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Abstract
Background—Delayed deterioration associated with vasospasm (DDAV) after aneurismal
subarachnoid hemorrhage (SAH) is a major cause of morbidity. We have previously shown that
myeloid cell depletion before experimental SAH in a murine model ameliorates DDAV. In this
study, we address whether systemic administration of lipopolysaccharide (LPS) worsens DDAV in
a myeloid cell-dependent fashion.

Methods—We challenged mice in our experimental SAH model with LPS before hemorrhage
and evaluated the degree of vasospasm on day 6 with India ink angiography; behavioral deficits by
rotorod, Y-maze and Barnes maze testing; microglial activation early after SAH by
immunohistochemistry; and the brain levels of the chemokines CCL5 and KC at the time of
vasospasm. Another group of animals were given the myeloid cell-depleting antibody against the
neutrophil antigen Ly6G/C prior to LPS administration and SAH.

Results—LPS followed by SAH significantly worsens angiographic vasospasm as well as
performance on the Barnes maze but not the Y-maze or rotorod tests. There was an increased
activation of microglia in animals with LPS before SAH compared to SAH alone. Depletion of
myeloid cells before LPS administration inhibited the development of vasospasm, improved the
performance on behavioral tests and reduced microglial activation. The chemokines CCL5 and KC
were incrementally elevated in SAH and LPS SAH but suppressed in animals with myeloid cell
depletion.
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Conclusions—LPS administration before SAH worsens DDAV through a myeloid cell-
dependent mechanism supporting studies in humans which show that systemic inflammation
increases the likelihood of developing DDAV.
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Introduction
Delayed neurological deterioration associated with vasospasm in aneurismal subarachnoid
hemorrhage (SAH) is the major cause of morbidity and mortality in patients who survive the
initial bleeding episode [1]. Clinical manifestations include encephalopathy, focal
neurological signs and, in the most severe cases, stroke. This vexing disease presents itself
with spasm of proximal arteries and delayed neurological deficits 4–12 days after the
aneurysm rupture leaving a time window that could represent an opportunity to intervene
before permanent brain damage occurs. Although the term-delayed cerebral ischemia (DCI)
and delayed neurological ischemic deficits (DIND) have been used to describe the proposed
cause of the injury, recent evidence suggests that mechanisms other than ischemia may be at
play [2-4]. Unfortunately, focus on reversing vasoconstriction during the period of DCI has
yielded disappointing results in patient outcomes [5]. A more appropriate term to describe
the phenomenon may be delayed deterioration associated with vasospasm (DDAV) to
denote the uncertainty in the cause of the brain injury.

Recently, there has been increased interest among some investigators in the role of early
innate inflammation in both the vascular and cerebral manifestations of DDAV [6-8].
Myeloid cells, part of the innate immune response to infectious and non-infectious insults,
are composed of neutrophils, monocytes and macrophages. Regulation of innate immune
responses is complex and involve chemokine signals to attract cellular elements.
Lipopolysaccharide A from Escherichia coli (LPS) is a known signaling molecule of the
innate immune system mediated through the TLR4 receptor on the neutrophil and
endothelial cell surface.

We have previously shown that the neutrophil percentage in the cerebrospinal fluid (CSF)
early in the course of SAH can predict who will later develop DDAV[9]. Previous animal
study has shown that early administration of modulators of innate inflammation can alter the
course of the disease [8, 10-12]. Administration of an anti-CD11b antibody (against a major
endothelial-signaling molecule for innate immune cells, ICAM) in an SAH model blocks
vasospasm [10]. Direct administration of LPS into the CSF without SAH causes vasospasm
[11]. More specifically, we have shown that myeloid cell depletion in a mouse model of
DDAV ameliorates both the vascular and the behavioral effects [6].

The question remains as to whether systemic inflammatory signals in SAH patients
precipitate or worsen DDAV. Recent studies in patients suggest that systemic inflammatory
response syndrome (SIRS) in patients with SAH is associated with a greater risk of DDAV
[13-15]. In this study, we investigate whether systemic administration of LPS worsens
DDAV and whether this is mediated through myeloid cells.

Materials and Methods
All the experiments were conducted under the supervision of the Cleveland Clinic
Institutional Animal Care and Use Committee (IACUC). Animals were randomized into
three groups: (1) LPS administration followed by Sham surgery (LPS Sham), (2) LPS
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administration followed by SAH (LPS SAH), and (3) LPS administration followed by
myeloid cell depletion followed by SAH (LPS SAH +Ly6G/C). All surgeries were done by
one investigator (SS) who randomly assigned animals to each of the three treatment groups.
Analysis of the perfusion experiments and all behavioral tests were done by a different
investigator (SKM) blinded to the surgical assignments.

Previously published India ink experiments in animals with SAH and Sham are presented
for comparison (to limit the number of animals euthanized in the present study) [6]. These
studies were also randomized and blinded in the same way. These experiments were not
included in the statistical analysis.

Experimental SAH
We studied male C57BL6 mice (Jackson Labs, Maine) weighing 20–32 g, 10–12 weeks old
(Table 1). Our murine model of SAH has been described [16]. In Brief, mice were
anesthetized and placed in a prone position. An incision was made in the midline of the
neck, the atlanto-occipital membrane was punctured, and a subarachnoid vein was
transected. The bleeding was allowed to stop spontaneously, after which the incision was
closed. Saline injection sham surgery involved the same procedure except that the atlanto-
occipital membrane was entered with a 30 gauge needle and 50 μl of saline was instilled. No
animals died as a result of the surgery, one animal in the LPS group died before surgery
after LPS administration. All animals that had surgery survived all the post-hemorrhage
testing.

This model employs a venous hemorrhage instead of an arterial hemorrhage as was done in
other models of SAH. There is evidence that arterial blood is more spasmogenic than venous
blood in humans [1, 17]. Mice are more prone to vasospasm than humans (as evidenced by
100% vasospasm in all the models), which makes the venous model viable. It is likely that
the relative mildness of the vasospasm compared to arterial models is the reason behavioral
testing in our model is informative.

LPS Administration
200 mg/kg of LPS in 150 μl diluent (Sigma Aldrich, Saint Louis, MO) was injected into the
peritoneal cavity of experimental animals 24 h prior surgery. This dosage was chosen based
on previous studies of LPS-induced fever and systemic inflammation [18]. Pilot experiments
with control animal given higher dose of LPS showed unacceptable mortality within 24 h.

The rationale for administering LPS before SAH is that patients with SAH often arrive at the
hospital with evidence of SIRS, suggesting that the onset of inflammation is very early. We
felt that the administration of LPS at the time of SAH would lead to unacceptable mortality.
For this reason, we chose to administer the LPS 24 h before surgery to allow the animals to
recover from the immediate LPS dose effects before the stress of surgery.

Myeloid Cell Depletion
Animals were pretreated with the myeloid cell-depleting anti-ly6G/C antibody (RB6-8C5) at
a dose of 13 mg/kg i.p. 24 h before surgery and immediately before surgery, or 50 μl of
saline (saline control). The dose of RB6-8C5 was chosen based on our previous studies [6].
Pilot experiments with control animals given pretreatment with the irrelevant isotype-
matched antibody, anti-β-Gal (GL113) before SAH yielded similar responses in blood vessel
caliber to saline controls, but had increased rigors and lethargy. We therefore did not include
this analysis and used saline control instead.
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India Ink Assessment of Vessel Caliber
Animals were anesthetized with pentobarbital (6 mg/100 g i.p.); trans-cardiac perfusion was
performed with 20 ml 4% paraformaldehyde followed by 10 ml of warmed 5% India ink in
gelatin. Animals were decapitated, and their brains were removed, carefully preserving the
vasculature. The circle of Willis vasculature was examined under the surgical microscope,
and relevant pictures were captured (Leica, Wetzler, Germany) and analyzed with Adobe
Photoshop CS2 (San Jose CA). The diameter of the middle cerebral artery (MCA) segment
was measured 1 mm from the posterior wall of the carotid artery by a member of the
research team not involved in the surgery and blinded to the intervention. All the
measurements were made on the 6th day after the hemorrhage based on a previous study
wwhich shows that DCI occurs around the 6th post-hemorrhage day in our model [6]. Ten
mice were used for each of the three conditions (LPS Sham, LPS SAH, and myeloid cell-
depleted LPS SAH) (Table 1).

Behavioral Testing
Animals in the behavioral study underwent three batteries of tests in groups of 10 mice. All
the tests were done at the same time of the day by a single handler (SKM) who was blinded
to the treatment allocation. Groups of 5–10 animals randomized for treatment and blinded to
the handler were tested together. This was repeated until 10 animals from each group were
completed. Due to the effect of LPS injection, all mice were allowed 24 h after surgery to
recover. On days 2 after the hemorrhage, the mice underwent rotarod testing to evaluate
motor function and coordination. On the 3rd day post hemorrhage, the mice underwent Y-
maze testing to evaluate spatial working (immediate) memory. On days 2 and 3, the animals
also had training for the Barnes maze. On days 4 through 9, the mice were tested in a Barnes
maze to test spatial learning, short-term and long-term memory.

In the rotarod test, time on the rod and maximum speed of rotation (RPM) were measured.
Animals were placed in one of the four separated chambers with the spinning rod and a
landing base. After a habituation for 30 s at low speed, the mice were tested with a
continuously increasing rate of speed for 5 min or until the subject fell off the rod.

In the Y-maze, animals were placed in a random orientation in the center of a high-walled
maze that has three equal-length passages in a Y configuration. The mice were recorded by
video monitoring during 5 min of exploration and scored later. Percent alterations were
calculated as the ratio of the number of times the animals chose to enter the three arms of the
maze in succession to the total number of unique arms the animal chose to enter.

In the Barnes maze, the mice are placed on a round table with multiple open holes in the
periphery one of which contains an under-mounted box that represents a safe haven for the
mice. There are visual cues on the wall around the table for the animal to orient itself. Each
animal had 2 days of training during which it was gently guided to the goal box. On
subsequent days, animals were placed in the center of the table in a covered enclosure until
ready for the trial. The cover was lifted and mice were allowed to find the goal box. The
movements were recorded by video monitoring and scored later. The time it took to find the
goal box (latency) was recorded.

Immunohistochemistry
Five groups of animals were tested in this experiment: (1) Sham, (2) SAH, (3) LPS Sham,
(4) LPS SAH, and (5) LPS SAH +Ly6G/C. The monoclonal anti-microglial cell antibody
(IBa1) (gift from Dr. Bruce Trapp) and the monoclonal anti-neutrophil antibody (7/4)
(Serotec, Raleigh, NC) were used. 30-μm brain slices were incubated in primary antibody
for 24 h using a free-floating technique. In brief, slices were microwaved for 2 min in citrate
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buffer followed by incubation in 500 μl of 3% goat serum and primary antibody at 20°C
overnight in a 24-well plate. Secondary antibodies were resolved with either 3,3′-
diaminobenzadine (DAB) (Sigma-Aldrich, Saint Louis, MO).

Chemokine Determination
Five groups of animals were tested in this experiment: (1) Sham, (2) SAH, (3) LPS Sham,
(4) LPS SAH, and (5) LPS SAH +Ly6G/C. Brain inflammatory chemokines levels were
determined by Dot–Blot analysis (R&D Systems, Minneapolis, MN) 24 h after surgery.
Animals were anesthetized with pentobarbital (6 mg/100 g i.p.); trans-cardiac perfusion was
performed with 20 ml 1% PBS. Animals were decapitated, and their brains were removed
carefully and homogenized. After tissue protein extraction, the supernatant was incubated on
the Dot–Blot membrane. Radioactive dots were visualized by radiography. Dot intensities
were measured and normalized to a positive control, and analyzed with Image J (NIH,
Bethesda, MD).

Statistics
Statistical analysis was performed with the aid of Graphpad Prism 5.0 (Graphpad Software
Inc. San Diego, CA). Multiple comparisons were assessed using 1-way ANOVA.
Comparisons between individual groups in experiments where 1-way ANOVA was
significantly different were assessed using Tucky’s Multiple Comparison Test. Two-way
ANOVA was used to evaluate the effects of SAH over time. A P-value of 0.05 was
considered significant in all comparisons.

Results
Animals

Mice were grouped into three categories: (1) LPS administration followed by Sham surgery
(LPS Sham), (2) LPS administration followed by SAH (LPS SAH), and (3) LPS
administration followed by myeloid cell depletion followed by SAH (LPS SAH +Ly6G/C).
Results from animals in a previous study, which underwent SAH and sham SAH, are shown
in the vessel caliber study for comparison because the conditions of the experiment were
identical (data published in [6]). Additional immunohistochemistry and chemokine analysis
were done in Sham and SAH animals for this study.

LPS Followed by SAH Results in Vasospasm that is Reversed by Myeloid Cell Depletion
There was 1 preoperative death in the LPS injection group, which occured within 24 h after
LPS injection before SAH. There was no operative mortality from the experimental SAH.
After surgery, all the animals returned to feeding and were ambulating normally within 3 h.

With regard to day 6 vessel caliber, the three groups were significantly different (1-way
ANOVA: F(2, 12) = 23.22, P < 0.001). In mice subjected to LPS injection 24 h before
experimental SAH, there were significant narrowings of the MCA compared to LPS Sham
(0.060 mm ± 0.005 vs. 0.118 mm ± 0.005 [mean ± SEM], P < 0.001) (Fig. 1a).

Behavioral testing was done in ten mice per group and included rotorod testing to determine
if there were physical deficits that could confound Y-maze and Barnes maze cognitive tests.
Rotorod testing of mice after experimental SAH showed no evidence of motor deficits or in-
coordination 3 days post hemorrhage in any group either by assessment of time on the rod or
maximum RPMs. Y-maze testing in SAH and sham revealed no significant differences in
percent alternations in the three experimental groups. Barnes maze testing done every day
after a two-day education period showed that the three groups were significantly different.
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LPS/SAH animals took significantly longer to find the goal box (latency) than LPS/Sham
animals (ANOVA P < 0.001) (Fig. 1b).

The diameter of the MCA was significantly larger in myeloid cell-depleted LPS/SAH
animals than in LPS/SAH animals at the 6th day after hemorrhage (0.112 mm ± 0.005 vs.
0.067 ± 0.005 [mean ± SEM], P = 0.005) (Fig. 1a). Myeloid cell-depleted LPS SAH mice
showed no difference from control or non-depleted SAH mice in rotarod testing and Y maze
testing (data not shown). The LPS/SAH mice showed significant delayed time to find the
goal box from day 5 to 10 after hemorrhage compared with myeloid cell-depleted LPS/SAH
mice (ANOVA P < 0.001) (Fig. 1b). Myeloid cell-depleted LPS SAH mice showed no
difference from LPS Sham in Barnes maze testing from day 5 to 10 after hemorrhage. These
data support the hypothesis that Ly6G/C+ cell depletion protects from delayed behavioral
deficits after SAH in LPS injected animals.

LPS Exacerbates Microglia Activation and Brain Inflammatory Chemokines, which is
Reversed by Myeloid Cell Depletion

Microglia in LPS SAH mice showed impressive activation defined by thickened processes
and enlarged cell bodies (ameboid morphology) compare to the SAH animals 1 day after
SAH. Minimal microglia activation was seen in Sham and LPS/SAH myeloid-depleted
animals (Fig. 2). Although in the SAH mice, the majority of microglia were activated, the
highest density of activated microglia were found near the basal cistern where the blood clot
was concentrated.

The inflammatory chemokines keratinocyte-derived chemokine (KC) and CCL5 were
elevated at day 6 after hemorrhage. LPS SAH mice had higher KC and CCL5 levels
compared with LPS Sham for KC (96.1% of positive control ±1 vs. 57.0% ±4.1, P = 0.008)
and CCL5 (61.7% ± 3.3 vs. 92.7% ± 1.5, P = 0.001), reversible by myeloid depletion for KC
(96.1% ± 1.0 vs. 14.3% ± 4.7, P < 0.0001) and CCL5 (61.7% ± 3.3 vs. 11.7% ± 3.3, P <
0.001) (Fig. 3).

Discussion
In this study, we have shown that systemic administration of LPS worsens DCI after
experimental murine SAH. In Addition, immunohistochemistry of the brain suggests that in
addition to worsening vascular disease, there is extensive microglial activation suggesting
direct brain inflammation. Both these findings are associated with behavioral abnormalities
on Barnes maze testing analogous to the cognitive dysfunction seen in patients with SAH
[19, 20]. Interestingly, there were no abnormalities seen on the Y maze test, suggesting that
not all cognitive functions are equally affected. Levels of the chemokines KC and CCL5
suggest that neutrophils are part of the primary pathophysiology of DDAV.

We have shown that cells from the innate immune system are implicated in the development
of DDAV [6]. Previous studies based on the myeloid cell recruitment molecules ICAM and
CD11/18 support this mechanism [10, 21, 22]. The next logical question is whether
activation of the peripheral inflammatory system worsens DDAV. Although there is
evidence that intrathecal LPS can precipitate DDAV without hemorrhage, peripheral
activation of innate immune cells in this study suggests that the systemic innate immune
system affects brain damage [11]. Our study supports the finding by Dhar and colleagues
and Tam and colleagues that activation of the systemic innate immune system makes DDAV
more likely and more severe [13, 14].

The concept that inflammation is an important mediator of DDAV has developed over the
last 10–15 years, but remains controversial. Because the location of the blood clot is
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correlated with the blood vessels involved in DDAV, blood breakdown products have been
implicated as part of the pathogenesis of DDAV. There are now studies that link
inflammation to the red blood cell breakdown product bilirubin oxidation products (BOXs)
and the haptoglobin α2 genotype [9, 23, 24].

LPS is a selective TLR4-receptor agonist that is in part responsible for the vasodilatory
shock seen in the systemic inflammatory response syndrome (SIRS). TLR4 is a receptor
located predominantly on cells from the myeloid hematopoetic cell lineage and is associated
with activation of innate immune responses. Although LPS alone is not responsible for
SIRS, it is accepted to act as an agent for innate immune activation in murine models.

There is growing evidence that vascular narrowing and ischemia from vasospasm may not
be solely responsible for the deficits experienced by patients [4]. In this model, the mice
reliably develop vasospasm on day 6, but do not develop behavioral deficits until a few days
later. Interestingly, LPS worsens both vasospasm and cognitive behavioral testing,
suggesting that regardless of whether the damage is ischemic or primarily inflammatory,
LPS modulates the effect. This is in contrast to human clinical trials where the vascular and
behavioral effects dissociate with treatment [2].

Chemokines are small chemoattractant cytokines that are produced in response to damage or
infection to call inflammatory cells into the area. KC is the murine homolog of CXCL8
(IL-8) and CXCL1 (Gro-α) and is important in attracting neutrophils to sites of damage.
CCL5 (RANTES) is important for attracting secondary inflammatory agents such as T-cells
and monocytes. Typically, the presence of the attracted cell works as a feedback mechanism
to down-regulate the production of the chemokine. Therefore, the behavior of the
chemokines CCR5 and KC in this study may give a clue about the source of the
inflammation signal in SAH. If the primary signal for inflammation in SAH is blood or
blood breakdown products, then one would expect that the LPS would have a modest effect
on chemokine production but that the absence of neutrophils after depletion in mice would
increase the chemokine level (particularly KC) precipitously since the primary down-
regulatory signal from myeloid cells would be absent [25]. This is not what we actually see.
In fact, the chemokine levels are much lower, suggesting decreased inflammatory signals.
This correlates well with the histology data showing less microglial activation. This suggests
that myeloid cells are the instigators of inflammation in this system. Further studies are
necessary to elucidate the precise signals that begin the inflammatory cascade after SAH.

In conclusion, we believe that this study helps clarify the role of inflammation in DDAV,
but further work is necessary to determine the exact role of innate immunity in DDAV. It is
possible that treatment strategies could be developed around immune modulation of the
myeloid cells in DDAV.
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Fig. 1.
a India ink angiograms of mice on the 6th day. Middle cerebral artery (MCA) angiography
showing no narrowing (the bar graph below shows the mean MCA diameter) in LPS sham
animals. LPS SAH mice show significant narrowing of the MCA (white arrows) showing
DDAV. In SAH mice administered with the myeloid cell-depleting antibody against Ly6G/
C coincident with LPS, there is the absence of vasospasm. *The sham and SAH comparators
were previously published and are included for comparison [8]. b Behavioral deficits seen
on Barnes maze testing in mice with SAH after LPS administration. It takes significantly
longer for mice with SAH after LPS to find the goal box than for animals that have had LPS
followed by sham surgery (2-way ANOVA P < 0.001). Mice that have myeloid cell
depletion concurrent with LPS administration and SAH have times to find goal boxes that
are significantly shorter than LPS SAH (2-way ANOVA P < 0.001) and are similar to sham
animals
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Fig. 2.
Immunohistochemistry of microglia 1 day after SAH at two magnifications (antibody, Iba1).
Sham animals show rest appearing microglia with multiple long fine cell projections. LPS
Sham mice show slightly more retracted processes (a sign of activation). SAH animals show
ameboid morphology where the process retraction is severe, and the cells take on the
appearance of macrophages. LPS SAH animals show even more densely packed projections
and rounding of the cell bodies. Finally, in animals that are given a myeloid cell-depleting
antibody again Ly6G/C, the microglia animals again exhibit a resting phenotype seen in the
Sham animals. The diagram at the bottom shows the area of the brain imaged
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Fig. 3.
Levels of CCL5 and KC chemokines in the brain. Levels of CCL5 (a) and KC (b) increase
with SAH compared with Sham in both non-LPS and LPS-treated mice. LPS treatment
before SAH increases the level significantly from SAH. Myeloid cell depletion significantly
decreases level

Smithason et al. Page 12

Neurocrit Care. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Smithason et al. Page 13

Table 1

Animal experiments

India ink Behavioral test Immunostaining and brain chemokines

Sham – – 6

LPS Sham 10 10 6

SAH – – 6

LPS SAH 10 10 6

LPS SAH +Ly6G/C 10 10 6
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