpected death. (Pediatr Res 52: 481–490, 2002)
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BALF, bronchoalveolar lavage fluid
H&E, hematoxylin and eosin
iNOS, inducible nitric oxide synthase
IFN-�, interferon-�
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TNF-�, tumor necrosis factor-�
SIDS, sudden infant death syndrome
RAIV, rat adapted influenza A virus

SIDS is the most common cause of mortality in infants
between 1 wk and 1 y of age in the developed world (1). It is
a diagnosis of exclusion often defined as the sudden death of an
infant not explained by symptoms of illness or autopsy find-
ings. Factors thought to increase susceptibility include expo-
sure to tobacco smoke and prone sleeping, with peak age of
incidence between 2 and 6 mo (1). Although one of the
defining characteristics is an absence of symptoms, 50 to 63%
of SIDS infants had a mild viral infection before death (2, 3).

In many cases, parents have consulted a health-care provider in
the weeks preceding death, reporting symptoms of upper re-
spiratory and gastrointestinal illness (2, 3). Blackwell and Weir
(1) have suggested that SIDS is a “patho-physiologic response
elicited by combinations of microbial products and/or cigarette
smoke during a developmental stage when infants’ endocrine
responses are less able to ‘damp down’ the effects of inflam-
matory mediators.”

Gram-negative bacteria, particularly Escherichia coli and
superantigen-producing strains of Gram-positive bacteria, were
found on autopsy in a large number of SIDS infants (3, 4).
There is a significant relationship between endotoxin levels in
the blood and signs of inflammation in infants dying of SIDS
(5). In addition, SIDS is more prevalent in populations in
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which infections are common, in association with influenza A
outbreaks, and during winter months, when viral infections are
prominent (6, 7).

Toxins from these organisms induce cardiovascular abnor-
malities and activate the release of the proinflammatory cyto-
kines TNF-� and IFN-� by immune cells (8). Some human
infants may overreact immunologically because of predispos-
ing factors or underlying host vulnerability, succumbing to an
otherwise nonpathologic event (9). Trying to pinpoint a par-
ticular toxin or group of toxins has thus far been nonproduc-
tive, and various combinations of bacterial or viral insults may
play a role in the induction of sudden unexplained deaths. It is
suspected that many viruses can exacerbate clinical signs and
symptoms seen with bacterial infections such as seen with
influenza virus and Streptococcus pneumoniae or Staphylococ-
cus aureus (10–12).

Prone sleeping, an important risk factor for SIDS, may cause
impairment of gas exchange; however, there are also data to
suggest a prone position may exacerbate the response to infec-
tion. During times of viral infection, prone position can in-
crease airway temperature, stimulating bacterial infection and
bacterial toxin production (13). The nasal septal temperatures
of children who had no evidence of respiratory tract infection
were measured in both the prone and erect positions and found
to be significantly higher in the prone position (14). Combined
with viral infection, prone sleeping would have an even greater
effect. Infants with an upper respiratory infection placed in the
prone position for sleeping have increased bacterial coloniza-
tion on early morning swabs. Gram-negative bacilli, particu-
larly Haemophilus influenza and Neisseria species, were more
common than in supine sleepers. Highest counts were mea-
sured in prone sleepers with a concurrent upper respiratory
infection (4).

Given the paucity of immune data related to SIDS, we have
developed an animal model to mimic dual infection, using a
nonlethal strain of influenza A virus and a sublethal dose of
endotoxin. Particular attention has been paid to the hypothesis
that influenza A virus changes the normal immune response to
endotoxin by regulating the production of TNF-� and other
inflammatory cytokines that normally promote a TH-1 type
response. The immature immune system is either unable to
tolerate these changes or unable to dampen the response,
resulting in death. We have defined similarities of SIDS pa-
thology in human infants and that seen in this model and begun
to examine basic immune factors associated with this death.

METHODS

Virus. RAIV, developed from influenza A/Port Chalmers/
1/73 (H3N2) virus, initially purchased from American Type
Culture Collection and adapted by successive passages in
allantoic fluid of chicken eggs, was a gift from Dr. Gary
Burleson (Burleson Research Technologies, Raleigh, NC,
U.S.A.). Virus was propagated in adult male Fischer-344 rats,
and lung homogenates were used for infectivity in these ex-
periments (15). Viral content was analyzed using the Madin-
Darby canine kidney plaque assay and frozen in aliquots at
�70°C. Animals were inoculated intranasally with 25 �L of

RAIV diluted 1:100 in PBS to 1.9 � 104 PFU/mL. E. coli
endotoxin 0127:B8 was obtained from Sigma Chemical Co.
(St. Louis, MO, U.S.A.), diluted with PBS and used in a range
of 0.05–2.0 mg/kg in a single i.p. dose of 0.2 mL.

Animals. Timed pregnant Fischer-344 rat dams, obtained
from Charles River Laboratories (Raleigh, NC, U.S.A.) at 15 d
gestation, were allowed to litter in solid-bottom plastic cages
with one dam per cage. Animals were maintained at 72 � 2°F,
humidity 50 � 10%, in Illinois isolation cubicles with 12-h
light-dark cycles and allowed food and water ad libitum.
Within 48 h of birth, rat pups were randomly cross-fostered,
and litters were standardized to 10 pups per dam. This research
was approved by the Animal Care and Use Committee at the
National Institute of Environmental Health Sciences and Duke
University.

Mortality studies. Initial experiments were conducted to
ascertain mortality, timing between doses, and optimum endo-
toxin levels to model the pathology of SIDS. Ten-day-old rat
pups were infected with 25 �L of RAIV given intranasally
(16). One to 5 d after RAIV inoculation, one group of pups per
day per dose was given an i.p. endotoxin challenge (2, 0.5, 0.2,
or 0.05 mg/kg). A second group of pups without previous
exposure to RAIV was given the same dose of endotoxin at
each time as a control. RAIV controls received virus only on d
10. Pups were examined every 4 h after endotoxin for morbid-
ity and mortality. Naïve controls were not given either RAIV
or endotoxin.

Additional studies were conducted to establish the critical
age at which dual challenge most resembled SIDS. Animals
were maintained as above. Pups were infected intranasally with
RAIV on d 8, 10, or 14 and then given an endotoxin challenge
(0.5, 0.2, 0.1, or 0.05 mg/kg) i.p. 2 d after RAIV inoculation.
A second group of pups was given endotoxin in the same doses
and time interval as the first group but without RAIV. Addi-
tional controls were inoculated with RAIV only on d 8, 10, or
14. Pups were examined every 4 h for morbidity and mortality,
and deceased animals were removed for necropsy. Adult (8-
wk-old) rats were similarly challenged with 100 �L of RAIV
intranasally (15) and endotoxin (2, 0.5, 0.2, and 0.1 mg/kg) i.p.
2 d after RAIV inoculation.

Mechanistic studies. After establishing that inoculation with
RAIV at 10 d of age followed by endotoxin 0.2 mg/kg 2 d after
RAIV caused significant mortality with the lowest morbidity, a
series of experiments were developed to examine pathology
and evaluate immune variables before death. On d 10 of life,
pups were infected with 25 �L of RAIV given intranasally. On
d 12, RAIV-inoculated and untreated animals were given
endotoxin 0.2 mg/kg i.p. and randomly assigned to groups.
Animals were euthanized using 0.1 mg/kg pentobarbital i.p. 2,
4, 6, and 8 h after endotoxin.

Histology. Tissues (liver, spleen, thymus, heart, lung, kid-
ney) were processed, embedded in paraffin, sectioned at 5 to 6
�m, and stained with H&E for microscopic examination. A
semiquantitative assessment was used to estimate the his-
topathologic reaction in the affected tissues. The scoring was
done without knowing either the identity of the animal or its
treatment group (“blind evaluation”) based on a method de-
scribed by Lomnitski et al. (17). Lesions were described and
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scored where appropriate using five semiquantitative grades: 0,
no lesion; 1, minimal lesion; 2, mild lesion; 3, moderate lesion;
or 4, severe lesion. The severity score for each group and lesion
was then calculated.

Cell phenotyping. MAbs used for identification of spleen
cell surface antigen expression were FITC-conjugated mouse
anti-rat CD8a (clone G28, Pharmingen, San Diego, CA,
U.S.A.), CD4 (clone w3/25, Serotec, Oxford, U.K.), CD8b
(clone 341, Pharmingen), CD11b (clone wt.5, Pharmingen),
immunoglobulin kappa-light chain (clone OX-12, Serotec),
and phycoerythrin-conjugated mouse anti-rat CD3 (clone
G4.18, Pharmingen), MAC (clone HIS36, Pharmingen),
NKp-1 (clone 10/78, Pharmingen), and CD45RA (clone OX-
33, Pharmingen). All antibodies were titrated and used at the
concentration found to produce optimal fluorescence.

Five spleens per group were aseptically collected by dissec-
tion immediately after anesthesia, placed in RPMI 1640 sup-
plemented with 10% FCS (Hyclone, Logan, UT, U.S.A.), 1%
L-glutamate, and 1% penicillin/streptomycin, and kept on ice
until processed. Tissue was mechanically dissociated into a
single-cell suspension, then washed twice in PBS at room
temperature. Cells were counted by hemocytometer in Trypan
blue 0.5% and adjusted to 2 � 106 cells/mL in PBS, 10% FCS,
and 0.02% sodium azide (PBS/FCS/NaAzide).

Cells were double stained for surface antigen expression.
Fifty microliters of diluted antibody was added to triplicate
wells of a 96-well V-bottom microtiter plate containing 1 �
106 cells. After a 1-h incubation at 4°C in the dark, cells were
washed two times with PBS/FCS/NaAzide and then fixed with
PBS/NaAzide/2% formaldehyde (18). Cells were counted
within 48 h of staining and analyzed by a fluorescence-
activated cell sorting flow cytometer (Becton Dickinson Im-
munocytometry Systems, Atlanta, GA, U.S.A.) using Cell
Quest 4.1 software. Control samples stained with only one
fluorochrome were used to determine the proper color com-
pensation. Dead cells, debris, and RBC were gated out and not
included in the results.

Broncheoalveolar lavage fluid. Alveolar cells and fluid was
harvested by lavaging the lungs of five animals per group in
situ at least five times with 2 mL of ice-cold, Ca2�- and
Mg2�-free PBS. Samples were centrifuged for 10 min at 1500
rpm at 4°C, and the supernatant was collected and stored at
�20°C for cytokine ELISA measurements (TNF-�, IFN-�,
and IL-12). Cells were resuspended in RPMI containing 10%
FCS, counted by hemocytometer in Trypan blue 0.5%, and
adjusted to 5 � 105 cells/mL in RPMI-10% FCS. One hundred
microliters of each sample was transferred to a glass slide,
centrifuged at 200 � g for 2 min using a Cytospin 3 (Shandon
Inc, Pittsburgh, PA, U.S.A.), and stained with Wright-Giemsa
for differential analysis (15).

ELISA. Commercial rat cytokine ELISA kits (Biosource,
Camarillo, CA, U.S.A..) were used for measurements of
TNF-�, IFN-�, and IL-12 in serum and BALF samples.

Statistical analysis. Results are presented as mean � SD
with n equal to the number of animals in each group. Data
comparing values of untreated and treated groups were statis-
tically evaluated by F test, and compared between groups by
the t test. Mortality rates of treated groups were compared

using the �2 test. Data indicating the incidence of the his-
topathologic changes were analyzed using Fisher’s exact test.
Data indicating the severity of the histopathologic changes
were analyzed using the Mann-Whitney U procedure.

RESULTS

Mortality Studies

Animals in all endotoxin groups were lethargic 4 to 6 h after
endotoxin; however, the only deaths were in pups intranasally
inoculated with RAIV on d 10 then given an endotoxin chal-
lenge 1, 2, 3, 4, or 5 d later. Significant mortality, 80, 60, and
80%, was observed in animals dosed at 2 d after RAIV
inoculation with endotoxin (2, 0.5, and 0.2 mg/kg, respective-
ly), compared with 20% mortality in pups receiving endotoxin
(0.5 and 0.2 mg/kg) at 1 d after RAIV inoculation or 0.5 mg/kg
endotoxin at 3 d after RAIV inoculation (p � 0.001; Fig. 1).
There were no deaths in the RAIV only or RAIV untreated
groups. These studies indicate that the timing of 2 d between
RAIV administration and endotoxin challenge was critical for
significant differences in mortality.

In the second experiment, pups were intranasally inoculated
with RAIV on d 8, 10, or 14 then given an endotoxin challenge
2 d later. Significant mortality, 60 and 66%, was observed in
12-d old animals given endotoxin 0.5 and 0.2 mg/kg, respec-
tively (p � 0.01; Fig. 2). A smaller number of animals (30 and
20%) died at 10 d of age dosed at 2 d after RAIV inoculation
with endotoxin (0.5 and 0.2 mg/kg, respectively). There were
no deaths in 16-d-old (Fig. 2) or adult animals (data not shown)
dosed 2 d after RAIV inoculation. There were no deaths in the
RAIV only or RAIV untreated groups. There were no deaths in
either experiment at the lowest endotoxin level (0.05 mg/kg).
Increasing the endotoxin dose above 0.2 mg/kg did not in-
crease mortality but had the potential to increase morbidity in
endotoxin groups. Mortality differed by age of pups and was
greatest at 12 d of age.

Figure 1. Mortality in rat pups challenged with endotoxin 1–5 d after RAIV
inoculation. Ten-day-old rat pups were inoculated with 25 �L (1.9 � 104

PFU/mL) of RAIV given intranasally. One to 5 d after RAIV inoculation, one
group of pups per day per dose was given an endotoxin challenge (2, 0.5, 0.2,
or 0.05 mg/kg) i.p. as described in “Methods.” Values for each individual
endotoxin dose at 1, 2, 3, 4, and 5 d after RAIV inoculation were for 2 mg/kg
(0, 80, 0, 0, 20%), 0.5 mg/kg (20, 60, 20, 0, 0%), 0.2 mg/kg (20, 80, 0, 0, 0%),
and 0.05 mg/kg (0, 0, 0, 0, 0%). *Significant difference (p � 0.001) from other
ages at endotoxin doses 2, 0.5, and 0.2 mg/kg by �2, n � 5.
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Mechanistic Studies

Clinical observations. At each time, endotoxin-treated
RAIV-inoculated animals were more severely affected than
RAIV untreated animals. At 6 h after endotoxin, the pups were
mildly cyanotic and cool, and adequate cardiac blood samples
were more difficult to obtain. It is assumed that they were
hypotensive; however, quantitative measurements were not
taken. After cardiac puncture at 6 h, RAIV-inoculated pups
continued to bleed without clotting, suggesting early dissemi-
nated intravascular coagulation commonly seen in septic
shock. At 8 h, RAIV untreated pups were still lethargic and
cool but were regaining normal activity. No overt toxicity was
seen in either nonendotoxin-exposed control group.

Pathologic findings. Gross pathology of animals was similar
within groups for all experiments. Gross examination revealed
petechiae in the lungs, subendocardial hemorrhage, lymphoid
cell necrosis of the thymic cortex, and pale kidneys in endo-
toxin-treated RAIV-inoculated animals. All pups still had milk
in their stomachs, suggesting a rapid progression to death.

The cumulative incidence of histopathologic findings is
presented in Table 1, with mean severity scores shown in Table
2. RAIV-inoculated animals 6 h after endotoxin showed the
most prominent and frequent treatment-related lesions, and
therefore, the incidence and severity of the lesions noted in
other groups were compared with this group. There were no

Figure 2. Age-related mortality in rat pups given endotoxin 2 d after RAIV
inoculation. Pups were intranasally inoculated with 25 �L (1.9 � 104 PFU/
mL) of RAIV given on d 8, 10, or 14 of life and then given an endotoxin
challenge (0.5, 0.2, 0.1, or 0.05 mg/kg) i.p. 2 d after RAIV inoculation as
described in “Methods.” Values for each individual endotoxin dose at 10, 12,
and 16 d after RAIV inoculation were for 0.5 mg/kg (33, 60, 0%), 0.2 mg/kg
(20, 66, 0%), 0.1 mg/kg (0, 20, 0%), and 0.05 mg/kg, (0, 0, 0%). *Significant
difference (p � 0.01) from other ages at endotoxin doses 0.5 mg/kg and 0.2
mg/kg by �2, n � 5.

Table 1. Incidence of histopathology*

Histologic findings

Control 4 h 6 h 8 h Post mortem

RAIV
untreated

RAIV
inoculated

RAIV
untreated

RAIV
inoculated

RAIV
untreated

RAIV
inoculated

RAIV
untreated

RAIV
inoculated

RAIV
untreated

RAIV
inoculated

Liver No
deaths

No abnormality detected 4/4 4/4 2/4 4/5 2/4 1/3 2/4
PMNL aggregates, multifocal 2/4 2/4 4/4† 2/3 2/4 9/9
Hepatocytic vacuolation,

multifocal
2/4 2/4 4/4† 2/3 2/4 9/9

Hepatocytic necrosis, multifocal 2/4 1/5 2/4 4/4† 2/3 2/4 9/9
Hemorrhage, multifocal 2/4 1/5 2/4 4/4† 2/3 2/4 9/9

Kidney
No abnormality detected 4/4 4/4 4/4 5/5 4/4 4/4 3/3 4/4

Spleen
No abnormality detected 4/4 4/4 2/4 5/5 2/4 2/3 3/4
Red pulp, congestion 2/4 2/4 4/4† 1/3 1/4 7/9

Adrenal
No abnormality detected 2/2 4/4 1/1 3/3 2/4 2/4 1/2 3/3
Cytoplasmic vacuolation of

medulla
2/4 2/4 1/2 4/4

Lungs
No abnormality detected 4/4 4/4 4/4 5/5 4/4 4/4 3/3 4/4
Lung congestion 4/9
Gross petechiae 4/9

Heart
No abnormality detected 4/4 4/4 2/4 5/5 2/4 2/4 2/3 4/4
Subendocardium, hemorrhage 2/4 1/4 2/4 1/3 9/9

Thymus
No abnormality detected 4/4 4/4 2/4 2/5 2/4 1/2 3/4
Lymphoid cell necrosis of cortex 2/4 3/5 2/4 4/4† 1/2 1/4 9/9

* Incidence of observation/number organs examined (irrespective of severity scores) of selected findings of Fischer-344 rat pups testing the effect of prior
RAIV inoculation on endotoxin response. No lesions were detected at 2 h after endotoxin in either group. Postmortem results represent animals found before
autolysis after dual inoculation as described in the “Mortality Studies.” There was no mortality in RAIV untreated animals.

† Significant difference (p � 0.03) from RAIV-inoculated and either control group untreated and RAIV only by Fisher’s exact test.
PMNL, polymorphonuclear leukocytes.
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treatment-related lesions in untreated or RAIV only animals
and at 2 h after endotoxin injection.

RAIV-inoculated animals 4 h after endotoxin injection had
lesions in the liver and thymus. Hepatocellular necrosis was
minimally observed in a single animal, whereas thymic cortical
necrosis was seen in three. There were significant differences in
severity scores from the liver (p � 0.05), spleen (p � 0.01),
and thymus (p � 0.05) when comparing RAIV-inoculated
animals at 4 and 6 h. RAIV untreated animals, 4 h after
endotoxin injection, displayed lesions in the liver, heart,
spleen, and thymus. When compared with 6 h after endotoxin
RAIV-inoculated animals, lesions were similar in nature, but
less frequent with reduced severity.

All RAIV-inoculated animals 6 h after endotoxin injection
had lesions in the liver, adrenal, heart, spleen, and thymus. In
the liver, multifocal hepatocytic necrosis associated with poly-
morphonuclear leukocyte infiltration was noted (Fig. 3, A and
B). The inflammatory component was minor in contrast to the
more prominent necrotic process. Many of the dying cells
exhibited cytoplasmic shrinkage and clumped chromatin or
presence of extracellular or intracellular apoptotic bodies, cy-
tomorphologic characteristics consistent with apoptotic necro-
sis (Fig. 3, C and D) (19). RBC occupied empty spaces left by
necrotic hepatocytes and engorged the dilated sinusoids. The
cytoplasm of hepatocytes located close to necrotic foci was
also finely vacuolated. In the thymus, this treatment regimen
was associated with the presence of apoptotic necrotic lym-
phocytes with hyperbasophilic nuclear debris in the cortex
(Fig. 3E). In the spleen, changes consisted of red pulp conges-
tion. Subendocardial hemorrhage, represented as small foci of
extravasated RBC beneath the ventricular endocardium, was
observed in the heart. In the adrenal medulla, the same treat-
ment resulted in vacuolation of the chromaffin cells (Fig. 3F).

RAIV untreated animals 6 h after endotoxin injection had
lesions in the liver, heart, adrenal, spleen, and thymus. When

compared with the RAIV- inoculated group, lesions were
similar in nature, but were less frequent, with decreased sever-
ity. Changes in the thymus were significantly different at 6 h
between the RAIV-inoculated and the RAIV untreated animals
(p � 0.05).

Animals 8 h after endotoxin injection, in both RAIV-
inoculated and RAIV untreated groups, were associated with
lesions in the liver, spleen, adrenal, and thymus. When com-
pared with the 6-h RAIV-inoculated group, lesions were of
similar nature, but less frequent, and with decreased severity.
Significant differences were seen in the severity of lesions in
the thymus between the 6- and 8-h RAIV-inoculated animals (p
� 0.05).

Spleen and Pulmonary Cell Populations

In experimental groups, several significant differences were
found in spleen cell subpopulations after endotoxin adminis-
tration in 12-d-old pups. For evaluation purposes macrophage
subpopulations were defined as (MAC�/CD11b�) plus
(MAC�/CD11b�) cells and granulocyte subpopulations were
defined as (MAC�/CD11b�) single positive cells. Untreated
and RAIV only control animals had similar macrophage num-
bers in the spleen, 23 and 20% positive cells, respectively
(Table 3). Macrophage cell numbers dropped below control
levels in the RAIV-inoculated animals, with the lowest point of
13% at 4 h after endotoxin administration, then increasing to
30% by 8 h. The RAIV untreated animals followed a similar
pattern, with a low of 16% at 4 h, then returning to control
levels of 24% at 8 h (Table 3). Differences between RAIV
untreated pups and RAIV-inoculated pups were most signifi-
cant at 2 h (25% versus 16%; p � 0.001) and 8 h (24% versus
30%; p � 0.01) after endotoxin, respectively. At 8 h, RAIV-
inoculated numbers were significantly higher than RAIV un-
treated animals and well above control levels (p � 0.01).

Table 2. Severity scores for histopathology*

Histologic findings

4 h 6 h 8 h

RAIV
untreated

RAIV
inoculated

RAIV
untreated

RAIV
inoculated

RAIV
untreated

RAIV
inoculated

Liver
PMNL aggregates, multifocal 0.5 � 0.29 0 � 0.0‡ 0.5 � 0.29 1 � 0.0 0.67 � 0.33 0.5 � 0.29
Hepatocytic vacuolation, multifocal 1 � 0.58 0.2 � 0.2§ 1 � 0.58 2 � 0.0 1 � 0.58 1 � 0.58
Hepatocytic necrosis, multifocal 1 � 0.58 0.2 � 0.2§ 1 � 0.58 2 � 0.0 1.33 � 0.67 1 � 0.58
Hemorrhage, multifocal 0.75 � 0.48 0.2 � 0.2§ 1 � 0.58 2 � 0.0� 1 � 0.58 0.75 � 0.48

Spleen
Red pulp, congestion 0.5 � 0.29 0 � 0.0‡ 0.75 � 0.48 1 � 0.0� 0.67 � 0.67 0.25 � 0.25

Adrenal
Cytoplasmic vacuolation of medulla 0 � 0.0 0 � 0.0 0.5 � 0.29 1 � 0.58 0.5 � 0.5 0 � 0.0

Heart
Subendocardium, hemorrhage 0.5 � 0.29 0 � 0.0 0.5 � 0.5 0.5 � 0.29 0.33 � 0.33 0 � 0.0

Thymus
Lymphoid cell necrosis of cortex 0.5 � 0.29 0.6 � 0.24§ 0.5 � 0.29 2 � 0.0†¶ 0.5 � 0.5 0.25 � 0.25

* Mean severity of histopathologic findings � SD in Fischer-344 rat pups testing the effect of prior RAIV inoculation on endotoxin response. (Severity scores:
0, no lesion; 1, minimal lesion; 2, mild lesion; 3, moderate lesion; 4, severe lesion).

† Significant difference (p � 0.05) compared with 6 h RAIV untreated by Mann-Whitney U test.
‡ Significant difference (p � 0.01) compared with 6 h RAIV inoculated by Mann-Whitney U test.
§ Significant difference (p � 0.05) compared with 6 h RAIV inoculated by Mann-Whitney U test.
� Significant difference (p � 0.01) compared with 8 h RAIV inoculated by Mann-Whitney U test.
¶ Significant difference (p � 0.05) compared with 8 h RAIV inoculated by Mann-Whitney U test.
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Granulocyte numbers were consistent across treatment groups
(Table 3).

There was a significant effect of endotoxin on T-lymphocyte
numbers in all endotoxin-exposed experimental groups when
compared with naïve control or RAIV only animals (ANOVA
F test). Table 4 shows a mild decrease in Th (CD3�/CD4�; p

� 0.01) and Ts/c (CD3�/CD8b�; p � 0.01) populations in the
spleen, with lowest levels in each group at 4 h after endotoxin.
Pairwise comparisons using t tests were not significant.

Cell populations identified on Wright-Giemsa stain from
BALF showed a predominance of alveolar macrophages with
little fluctuation in cell numbers across time or among groups.

Figure 3. Representative photomicrographs of tissues stained with H&E taken from RAIV untreated and RAIV-inoculated 12-d-old rat pups 0, 2, 4, 6, and 8 h
after 0.2 mg/kg endotoxin as described in “Methods.” A, H&E stained liver from an untreated control 12-d-old rat pup; �400. B, focal necrosis and hemorrhage
(arrow) in the liver 6 h after endotoxin injection from a 12-d-old rat pup exposed to RAIV and endotoxin; �400. C, necrotic cell (arrow) in the liver 6 h after
endotoxin injection from a 12-d-old rat pup exposed to RAIV and endotoxin. Note nonchromatin apoptotic body (“apoptotic necrosis”) (arrow) within
hepatocytes; �600. D, necrotic cell (arrow) in the liver 6 h after endotoxin injection from a 12-d-old rat pup exposed to RAIV and endotoxin; �600. E, mild
degree of lymphocyte necrosis (arrows) in the cortex of the thymus 6 h after endotoxin injection from a 12-d-old rat pup exposed to RAIV and endotoxin. �400;
F, chromaffin cell cytoplasmic vacuolation (arrow) in the adrenal medulla 6 h after endotoxin from a 12-d-old rat pup exposed to RAIV and endotoxin; �400.
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There were no significant changes in cell numbers among the
experimental groups (data not shown).

Cytokines

A statistically significant difference (p � 0.001) was seen in
serum IFN-�, with RAIV untreated pups demonstrating a
2-fold increase at 6 h compared with RAIV-inoculated animals
(Fig. 4). There was no significant difference in TNF-�, IL-12,
and IFN-� in BALF across time or among groups (data not
shown).

DISCUSSION

It is clear from our data that a dual challenge, using a
nonlethal strain of influenza A virus, RAIV, and a sublethal
dose of endotoxin, induced mortality in suckling rat pups that
was not seen in animals given endotoxin or RAIV alone.
Mortality only occurred when specific criteria such as timing
between infectious insults and developmental age of the pup
were met. Unexplained death was observed in 12-d-old pups,
7–10 h after endotoxin (0.2 mg/kg) injection when given 2 d
after influenza with gross and histologic pathology similar to
that seen in SIDS infants.

Several animal studies have examined the role of infectious
insults in stimulating an unexplained, asymptomatic death.
Influenza A virus, when combined with different bacterial
toxins, most significantly endotoxin, caused an unexplained
death in neonatal ferrets without clinical symptoms or post-
mortem histologic findings (20). Weanling rats reared in a
pathogen-free environment died rapidly after the s.c. injection
of bacterial isolates taken from SIDS infants, without terminal
signs of illness and with few inflammatory changes in lungs,
liver, or heart (21). Siarakas and colleagues (22) observed
bradycardia, hypotension, and apnea, with sudden death, in
response to several bacterial toxins in a rabbit model, and
concluded that bacteria under the right conditions could pro-
duce toxins that would cause an endotoxin-like shock.

In addition, a number of studies have investigated the syn-
ergy between bacterial toxins and viruses. Influenza A en-
hanced the secretion of TNF-� and IL-1 in peripheral blood
leukocytes incubated with endotoxin (23). Using combinations
of bacterial toxins in isolates from SIDS cases, a number of

Table 3. Effect of RAIV on macrophage and granulocyte populations in spleen*

Cell population

Control 2 h 4 h 6 h 8 h

RAIV
untreated

RAIV
inoculated

RAIV
untreated

RAIV
inoculated

RAIV
untreated

RAIV
inoculated

RAIV
untreated

RAIV
inoculated

RAIV
untreated

RAIV
inoculated

% MAC�CD11b� 8 � 4.2 8 � 3.2 15 � 2.2†� 9 � 2.7 11 � 5.0 9 � 3.2 12 � 3.4 10 � 2.5 15 � 1.5� 19 � 4.6§
% MAC�CD11b� 15 � 7.2 12 � 5.7 10 � 5.3 7 � 1.5 5 � 1.5 4 � 0.2‡ 6 � 1.9 6 � 1.3‡ 9 � 1.9 11 � 4.9
% MAC�CD11b� 12 � 2.7 11 � 2.9 11 � 1.5 10 � 1.9 16 � 1.7 14 � 0.5 16 � 4.5 11 � 2.5 16 � 5.9 15 � 8.8

* Effect of the influenza A virus on the MAC� (stains the ED2 macrophage population) and CD11b� (stains a subpopulation of macrophage cells,
granulocytes, and neutrophils) subpopulations in the spleen from RAIV untreated and RAIV-inoculated 12-d-old rat pups 2, 4, 6, and 8 h after 0.2 mg/kg
endotoxin as described in “Methods.” Results are expressed as mean � SD of two replicate experiments on five rats per group.

† Significant difference (p � 0.01) comparing (MAC�CD11b�) RAIV untreated and RAIV-inoculated subpopulations at 2 h after endotoxin by t test.
‡ Significant difference (p � 0.05) comparing (MAC�CD11b�) RAIV-inoculated control and RAIV-inoculated subpopulations at 4 and 6 h after endotoxin

by t test.
§ Significant difference (p � 0.005) comparing (MAC�CD11b�) RAIV-inoculated control and RAIV-inoculated subpopulation at 8 h after endotoxin by t

test.
� Significant difference (p � 0.05) comparing (MAC�CD11b�) RAIV untreated control and RAIV untreated subpopulations at 2 and 8 h after endotoxin by

t test.

Table 4. Effect of RAIV on T-helper and T-suppressor/cytotoxic populations in spleen*

T-cell population

Control 2 h 4 h 6 h 8 h

RAIV
untreated

RAIV
inoculated

RAIV
untreated

RAIV
inoculated

RAIV
untreated

RAIV
inoculated

RAIV
untreated

RAIV
inoculated

RAIV
untreated

RAIV
inoculated

% CD3�CD4� 14 � 3.9 14 � 6.7 17 � 9.8 10 � 3.2 8 � 1.7 9 � 3.2 11 � 3.8 9 � 1.5 11 � 2.0 9 � 2.8
% CD3�CD8b� 12 � 3.7 14 � 6.9 14 � 8.6 10 � 3.0 6 � 1.0 5 � 2.9 11 � 1.7 6 � 1.5 5 � 3.1 8 � 4.1

* Effect of the influenza A virus on Th (CD3�/CD4�) and Ts/c (CD3�/CD8b�) populations in the spleen taken from RAIV untreated and RAIV-inoculated
12-d-old rat pups 0, 2, 4, 6, and 8 h after 0.2 mg/kg endotoxin as described in “Methods.” ANOVA demonstrated significant differences in response across time
to RAIV for Th (p � 0.01) and Ts/c (p � 0.01) populations. Results expressed as mean � SD of two replicate experiments on five rats per group.

Figure 4. Effect of RAIV inoculation on IFN-� production in serum samples
taken from RAIV untreated and RAIV-inoculated 12-d-old rat pups 0, 2, 4, 6,
and 8 h after 0.2 mg/kg endotoxin as described in “Methods.” Error bars
indicate the mean SD, two replicate experiments on five rats per group.
*Significant difference (p � 0.001) comparing RAIV untreated and RAIV-
inoculated pups at 6 h by t test.
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investigators have demonstrated lethal synergy in a chick
embryo model (24–26). In general, these models suggest that
under certain circumstances a combination of infectious insults
can induce mortality. However, these studies have not ad-
dressed mechanisms of action such as specific timing between
insults, age of susceptibility, or immune variables involved in
death.

Pathology of SIDS. In our model, petechiae were found in
the lungs and respiratory tract in 44% of dually infected
animals post mortem. However, lung findings were not seen in
the mechanistic studies in animals euthanized 8 h after endo-
toxin. Generalized signs of inflammation on postmortem ex-
aminations of infants dying of SIDS suggested that an infec-
tious agent was involved (27, 28). The respiratory tract was the
most common site of inflammation, with 80% of infants dying
of SIDS having intrathoracic, subserosal petechial hemor-
rhages and lung congestion with signs of immune stimulation
in mucosa of trachea, duodenum, and nasopharynx (29, 30)
Lung congestion is often seen in humans or animals after death
and may be a sign of agonal changes. These signs would not be
expected in animals humanely euthanized with pentobarbital.

Six hours after endotoxin injection, the RAIV-inoculated
pups began bleeding from the cardiac puncture site. Subendo-
cardial hemorrhage, represented as a small foci of extravasated
RBC beneath the ventricular endocardium, was seen at 6 h in
50% of the RAIV-inoculated animals in the mechanistic stud-
ies and in all dually challenged animals in the mortality studies.
This peculiar finding of liquid blood in the heart and pericardial
hemorrhage has often been described on SIDS autopsy reports
(29) and suggests that the acute-phase protein, platelet-
activating factor, stimulated in response to IL-6, may play a
role in SIDS pathology.

Mild cortical thymocyte necrosis was apparent in all ani-
mals; however, it was much more severe in the endotoxin-
treated, RAIV-inoculated animals. Rambaud and colleagues
(3) documented thymus-specific histologic changes such as
cortical thymocyte necrosis in 63% of SIDS infants; these
findings are suggestive of a steroid-mediated stress response.
Stress-induced changes in the thymus can occur as rapidly as
3 h after insult and are characterized by a sudden reduction in
cortical lymphocytes with a decrease in cortical volume ac-
complished by cell migration, apoptosis, and decreased mitotic
rate (31). These findings are similar to those observed after a
severe acute infection; however, in SIDS, as in our model, the
prior history and symptoms did not adequately address the
severity of the response (3). There is some controversy about
the presence of thymic changes in SIDS; however, it is logical
that minor thymic necrosis could be caused by agonal stressors
(32). More recent work lends credence to this line of thought
(3).

The cause of morbidity in our model was presumed to be
circulatory disturbance and shocklike effects because of the
absence of specific or major tissue damage in our studies.
Vascular congestion in the liver and spleen was consistent with
endotoxin exposure and with the release of various cytokines
and reactive nitrogen species that may have led to circulatory
collapse. Cell death in the liver and adrenal glands may have
been related to cytokines, particularly TNF-�, or alternatively

the direct effect of endotoxin or oxidative stress with cortico-
steroid release (33). Organ pathology, in particular signs of
apoptosis, is often described as a response to an acute increase
of reactive nitrogen species such as NO (34). Histologic eval-
uation suggested that mortality in our model was more likely
related to a systemic event rather than lung-specific damage.

Immune response. Our data clearly identified age as a key
risk factor related to mortality in this model. It has been
hypothesized that changes in the developing immune system
may have stimulated a more dramatic response because of its
immature nature or inability to regulate the effects of such
factors as TNF-�, IFN-�, and NO. Mortality was most signif-
icant between 10 and 16 d of age (Fig. 2). Adult rats did not
succumb to the dual infectious challenge. Because of the rapid
progression to death after endotoxin injection, it is believed
that an innate immune response is implicated.

The peak age for SIDS in humans (2 to 6 mo) corresponds
to a similar immune interval in rats (10 to 20 d), a time of early
response to both bacterial and viral antigens. Mature macro-
phages are present in the liver and thymus of neonatal rat pups;
however, it is believed that their ability to present antigen is
delayed (35). Rat pups begin to respond to heterologous eryth-
rocytes starting around 10 d of age and by 20 d are able to
make IgM to sheep RBC at approximately 40% of the adult
level (36). In humans, the response to different antigens varies
but does not provide a strong antibody response until 4 to 6 mo
of age. Our data suggest that early in infancy, the immaturity
of immune function could be altered by viral infection and the
cascade of events important for a protective response to endo-
toxin may not occur.

Endotoxin-induced septic shock is stimulated by proinflam-
matory cytokines, primarily TNF-�, IL-1, IL-6, and IFN-�,
that can trigger a cascade of events leading to edema, systemic
collapse, decreased blood volume, disseminated intravascular
coagulation, organ failure, and death (37). However, recent
research has shown that this process is far more complicated
than previously thought (38). There appears to be a fine
balance between proinflammatory and antiinflammatory stim-
ulation (39). If this balance cannot be maintained, as seen in
our model, a sequence of events will follow that include shock,
apoptosis, organ dysfunction, immune suppression, and even
death (40). Priming of the immune system or preexisting
conditions associated with abnormal cytokine levels are likely
to result in disequilibrium (38). It is reasonable to believe that
SIDS fits within this paradigm of septic shock, as proinflam-
matory cytokines have been found at higher than normal levels
in the body fluids and tissues of infants dying of SIDS (9, 41,
42).

Multiple organ dysfunction after increased release of inflam-
matory cytokines and NO, via the formation of peroxynitrite,
results in apoptosis and necrosis of tissue and glucocorticoid
release from the adrenal cortex into the circulation. Organ-
specific cell death with increased apoptotic rates and thymic
stress changes, as seen in our model, are common pathologic
findings (34, 43). It has been suggested that NO is responsible
for some of the organ damage described in autopsy reports of
infants dying of SIDS (44)
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iNOS and NO are also a part of the immune response to viral
infection (45). Although most iNOS is stimulated by IFN-�,
some viruses, including influenza A, can stimulate iNOS di-
rectly without proinflammatory cytokines (33). In influenza A
viral infections, iNOS-stimulated inflammation is an important
cause of mortality rather than the cytopathic effects of the virus
(46). Although IFN-�, TNF-�, and viral replication can induce
NO, our data showed lower serum levels of IFN-� in the
RAIV-inoculated pups.

Developmental changes in the innate immune response by
the macrophage and production of TNF-� remains a potential
cause of mortality in this model. A number of in vitro studies
have shown that influenza A provides a potent signal for
TNF-� production in macrophages after exposure to very low
levels of endotoxin. This was directly related to a priming
effect which occurred via 1) an increase in TNF-� gene
activation, 2) interference with transcription repressor proteins,
or 3) stabilization of TNF-� mRNA, resulting in a higher than
normal release of TNF-� in response to endotoxin (47–49).
Any of these events have the potential to alter the cytokine
environment and trigger a lethal response to endotoxin.

CONCUSIONS

We have established a dual challenge model that results in
an unexplained death, pathology, organ damage, and vascular
collapse similar to that seen in SIDS. In this model, influenza
A virus altered the normal immune response to endotoxin and
increased mortality in 12-d-old rat pups. The concept of exac-
erbation of immune response to bacterial insult after viral
preinfection is not new in the literature, although the mecha-
nism has not been clearly elucidated (10–12). How this may be
effected by a developing immune response is likewise unclear.
We are in the process of investigating the molecular events
underlying the immune dysregulation in this model. It is
apparent that this is a complex process involving numerous
factors in multiple systems in which minor alterations in
regulatory mechanisms may have large effects.
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