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Neuronal dysfunction can occur in the course of sepsis without meningitis. Sepsis-associated neuronal
damage (SAND) was observed in the hippocampus within hours in experimental pneumococcal bacteremia.
Intravascular challenge with purified bacterial cell wall recapitulated SAND. SAND persisted in PAFr�/� mice
but was partially mitigated in mice lacking cell wall recognition proteins TLR2 and Nod2 and in mice
overexpressing interleukin-10 (IL-10) in macrophages. Thus, cell wall drives SAND through IL-10-repressible
inflammatory events. Treatment with CDP-choline ameliorated SAND, suggesting that it may be an effective
adjunctive therapy to increase survival and reduce organ damage in sepsis.

During sepsis, organ dysfunction occurs independently of
invasion of the organ by circulating bacteria. In the case of
early encephalopathy, which occurs in up to 70% of septic
patients in intensive care units (42), the pathogenesis is un-
clear, as it precedes peripheral organ dysfunction and bacterial
invasion of the central nervous system (CNS). It is assumed
that intravascular inflammation deleteriously affects neuronal
function at a distance (i.e., across the blood-brain barrier)
since the vascular compartment and the CNS communicate
bidirectionally during infection (38). For example, production
of the late mediator of sepsis HMGB1 is inhibited by acetyl-
choline released from the vagus nerve in response to systemic
lipopolysaccharide (LPS) (51). Conversely, intraperitoneal li-
popolysaccharide induces intracerebral expression of TLR2
(21), interleukin-6 (IL-6) (50), and IL-1� (49); activates mi-
croglia in the dentate gyrus; decreases hippocampal neurogen-
esis (29); and causes alteration of neuronal function (18).
Greater understanding of how these effects are related to neu-
rological damage is required for the design of therapeutic
interventions.

Streptococcus pneumoniae is a gram-positive bacterium re-
ported to have the highest case fatality rate (14.5%) of all
organisms causing pediatric sepsis (52). Patients are noted for
devastating neurological sequelae even in the absence of men-
ingitis (39). However, the mechanism of neuronal injury has
been studied only in the context of meningitis, where the pres-
ence of a threshold of �105 pneumococci/ml in the subarach-
noid space induces strong inflammation, a response that is
recapitulated by purified pneumococcal cell wall (47, 48). Neu-
ronal damage during meningitis arises from a combination of
direct cytotoxicity of bacterial components and activation of

the host response (3, 19, 20, 25, 35). Apoptosis of neurons in
the dentate gyrus of the hippocampus is particularly prominent
both in animal models (3–5, 43) and at human autopsy (31),
and detailed analysis has indicated that it arises by both
caspase-dependent and -independent pathways. However, the
effect of pneumococcal bacteremia on neurons remains un-
known. While studying the development of meningitis during
sepsis in mice, we observed that neuronal damage was evident
prior to entry of bacteria into the subarachnoid space. Al-
though the precise neuropathology associated with septic en-
cephalitis in humans is unknown, the occurrence of CNS injury
in an animal model of sepsis could be informative as to possi-
ble mechanisms. We sought to dissect the pathogenesis of
sepsis-associated neuronal damage (SAND) and distinguish its
underlying mechanism from other pathological effects of bac-
terial components.

MATERIALS AND METHODS

Bacterial strains and components. S. pneumoniae serotype 4, strain TIGR4
(44), or unencapsulated strain R6 was grown on tryptic soy agar (Difco, Detroit,
MI) plates supplemented with 3% defibrinated sheep blood or in defined semi-
synthetic casein liquid medium supplemented with 0.5% yeast extract (45). Mu-
tants of TIGR4 lacking pneumolysin (ply), pyruvate oxidase (spxB), or both were
created by insertion-duplication mutagenesis as previously described (40, 56).
Erythromycin (1 �g/ml; Sigma) was added to the growth medium of the mutants
as appropriate.

Highly purified cell wall was prepared from R6 as described previously (47).
Bacteria were boiled in sodium dodecyl sulfate; mechanically broken by being
shaken with acid-washed glass beads; and treated sequentially with DNase,
RNase, trypsin, LiCl, EDTA, and acetone. Peptidoglycan free of teichoic acid
was prepared from insoluble cell wall by treatment with 48% hydrofluoric acid
(15). High-pressure liquid chromatography and mass spectrometry confirmed the
purity and identity of the cell wall preparations. The absence of contaminating
endotoxin in the purified cell wall sample was confirmed by the Limulus test
(Associates of Cape Cod Inc.).

Model of SAND. All experimental procedures were done with 4- to 5-week-old
mice unless otherwise indicated, and wild-type littermates (BALB/c, C57BL/6, or
FVB) were tested in parallel as controls. Wild-type mice of different genetic
backgrounds experienced the same degree of SAND. The following mice were
maintained in biosafety level 2 facilities at the St. Jude Children’s Research
Hospital Animal Facility: female BALB/c mice (Jackson Laboratory), IL-10�/�

mice (Jackson Laboratory), IL-10-transgenic mice overexpressing IL-10 in mac-
rophages (23), TLR2�/� mice (Jackson Laboratory), C57BL/6 wild-type mice
and Nod2�/� mice (33), tumor necrosis factor (TNF) receptor 1- or 2-deficient
mice (TNFrsf1atm1Mak [34] and TNFrsf1btm1Mwm [10] mice), caspase 3�/� mice
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(26), PAFr�/� mice (36), and N-tg (Gfap-luc)-Xen mice to track astrocyte acti-
vation by injury (Xenogen, Alameda, CA) (9). Per group, 5 to 10 mice received
T4 bacteria intranasally (1 � 107 CFU per 25 �l) or 5 � 107 bacterial equivalent
CFU of heat-killed R6 bacteria or 106 or 107 bacterial equivalents of purified cell
wall in 100 �l phosphate-buffered saline (PBS) intravenously. Bioluminescence
was measured using the Xenogen IVIS camera at 24, 48, 72, and 96 h, 10 min
after injection of the substrate luciferin (Xenogen; 150 mg/kg of body weight
intraperitoneally). In order to detect the basal expression of glial fibrillary acidic
protein (GFAP), GFAP-Luc mice were also injected with PBS as a negative
control and littermate GFAP-negative mice did not show any basal biolumines-
cence after injection of luciferin. In a subset of experiments, mean arterial blood
pressure was measured with a catheter placed in the femoral artery (17) and
blood was sampled for pH at time zero and 24 h. Blood pressure as well as blood
pH was within physiological range, and no difference over time or between
controls and infected animals was detected (data not shown). For some experi-
ments, mice received 10 �g/g of a neutralizing polyclonal goat anti-mouse TNF
alpha (TNF-�) immunoglobulin G (IgG) antibody or normal goat IgG as an
isotype control (R&D Systems) intraperitoneally 1 h prior to challenge. The
neutralizing activity of the anti-TNF-� antibody that was used in vivo was con-
firmed in an in vitro bioassay measuring cytotoxicity on L929 cells (data not
shown) (11). Antibody concentrations used in the bioassay were chosen to ade-
quately reflect concentrations used in vivo (10 �g/g in vivo, 150 �g/ml in vitro).
This concentration of antibody reproducibly neutralized TNF-� cytotoxicity that

was tested over a broad range (starting at 1 ng/ml, serially diluted twofold down
to 0.004 ng/ml) including TNF-� levels typically detected after LPS challenge in
mouse serum by enzyme-linked immunosorbent assay (ELISA) (up to 1 ng/ml).
Importantly, in vitro TNF-� cytotoxicity was neutralized at even much lower
concentrations (2 �g/g) of neutralizing antibody. For all experiments, a matching
isotype control antibody (IgG) that did not interfere with the effect of TNF-� on
cytotoxicity was used (data not shown). All experiments were done in compliance
with National Institutes of Health and institutional guidelines.

For postchallenge sampling or Xenogen imaging, mice were anesthetized with
either inhaled isoflurane (Baxter Healthcare) at 2.5% or MKX (1 ml of ketamine
[Fort Dodge Laboratories] at 100 mg/ml, 5 ml of xylazine [Miles Laboratories] at
100 mg/ml, and 21 ml of PBS). MKX was administered by intraperitoneal injec-
tion at a dose of 0.05 ml/10 g of body weight. Mice were sacrificed at the
designated time points, and cerebrospinal fluid (CSF), blood, and brain were
collected for analysis. Up to 5 �l CSF was obtained by puncture of the cisterna
magna, and absence of leukocytes was confirmed microscopically. CSF was
plated to document bacterial number (detection limit, 103 bacteria/ml). Blood
was collected by heart puncture and was serially diluted and plated to determine
CFU/ml of blood. Mice were perfused transcardially with 3% paraformaldehyde
in 0.1 mol/liter of cacodylate buffer (pH 7.4). After perfusion-fixation, the brains
were removed and postfixed in 3% paraformaldehyde at 4°C overnight. The
brains were then embedded in paraffin and cut into 5-�m sections. Unless
indicated otherwise, all tissue samples were obtained from perfused mice.

FIG. 1. Relative time course of SAND and bacteremia. BALB/cJ mice were challenged intranasally with 107 CFU of pneumococci (n � 5, 7,
10, 14, and 5 animals at 6, 12, 16, 20, and 24 h, respectively). (a and b) Representative H&E histopathology of dentate gyrus is shown for no damage
(a) (6 h) and peak damage (b) (16 h; arrows indicate area of damage; magnification, �7.5; marker, 0.1 mm). (c) Representative TUNEL-positive
neurons (arrows; magnification, �33.75). (d) Representative neuron stained for cleaved caspase 3 (arrow). (e) Mean number 	 standard deviation
of apoptotic cells/mm2 in the dentate gyrus over time (squares) was correlated with bacterial titers (circles) in the blood (median 	 range, 5th and
95th percentiles; lower limit of detection, 103 CFU/ml). The shaded region indicates the range of apoptosis/mm2 in PBS control animals (n � 2/time
point). The asterisks indicate significant differences from PBS at P � 0.014 and P � 0.017. (f) Individual CSF bacterial titers over time.
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Histopathology. Neuronal damage was quantitated in fixed slices of perfused
brains. Neuronal damage was defined as an excess of apoptotic neurons in the
dentate gyrus as determined by TUNEL (terminal deoxynucleotidyltransferase-
mediated dUTP-biotin nick end labeling) staining (Serologicals, Temecula, CA)
and corroborated by hematoxylin and eosin (H&E) staining versus PBS controls.
H&E staining was used to assess the overall morphology, and the Scion Image
program was used to measure the area of the dentate gyrus. TUNEL staining was
performed on sections of brain that were adjacent to those stained with H&E
(five sections/mouse). TUNEL-positive cells in the dentate gyrus were counted
on slides divided into five visual fields per slide of 100 �m each, and the average
number of TUNEL-positive cells was expressed as the number of apoptotic
neurons/mm2 of dentate gyrus. In all animals, the sections taken were from the
middle of the brain and displayed a comparable part of the hippocampus.
Cleaved caspase 3 was stained using the SignalStain Cleaved Caspase-3 IHC
detection kit (Cell Signaling, Beverly, MA).

Cytokine ELISA. Blood from wild-type and PAFr�/� mice (10 per group) was
collected at 24 h prior to and 1, 4, 8, and 12 h after injection via the tail vein with
107 bacterial equivalents of cell wall in 100 �l PBS or with 25 mg/kg LPS from
Escherichia coli serotype O111:B4 (Sigma) given intraperitoneally as a positive
control. Whole blood was clotted for 2 h at room temperature (RT), and serum
was separated after centrifugation at 3,000 rpm for 20 min and stored at �20°C
until assayed by ELISA. For the ELISA, microtiter plates (Nunc Maxisorb) were
coated with the respective anti-mouse capture antibodies at 50 �l/well: IL-12 (2
�g/ml; Pharmingen), IL-10 (4 �g/ml; Pharmingen), IL-6 (2 �g/ml; Pharmingen),
IL-1 (4 �g/ml; Pharmingen), gamma interferon (0.5 �g/ml; Pharmingen), and
TNF-� (3 �g/ml; e-bioscience) in coating buffer (0.1 M Na2CO3H2O, 0.1 M
NaHCO3) overnight at 4°C. The next day, plates were washed with ELISA
washing buffer (1% Tween 20, 1 mM Tris base, 154 mM NaCl), blocked with 300
�l/well of ELISA buffer (10% fetal calf serum in PBS), and incubated for 2 h at
RT. After washing, 50 �l/well of a 1/10 dilution in ELISA buffer of mouse serum
and duplicate serial twofold dilutions of the respective standards (50-ng/ml
starting concentration) were added and incubated overnight at 4°C. Plates were
then washed three times, and biotin-conjugated detection antibodies for IL-12 (1
�g/ml; Pharmingen), IL-10 (1 �g/ml; Pharmingen), IL-6 (1 �g/ml; Pharmingen),
IL-1 (300 ng/ml; Pharmingen), gamma interferon (2 �g/ml; Pharmingen), and
TNF-� (1.6 �g/ml; e-bioscience) diluted in ELISA buffer were added (50 �l/well)
and incubated for 45 min at RT. After the plates were washed three times,
streptavidin peroxidase (Sigma) diluted 1:1,000 in ELISA buffer was incubated
for 30 min at RT. Plates were soaked in washing buffer for 1 min and washed five
times, the TMB peroxidase substrate system (Kirkegaard & Perry Laboratories,
Maryland) was applied at 50 �l/well, reactions were stopped with 10% phospho-
ric acid (50 �l/well), and absorbance was measured at 405 nm in an ELISA
reader (Molecular Dynamics). Cytokine concentrations were calculated accord-
ing to the respective standard curves.

Dexamethasone and CDP-choline treatment. Mice were given dexamethasone
(2 mg/kg; Sigma) (24, 32) or 100 �l PBS by tail vein injection. One hour later, the
same mice were challenged intravenously with 107 CFU of TIGR4 in 100 �l PBS

or only PBS. Mice were sacrificed 6 h after the second injection, the CSF was
collected and examined for bacteria and white blood cells, and the animal was
perfused for subsequent histopathology of brain tissue. For experiments with
CDP-choline, mice were given intraperitoneal CDP-choline (500 mg/kg; Biomol)
24 h prior to being given 1 � 107 intravenous cell wall equivalents or PBS alone.
Six hours after challenge, CSF was collected and examined as indicated above,
and the animals were perfused for histopathology.

Statistical analysis. Student’s t test was used unless otherwise noted.

RESULTS

Neuronal damage in the absence of meningitis. Mice were
challenged intranasally with 107 pneumococci and followed for
bacterial titers in blood and CSF for 24 h (Fig. 1e and f).
Pneumococci were detectable in the bloodstream of all mice by
12 h after infection and yet were not detected in the CSF (limit
of detection, 103 CFU/ml) until after 20 h, at which time only
a minority of mice (5/14; 36%) had positive cultures. Histology
failed to detect bacteria in either the ventricles or the choroid
plexus, and CSF leukocytes were detected only when bacteria
were present. Cells in the dentate gyrus staining positive for
TUNEL (Fig. 1c) increased over time to 16 h, following which
areas of neuronal loss were detected by H&E staining consis-
tent with clearance of the nonviable cells (i.e., decrease of
numbers of TUNEL-positive cells). Following intranasal chal-
lenge, SAND increased to a median of 48 cells/mm2 at 12 h and
peaked at 73 cells/mm2 at 16 h (P � 0.02 versus PBS control)
(Fig. 1e). Cortical neurons were not damaged and astrocyte
activation was not detectable over 48 h in mice bearing the
bioluminescent GFAP-Luc marker, a prominent marker of
astrocyte activation during injury (9) (data not shown). Thus,
the onset of neuronal damage (an excess of apoptotic neurons
in the dentate gyrus as determined by TUNEL and corrobo-
rated by cellular loss by H&E staining versus PBS controls)
occurred very early during bacteremia and peaked many hours
prior to detection of bacteria or leukocytes in the CSF.

Damage was not secondary to decreases in either blood pH
or blood pressure (data not shown). Brain sections also stained
positively for cleaved caspase 3 (Fig. 1d), confirming that
TUNEL-positive cells were indicative of apoptosis. Moreover,

FIG. 2. Role of bacterial components in SAND. (a) Apoptosis in the dentate gyrus of C57BL/6 mice 6 h after intravenous injection of 107 CFU
of TIGR4 bacteria (wild type [WT]; n � 6), an isogenic pneumolysin-deficient mutant (Pln�; n � 6), an isogenic pyruvate oxidase-deficient mutant
unable to produce hydrogen peroxide (SpxB�; n � 5), double Pln/SpxB-knockout bacteria (Dbl; n � 8), or heat-killed bacteria (HKPn; n � 6)
versus PBS (n � 8). Each mouse is an individual symbol. *, statistically different from PBS (HKPn, P � 0.007; Pln�, P � 0.0003; SpxB�, P �
0.003; Dbl, P 
 0.001; wild type, P 
 0.0001). (b) Neuronal apoptosis 6 h after intravenous injection of mice with living TIGR4 (Pn), pneumococcal
cell wall (CW), or peptidoglycan (PG) at the indicated doses in CFU equivalents. *, significant difference from PBS at P � 0.0007.
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neuronal damage was also observed in mice with low-level
bacteremia (intravenous 103 CFU/ml). Collectively these stud-
ies suggested that modest levels of circulating pneumococci
were capable of eliciting neuronal damage independently of
the presence of bacteria in the CSF.

SAND caused by cell wall. Three pneumococcal components
are known to induce eukaryotic cell death: the toxins pneumo-
lysin and hydrogen peroxide and the cell wall itself (5, 12, 28).
To determine which bacterial components were required for
SAND, mice were infected intravenously with 107 living bac-
teria deficient in production of pneumolysin or hydrogen per-
oxide or both toxins or with a bolus of heat-killed bacteria. No
bacteria were cultured in the CSF, but analysis of TUNEL-
stained brain sections revealed that all cohorts had apoptosis in
the dentate gyrus equivalent to that observed in mice infected
with living, wild-type bacteria (Fig. 2a). These findings indi-
cated that production of pneumolysin or hydrogen peroxide
was not required for SAND and suggested that the responsible
product was heat stable and not produced by active bacterial
metabolism, features consistent with cell wall. This hypothesis
was tested by injecting a bolus of 107 or 106 bacterial equiva-
lents of purified cell wall (as determined by weight of cell wall
[47]) which caused an abundance of TUNEL-positive hip-

pocampal cells equivalent to that caused by a high dose of
living bacteria (Fig. 2b). Attenuation of damage from 55 	 8 to
42 	 1 apoptotic cells/mm2 (P � 0.042) in wild-type versus
caspase 3�/� animals (n � 5), respectively, provided further
evidence that cell wall-induced neuronal damage was apoptotic
in nature. Damage was also noted upon challenge with 107

bacterial equivalents of purified peptidoglycan (macromolecu-
lar material devoid of choline teichoic acid), and peptidogly-
can-induced damage was dose dependent (Fig. 2b). In contrast,
107 bacterial equivalents of muramyl dipeptide evoked no hip-
pocampal apoptosis (data not shown). None of these challenge
protocols resulted in damage to cortical neurons (data not
shown).

Mechanism of SAND and impact of therapy. Cell walls in
the peripheral circulation could potentially contribute to
SAND through interactions with cell wall recognition proteins
such as PAFr, TLR2, and Nod2. Neuronal damage was equiv-
alent in wild-type and PAFr�/� mice, while TLR2�/� and
Nod2�/� mice demonstrated significantly less neuronal dam-
age (Fig. 3a). Examination of the cytokine response in the
peripheral blood of cell wall-challenged mice demonstrated
that TNF-�, IL-1�, IL-6, and other cytokine levels were very
low in wild-type, PAFr�/�, and TLR2�/� mice despite signif-

FIG. 3. SAND in wild-type and receptor-deficient mice. (a) TUNEL-positive cells/mm2 in the dentate gyrus 6 h after intravenous injection of
107 CFU of cell wall (CW) in 4-week-old PAFr�/�, TLR2�/�, or Nod2�/� mice or their littermate controls (wild type [WT]). Each mouse is an
individual symbol. The shaded region indicates the range of apoptosis in PBS littermate control animals. *, not significantly different from PBS
in wild type at P � 0.01. (b) Mean serum TNF-� level 	 standard deviation at 4 h (open bars) and 8 h (closed bars) after LPS or cell wall challenge
in wild-type (wild-type littermate; n � 10) versus PAFr�/� (n � 10) mice. PBS-challenged animals demonstrated 
0.3 ng/ml TNF-�. (c) TNFr1�/�

or TNFr2�/� mice or littermate controls (filled circles) were challenged intravenously with 107 CFU of cell wall. Some wild-type C57BL/6 animals
(open circles) received neutralizing anti-TNF-� antibody (�TNF) 1 h prior to the challenge or IgG isotype control (IgG). TUNEL-positive cells/mm2

in the dentate gyrus were assessed at 6 h. Each mouse is an individual symbol. The shaded region indicates the range of apoptosis/mm2 in PBS wild-type
littermate control animals. NS, no significant difference from cell wall in wild-type mice.
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icant SAND in the first two sets of mice (Fig. 3b). CSF levels
of these cytokines were undetectable. Lack of correlation of
SAND with elevated peripheral cytokines was consistent with
high levels of SAND in TNFr1�/� or TNFr2�/� mice (Fig. 3c)
and failure of neutralizing anti-TNF-� antibody to prevent
SAND (Fig. 3c). Like wild-type mice, TLR2�/� mice (which
showed less neuronal damage) showed undetectable IL-10 in
the CSF or periphery.

IL-10 is a potent and broad downregulator of inflammation
through many pathways including but not limited to cytokines
(22). To test if such anti-inflammatory interventions could af-
fect the level of SAND, mice overexpressing IL-10 or defective
in IL-10 production were challenged with cell wall. IL-10�/�

mice showed enhanced neuronal damage (Fig. 4a) consistent
with their known excessive inflammation in response to patho-
gen challenge (30). Conversely, transgenic mice overexpressing
IL-10 in macrophages were strongly protected against SAND
(Fig. 4a and 3e).

Given the indication of damage driven by an inflammatory
process but the lack of indication of a specific cytokine as a
root cause, treatment with dexamethasone to broadly down-
modulate inflammation was tested but failed to attenuate
SAND in the PAFr�/� or wild-type mice (Fig. 4b). However,
CDP-choline, which has been shown to ameliorate sepsis (54)
and apoptosis of neurons during pneumococcal meningitis

(56), strongly protected wild-type and PAFr�/� mice from
SAND (Fig. 4d and f).

DISCUSSION

It has been known for decades that pneumococcal cell wall
is a potently bioactive material and that bioactivities applicable
to distinct aspects of infection can be assigned to its specific
subcomponent structures (6, 41, 47, 48). For example, in the
meningitis model, the capsule was poorly inflammatory while
choline-bearing, insoluble cell wall was strongly inflammatory.
Removal of choline teichoic acid from peptidoglycan yielded
a more restricted array of bioactivities, digestion further to
muramyl peptides more strongly limited inflammatory capability,
and cleavage of stem peptides virtually eliminated bioactivity
(6, 14, 27, 46, 48, 53). More recently, distinct molecules in-
volved in recognition of these different cell wall subspecies
have been described: TLR2 participates in the inflammatory
responses of peptidoglycan while Nod2 appears to recognize
the smaller, muramyl peptides (16, 55). PAFr is an important
receptor mediating biological activities of choline-containing
cell wall (8).

When injected into the subarachnoid space, pneumococci
have been shown to induce two temporally distinct waves of
apoptosis in neurons and endothelial cells (2–4, 28). While the

FIG. 4. Modification of SAND by anti-inflammatory interventions. Mice were challenged intravenously with 107 CFU pneumococci (T4) or cell
wall equivalents (CW) as indicated, and neuronal apoptosis in the dentate gyrus was quantitated at 6 h compared to PBS controls (range indicated
by shaded area; *, statistically different from PBS control). Each mouse is an individual symbol. (a) Filled circles, IL-10-transgenic mice
(IL-10mactg) versus littermate controls; open circles, IL-10�/� mice versus littermate controls. (b) One-hour pretreatment of wild-type (black
circles) or PAFr�/� (gray circles) mice with dexamethasone (Dex); NS, not statistically different. (c) CDP-choline (CDPc) administered to
wild-type (black circles) or PAFr�/� (gray circles) mice at time of challenge. (d to f) Representative H&E histopathology for panels a and c (arrows
indicate damaged area). Compare to histopathology showing no injury in Fig. 1a. WT, wild type.
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early wave involves toxins, the second wave at �24 h after
intracisternal challenge has been shown to involve cell wall/
TLR2-mediated induction of caspase-dependent programmed
cell death. The current study uncovered a third wave of apop-
tosis occurring prior to entry of bacteria into the cerebrospinal
fluid and induced by circulating cell wall or peptidoglycan.
Apoptosis of neurons in the dentate gyrus ensued within 12 h
of bacteria entering the bloodstream (regardless of route of
challenge [Fig. 1 and 2a]) and after 6 h of systemic challenge of
mice with cell wall (Fig. 2b). Cortical neurons and astrocytes
appeared to be exempt from this injury. Injury was indepen-
dent of bacteria or leukocytes in the CSF and did not require
endothelial binding of bacterial components, since apoptosis
persisted in PAFr�/� mice.

Inflammation driven by intravascular cell wall appeared to
participate in SAND. Although cell wall is known to induce
cellular activation and cytokine production (13, 14), cell wall-
challenged animals produced very low amounts of systemic and
CSF cytokines at the time of peak SAND. The persistence of
SAND in mice treated with anti-TNF antibody further argued
against classical cytokine-mediated damage. However, inflam-
mation clearly played a role in SAND since the overexpression
of IL-10 strongly attenuated damage. This suggests that an
IL-10-regulated, as-yet-undefined damage pathway exists by
which inflammation in the peripheral circulation affects apop-
tosis of CNS neurons. Cell wall has been described to induce
blood-brain barrier permeability (41), suggesting a setting in
which IL-10 modulation of peripheral inflammatory events
could affect the degree of neuronal damage.

Given the multiplicity of pathways invoked by cell wall, op-
timal therapeutic strategies to improve cerebral function in
septic patients would likely require broad anti-inflammatory
interventions. Although indomethacin attenuates chronic in-
flammation due to cranial irradiation (29), dexamethasone was
not successful in preventing SAND in the model. In contrast,
CDP-choline resulted in significant neuroprotection. CDP-
choline provides protection against neuronal death caused by
decreased phospholipid biosynthesis following cerebral isch-
emia (1, 7) and increases phosphatidylcholine formation in
neuronal tissues in vitro and in vivo (37). We have previously
shown that CDP-choline rescues neurons dying during pneu-
mococcal meningitis by overcoming the partial inhibition by
the bacteria of the terminal enzyme in eukaryotic phosphati-
dylcholine synthesis (56). This study indicates that CDP-cho-
line also protects against SAND. This effect was strong in that
neuronal damage was reduced to levels found in uninfected
controls. We conclude that SAND arises from a host IL-10-
repressible response to intravascular peptidoglycan or cell wall.
CDP-choline represents a potential adjunct therapy for patho-
logical effects of cell wall in the context of sepsis.
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