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Abstract

Post-ischemic neurodegeneration remains the principal cause of mortality following cardiac 

resuscitation. Recent studies have implicated gastrointestinal ischemia in the sepsis-like response 

associated with the post-cardiac arrest syndrome (PCAS). However, the extent to which the 

resulting low-grade endotoxemia present in up to 86% of resuscitated patients affects cerebral 

ischemia-reperfusion injury has not been investigated. Here we report that a single injection of 

low-dose lipopolysaccharide (50 μg/kg, IP) delivered after global cerebral ischemia (GCI) induces 

blood-brain barrier permeability, microglial activation, cortical injury, and functional decline in 
vivo, compared to ischemia alone. And while GCI was sufficient to induce neutrophil (PMN) 

activation and recruitment to the post-ischemic CNS, minimal endotoxemia exhibited synergistic 

effects on markers of systemic inflammation including PMN priming, lung damage, and PMN 

burden within the lung and other non-ischemic organs including the kidney and liver. Our findings 

predict that acute interventions geared towards blocking the effects of serologically occult 

endotoxemia in survivors of cardiac arrest will limit delayed neurodegeneration, multi-organ 

dysfunction and potentially other features of PCAS. This work also introduces lung-brain coupling 

as a novel therapeutic target with broad effects on innate immune priming and post-ischemic 

neurodegeneration following cardiac arrest and related cerebrovascular conditions.
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1. INTRODUCTION

An estimated 500,000 patients suffer cardiac arrest in the United States annually, and despite 

the introduction of induced hypothermia, the prognosis for meaningful neurological 

recovery remains poor in over 80% of cases (Bernard, et al. 2002, Hoesch, et al. 2008). 

These dire clinical outcomes reflect the exquisite vulnerability of the central nervous system 

(CNS) to acute ischemic challenge as well as the delayed effects of reperfusion in the 

context of systemic injury. Collectively referred to as the post-cardiac arrest syndrome 

(PCAS), this disorder is characterized by changes in hemostasis and microvascular rheology, 

adrenal insufficiency with resulting shock physiology, heightened levels of inflammation, 

and delayed damage to both the CNS and peripheral organs (Adrie, et al. 2004, Neumar, et 

al. 2008).

The link between systemic inflammation and poor outcomes in patients presenting with this 

and other forms of acute neurological injury is well recognized (Becker, et al. 2011, Kliper, 

et al. 2013, Rodriguez, et al. 2013). In the case of cardiac arrest, tissue ischemia stimulates 

the activity of transcription factors including hypoxia-inducible factor-1α and nuclear factor-

κB that stimulate the production of pro-inflammatory cytokines and enhance other aspects 

of host immune function (Paradis 2007, Ridder and Schwaninger 2009). Ischemic damage 

also induces a sterile inflammatory response through the release of damage-associated 

molecular patterns (DAMPs) from the brain and other tissues (Pittman and Kubes 2013, 

Tadie, et al. 2013, Wang, et al. 2015). More recently, studies have revealed detectable levels 

of endotoxin in the serum of up to 86% of patients within 24–48 hours following return of 

spontaneous circulation (Adrie, et al. 2002, Grimaldi, et al. 2013, Grimaldi, et al. 2015, 

L’Her, et al. 2005). The presence of endotoxin and other pathogen-associated molecular 

patterns (PAMPs) has been linked with ischemia-induced growth of gram-negative intestinal 

flora and loss of mucosal barrier function with secondary bacteremia (Adrie, et al. 2002, 

Karhausen, et al. 2013, Wang, et al. 2012). While endotoxemia has been associated with 

durable neurocognitive deficits in patients surviving Escherichia coli sepsis (Annane and 

Sharshar 2015), the levels of lipopolysaccharide (LPS) detected in cases of sepsis are 

typically higher than those reported following cardiac arrest (2.6 vs. <0.6 EU/ml) (Casey, et 

al. 1993, Grimaldi, et al. 2015). And while linked to increased risk of shock and organ 

failure (Grimaldi, et al. 2013), the effects and consequences of serologically undetectable 

endotoxemia on cerebral ischemia-reperfusion injury remain unexplored.

The pathological changes in the brain caused by global cerebral ischemia (GCI) have been 

widely studied and involve both the cell-autonomous and non-cell-autonomous effects of 

cardiac arrest (Blomqvist and Wieloch 1985, Hossmann and Hossmann 1973). Models of 

GCI are often used to model delayed neurodegeneration within the CA1 field of the 

hippocampus; however, additional regions of the brain including the thalamus, basal ganglia, 

and cortex may also be affected (Deierborg, et al. 2008, Thal, et al. 2010). And while 

selective neuron vulnerability is the sine qua non of GCI, associated post-ischemic changes 

include microgliosis, and damage to the cerebrovasculature characterized by endothelial 

dysfunction, and loss of blood-brain barrier (BBB) integrity (Yao, et al. 2015). Preclinical 

models of GCI typically involve the isolation of the cerebral and systemic circulation via 

occlusion of 2 or more extracranial vessels (Ito, et al. 2013, Pulsinelli and Brierley 1979, 
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Thal, et al. 2010, Yonekura, et al. 2004). While intrinsic CNS mechanisms leading to 

neuronal loss remain an important therapeutic target (Coultrap, et al. 2011), GCI models do 

not recapitulate multi-organ injury and other features of PCAS. Thus, making headway in 

identifying therapies to disrupt post-arrest neurological decline will require a better 

understanding of the complex interplay between the brain’s intrinsic response to ischemia 

and the extrinsic changes in the periphery involving cellular immunity as well as the 

production of other factors with long-range signaling properties.

To better understand the mechanism(s) underlying catastrophic brain injury in PCAS, we 

studied the effect of low-dose endotoxin challenge on brain injury in a mouse model of GCI. 

Our results indicate that serologically undetectable endotoxemia increased levels of cortical 

injury, microglial activation, microvascular injury, and behavioral compromise beyond what 

is observed after ischemic injury alone. We also observed marked neutrophil (PMN) 

activation, lung injury, and the accumulation of PMNs in the brain, lung, and other non-

ischemic tissues with combined challenge. Our data suggest that therapies geared towards 

blocking the effects of systemic endotoxin in patients surviving cardiac arrest may be an 

effective strategy to limit multi-organ dysfunction commonly observed in the post-

resuscitation period. Furthermore, these results implicate lung-brain coupling as an 

important determinant of post-ischemic neurodegeneration mediated through effects on 

innate immunity.

2. MATERIALS AND METHODS

2.1 Endotoxin Titration

All mouse work was performed according to federal regulations with approval by the 

University Committee on Animal Resources. C57BL/6 mice (5-8-week-old males, 25–30 g, 

n = 3) received intraperitoneal (IP) injections of either saline (SAL) or LPS (50 μg/kg, 4 

mg/kg, or 20 mg/kg; derived from E. coli O111:B4; Sigma-Aldrich, St. Louis, MO) to 

mimic endotoxin leak during gut injury. LPS doses were tested to determine which yielded 

serum endotoxin levels comparable to those observed in patients admitted after cardiac 

arrest (Adrie, et al. 2002, Grimaldi, et al. 2013). Retro-orbital blood was collected at 

baseline, 6, 24, 48, and 72 hours after injection for granulocyte counts using a Vetscan HM5 

blood analyzer (Abaxis, Union City, CA), and endotoxin measurement using the limulus 

amebocyte lysate assay as used by Adrie et. al. in their clinical studies (Thermo Fisher, 

Waltham, MA) (Adrie, et al. 2002). Serum samples were diluted 50-fold to minimize 

hemoglobin contamination for the chromogenic assay. Assessment of plasma IL-6, IL-1β, 

and TNF-α was performed using the LEGENDplex immunoassay (Biolegend, San Diego, 

CA). Weight and rectal temperature were recorded at each time point (Figure S1).

2.2 Global Cerebral Ischemia Model

Male C57BL/6 mice were randomized into Sham/SAL, Sham/LPS, 3VO/SAL, and 

3VO/LPS groups (Figure 2A). On Day −10, all mice underwent basilar artery occlusion 

(BAO) as described (Thal, et al. 2010). After recovery (Day 0), the 3VO group underwent 15 

minutes of bilateral common carotid artery occlusion (BCCAO) with controls undergoing 

neck dissection without occlusion. Mice were excluded if cerebral blood flow (CBF) by 
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Laser Doppler flowmetry (Perimed, Ardmore, PA) did not fall below 70% during 3VO 

(Figure S2). Within 1 minute of reperfusion, groups received either a single IP injection of 

50 μg/kg LPS or saline. Daily weights and rectal temperatures were recorded (Figure 2B–C). 

Day 3 group sizes after Doppler exclusion were as follows: Sham/SAL (n = 4), Sham/LPS (n 

= 4), 3VO/SAL (n = 4), and 3VO/LPS (n = 3). In preliminary studies, we found that cerebral 

injury caused by 3VO/SAL was 24.31 ± 4.39%, and injury caused by 3VO/LPS was 39.95 

± 10.87%. Sample sizes for this study (n ≥ 2) were calculated using these means with σ as 

the standard deviation of the 3VO/SAL group. For this analysis, α = 0.05, power = 0.9, and 

sampling ratio = 1.

2.3 Behavioral Analyses

Global neurological function was assessed using a composite scoring system adapted from 

Abella et al. (Table S1) (Abella, et al. 2004). Domains tested included assessments of level 

of consciousness, spontaneous movement, gait, touch escape response, corneal reflex, and 

respiration. Scores for each domain ranged from 0–2, with 2 indicating normal function; 

maximal score for this assay was 12. Neurological assessments were performed on Days 

−10 prior to BAO, 0 prior to BCCAO or sham, 1, and 3 by an investigator blinded to the 

intervention.

2.4 Immunohistochemical and Image Analyses

Tissues were removed following intracardiac perfusion, post-fixed in 4% paraformaldehyde 

(Sigma-Aldrich), cut into 25 μm sections, and stored at 4°C in cryoprotectant. Sections were 

washed with PBS and blocked in 10% goat serum for 1 hour at 20°C prior to 

immunohistochemical (IHC) staining (see Supplemental Methods & Table S2). Fluoro-Jade 

C staining of brain sections was performed as described (Schmued, et al. 2005). Sections 

were imaged using an OptiGrid Structured-Light Imaging System (Qioptiq, Fairport, NY). 

Cortical Ly-6B(+) neutrophil (PMN) counts and percent injury calculations based on 

regional loss of MAP2 staining were calculated from images taken from 5 matched, non-

contiguous coronal sections spanning +1.32 and −2.92 mm from bregma. Percent injury 

based on MAP2 staining was calculated from thresholded images as the area of MAP2(−) 

tissue divided by total cortical surface area. Platelet endothelial cell adhesion molecule-1 

(PECAM-1) upregulation and IgG deposition were measured by the mean gray value 

(fluorescence intensity) from random sections imaged at 10x magnification per animal. 

Fluorescence intensities were normalized to PECAM-1(+) vessel length (cm). Microglial 

activation was measured by the mean gray value of Iba1 from random sections imaged at 

10x magnification per animal. Sholl analyses were conducted with ≥10 microglia per animal 

imaged at 63x magnification (Ferreira, et al. 2014). PMN infiltration was estimated in lung 

(due to high PMN density) by measurement of Ly-6B mean gray value, and counts were 

obtained from random sections of liver and kidney; images for these quantifications were 

acquired at 40x magnification. Alveolar wall thickness was measured as the smallest 

orthogonal distance between 2 adjacent alveoli. Images were acquired using identical 

settings and values and analyzed using ImageJ (http://rsb.info.nih.gov/ij/). Liver and kidney 

sections were also stained with hematoxylin and eosin to evaluate for tissue injury (Cardiff, 

et al. 2014).
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2.5 Flow Cytometry

For flow cytometric analyses of endotoxin experiments, blood, lungs, and spleens were 

collected 6 hours after 50 μg/kg LPS injection. Organs were dissociated by agitation in 

RPMI with 1 mg/ml collagenase II for 30 minutes. For 3VO experiments, flow cytometric 

analyses were performed on retro-orbital blood collected at 2 hours, 4 hours, and 6 hours 

after experimental surgery. Whole blood was washed and lysed with red cell lysis buffer 

(Biolegend, San Diego, CA) for 5 minutes at 4°C. Cells were stained with FITC-labeled 

anti-Ly-6G (1 μg/ml; 30 minutes, 4°C) and Alexa Fluor 647-labeled anti-CD11b antibodies 

(0.8 μg/ml) with 4 μl Fc receptor block per sample. Cells were later fixed in 2% 

paraformaldehyde for 30 minutes (Highland, et al. 2016), and fluorescence was measured 

using a BD FACSCanto II Flow Cytometer (BD Biosciences, San Jose, CA). Data were 

collected for 10,000 events, and the following gating strategy was used: a forward vs. side 

scatter plot (FSC-area vs. SSC-area) was used to visually identify white blood cells and 

exclude debris. Gates were then manually drawn on plots of FSC-height vs. FSC-area plots 

to remove cell doublets. Two-dimensional plots of Ly-6G vs. CD11b were used to identity 

Ly-6Ghi/CD11bhi PMNs, and histograms were constructed for each PMN population. 

Geometric mean fluorescence intensity (MFI) analyses were performed using FlowJo 

analysis software (TreeStar, Ashland, OR).

2.6 Statistical Analyses

Statistical analyses were performed using Prism (Graphpad, La Jolla, CA) and MATLAB 

(Mathworks, Natick, MA). Data are expressed as averages with standard deviations. In the 

LPS dosing experiment, changes in plasma endotoxin, cytokines, granulocyte count, weight, 

and temperature were analyzed by repeated measures analysis of variance (ANOVA) with 

Holm-Sidak post hoc test. In experiments involving Sham/3VO and SAL/LPS, comparisons 

were made using 2-way ANOVA and Holm-Sidak post hoc test for cortical injury, 

PECAM-1 upregulation, IgG deposition, Iba1 upregulation, and PMN infiltration. 

Differences in microglial arborization were calculated using repeated measures ANOVA for 

the number of intersections at each radius from the soma. Changes in weight, core 

temperature, and neurological function over time were analyzed using 3-way ANOVA and 

Dunn-Sidak post hoc test. Relationships between PMN infiltration and cortical injury, PMN 

infiltration and Neurological Function Score, and CBF and cortical injury were determined 

with Pearson’s correlation coefficient. P values less than 0.05 were considered significant.

3. RESULTS

3.1 Physiological and behavioral effects of 3VO/LPS treatment

Our initial goal was to determine which LPS dose(s) would recapitulate levels of 

endotoxemia observed clinically. Intraperitoneal administration of 4 mg/kg LPS produced 

peak serum endotoxin levels (0.95 ± 0.14 EU) within 6 hours (Figure 1A). After correcting 

for sample dilution, this was comparable to levels seen in patients within the first 24–72 

hours following cardiac arrest (Adrie, et al. 2002, Grimaldi, et al. 2013). However, treatment 

with doses as low as 1 mg/kg LPS resulted in significant mortality when combined with 

global ischemia precluding their use (data not shown). Standard LPS dosing of between 4–

20 mg/kg also exerted variable effects on granulocyte counts, core temperature and post-
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procedure weights (Figure 1B–D). Given the potential confounding effects on downstream 

analyses, we tested the effects of low-dose LPS (50 μg/kg), which produced no discernable 

effect on serum endotoxin levels, granulocyte counts, core temperature, or weight. Also, in 

contrast to 20 mg/kg LPS, low-dose treatment produced only a transient increase in serum 

IL-6, which was not higher than levels observed in saline-treated controls (Figure 1E). No 

changes were observed with IL-1β or TNF-α. After establishing the effects of higher LPS 

doses, we sought to determine whether 50 μg/kg LPS, while serologically undetectable, still 

had effects on PMN activation. Six hours after IP injection, 50 μg/kg LPS increased MFI of 

the activation marker CD11b on PMNs in peripheral blood (7,234 vs. 2,012) and on PMNs 

marginated in the lung (26,588 vs. 14,486) and spleen (30,781 vs. 15,630) compared to 

saline injection.

To study the effects of low-dose endotoxin on the post-ischemic neurodegeneration, mice 

received either saline or IP LPS injection after completion of either sham or the 3VO 

procedure (Figure 2A). Laser Doppler flowmetry was used to confirm adequate reductions in 

cerebral blood flow in mice treated with ischemia alone (3VO/SAL) or ischemia combined 

with systemic LPS (3VO/LPS; Figure S2). Three-way ANOVA revealed effects of 

inflammation (p = 0.0378), ischemia (p = 0.0013), and time after experimental manipulation 

(p = 0.0005) on weight, and effects of ischemia (p < 0.0001) and time (p < 0.0001) on core 

temperature (Figure 2B–C). While LPS treatment alone induced fever (Day 0–3, p = 

0.0146), mice in the 3VO/LPS cohort exhibited a non-significant trend towards hypothermia 

between Day 2 and 3 (p = 0.0826) as previously reported (Peres Bota, et al. 2004). Mice 

undergoing 3VO/SAL exhibited a decline in global neurological function using a composite 

battery of tests administered 3 days following reperfusion (9.38 ± 2.25) compared to 

Sham/SAL (12.00 ± 0.00; p = 0.0015), and deficits were worse in mice undergoing 

3VO/LPS (4.00 ± 1.80; p = 0.0016 vs. 3VO/SAL) (Figure 2D).

3.2 Histological assessment of cortical injury and neuroinflammation

We next assessed the temporal and spatial aspects of neuronal injury by performing IHC in 

each of the 4 treatment groups (Figure 3). After 3 days of reperfusion, distinct regions of 

cortical injury characterized by the loss of neuron-specific microtubule-associated protein 2 

(MAP2) and the accumulation of Fluoro-Jade C(+) neurons were observed (Figure 3A, top) 

(Chamak, et al. 1987, Popp, et al. 2009, Schmued, et al. 2005). While we observed axonal 

beading and Fluoro-Jade C staining within the CA1 region of the hippocampus (Figure 3A, 

bottom), hippocampal injury was less severe and more inconsistent compared to that 

observed in the cortical hemispheres. Occlusion of the basilar artery conducted during the 

first stage of the 3VO procedure caused minimal cortical injury in the sham surgical controls 

(Sham/SAL, 7.87 ± 1.76%; Sham/LPS, 11.89 ± 0.99%). By Day 3, mice exposed to 

combined 3VO/LPS treatment (39.79 ± 7.28%) were more severely affected than those 

treated with only global ischemia (3VO/SAL, 25.82 ± 4.61%; p = 0.047) (Figure 3B).

In addition to exerting potent effects on immune cells, endotoxin causes local inflammation 

and damage to the vasculature when combined with 3VO (Denes, et al. 2011, Xaio, et al. 

2001). After normalizing PECAM-1 expression to total vessel length, relative to sham- or 

3VO-treated controls, we found that low-dose LPS induced expression of platelet endothelial 
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cell adhesion molecule-1 (PECAM-1) on the cortical vessel endothelium when combined 

with 3VO (5.39 ± 0.66; p = 0.0020 vs. 3VO/SAL, 3.19 ± 0.35; p = 0.0006 vs. Sham/LPS, 

2.69 ± 0.68) (Figure 3C & D) (Hwang, et al. 2005). After normalizing IgG fluorescence 

intensity to total vessel length, we also found 3VO treatment induced deposition of serum 

IgG protein in the perivascular space (3VO/SAL, 0.67 ± 0.22; p = 0.0003 vs. Sham/LPS, 

0.33 ± 0.14). Moreover, combined exposure to global ischemia and LPS enhanced this effect 

(3VO/LPS, 2.06 ± 0.75; p = 0.0012) consistent with progressive injury to the blood brain 

barrier (Figure 3C & E) (Cristante, et al. 2013).

3.3 Effects of ischemia and endotoxemia on peripheral neutrophil trafficking

Delayed neuronal death is a hallmark of GCI and reflects the cumulative effects of cell-

autonomous apoptotic signaling, reactive neuroinflammation, and peripheral innate immune 

responses on the CNS. Given our observation that tissue injury in the 3VO/LPS paradigm 

peaked within the first 3 days, we next asked to what extent systemic priming influenced 

PMN recruitment to the post-ischemic brain (Chen, et al. 2014, Hirsch and Gordon 1983, 

Ullrich, et al. 2014). By Day 3, both 3VO/SAL (18.75 ± 10.04 PMN/mm2; p = 0.0374 vs. 
Sham/SAL, 2.39 ± 0.81 PMN/mm2) and 3VO/LPS treatment (48.60 ± 13.36 PMN/mm2; p < 

0.0001 vs. Sham/LPS, 2.93 ± 1.23 PMN/mm2; p = 0.0016 vs. 3VO/SAL) induced cortical 

PMN margination above levels seen in controls (Figure 4A–B). The burden of PMN 

infiltration was directly proportional to the level of cortical injury observed (Pearson’s r = 

0.82, p = 0.0002) and inversely proportional to performance on tests of global neurological 

function (Pearson’s r = −0.89, p < 0.0001) (Figure 4C).

Histological analyses indicated that systemic inflammation enhanced both cortical 

microglial activation and PMN recruitment in the post-ischemic cortex (Figure 5A–B) 

(Drago, et al. 2014). Global ischemia tripled levels of Iba1 staining in the cortex as 

compared to sham controls (32.24 ± 12.74; p = 0.0085 vs. Sham/SAL, 10.72 ± 5.69). 

Conversely, endotoxin challenge alone had little effect in this regard (Sham/LPS, 9.34 ± 4.01 

vs. Sham/SAL; NS). When combined with global ischemia, LPS challenge had a marked 

effect on observed levels of microglial activation (71.20 ± 8.87; p < 0.0001 vs. Sham/LPS; p 
= 0.0003 vs. 3VO/SAL). Sholl analysis of microglial morphology confirmed the expected 

shift from the more ramified to an amoeboid appearance with ischemia, which was not 

observed with LPS challenge alone (Figure 5C). LPS-induced systemic inflammation 

enhanced the effect (Figure 5D) relative to ischemia alone (p = 0.0187). We also noted 

regional differences in the extent of microglial activation relative to the proportion of 

infiltrating PMNs (>60 cells/mm2). Quantification of this effect by Sholl sub-analyses 

confirmed the correlation between increased PMN burden and microglial activation (p = 

0.0313) that was dependent on systemic LPS administration (Figure 5E). However, the 

relationship between microglial activation and PMN burden was not observed in mice 

subjected to global ischemia alone (p = 0.9338). These findings suggest that in addition to 

inducing neuroinflammatory changes directly, systemic endotoxin induces a phenotypic shift 

in invading PMNs that influences the extent of microglial activation in the post-ischemic 

cortex.
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3.4 Effects of cerebral ischemia and systemic endotoxemia on neutrophil priming

To directly assess the effect of low-dose LPS on peripheral immune activation, we next 

performed fluorescence cytometry on circulating, Ly-6GHi/CD11bHi PMNs (Figure 6). 

Ischemia alone was sufficient to activate PMNs in circulation at 2 hours post-reperfusion. 

While low-dose LPS resulted in a CD11b response that was comparable in magnitude, the 

effect persisted through the 6-hour time point likely due to the diffusion characteristics 

associated with IP delivery. Of note, combined 3VO/LPS challenge had synergistic effects 

on PMN CD11b expression (3VO/LPS MFI: 64,738) compared to ischemia alone 

(3VO/SAL MFI: 16,103).

3.5 Effects of cerebral ischemia and systemic endotoxemia on peripheral tissues

The accumulation of PMNs in somatic tissues is considered pathognomonic of acute 

reperfusion injury in a variety of disease models (Abraham 2003, Chaturvedi, et al. 2013, 

Marques, et al. 2012). And although the brain is hypersensitive to the effects of global 

ischemia, multi-organ failure is a common complication observed after successful return of 

spontaneous circulation (Partrick, et al. 1999, Partrick, et al. 1996). Given its close 

anatomical relationship with the cerebral circulation, we examined the extent to which 

cerebral ischemia and peripheral inflammation influenced PMN migration to the lung 

parenchyma. Within 3 days after GCI, we observed significant accumulations of PMNs in 

the lung (3VO/SAL, 2296.19 ± 532.50; p = 0.019 vs. Sham/SAL, 1417.72 ± 167.92). Low-

dose LPS challenge following reperfusion doubled the observed effect (3VO/LPS, 3603.50 

± 374.64; p = 0.0002 vs. Sham/LPS, 1778.92 ± 315.28; p = 0.0030 vs. 3VO/SAL) (Figure 

7A–B). We also assessed the extent of lung edema as a surrogate for lung injury. Relative to 

controls (Sham/SAL, 5.40 ± 1.10 μm; Sham/LPS, 5.03 ± 0.22 μm), exposure to either 

ischemia (3VO/SAL, 7.71 ± 0.74 μm; p = 0.0312 vs. Sham/SAL) or combined ischemia/

endotoxin challenge (3VO/LPS, 10.80 ± 2.12 μm; p = 0.0002 vs. Sham/LPS; p = 0.0189 vs. 
3VO/SAL) resulted in increased edema measured as alveolar wall thickness (Figure 7C). To 

extend this analysis further, we assessed the extent to which PMN migration was affected in 

other non-ischemic tissues. Data show that while neither GCI (liver, 76.19 ± 11.19; kidney, 

19.30 ± 5.11) nor systemic LPS challenge (liver, 71.11 ± 21.37; kidney, 13.21 ± 2.03) 

influenced PMN migration above baseline, combined 3VO/LPS treatment was associated 

with increased PMN infiltration into both the non-ischemic liver (226.19 ± 122.87; p = 

0.0199 vs. 3VO/SAL, p = 0.0199 vs. Sham/LPS) and kidney (32.51 ± 2.35; p = 0.0159 vs. 
3VO/SAL, p = 0.0015 vs. Sham/LPS). We also performed H&E staining on tissue sections 

and found that PMN infiltration was not otherwise associated with injury to the liver or 

kidney (Figure S4).

4. DISCUSSION

In the present study, we tested the hypothesis that occult endotoxemia has important effects 

on the CNS when associated with global ischemia. Our results revealed three main findings. 

First, we found that low-dose LPS challenge enhances post-ischemic damage in the CNS 

with secondary effects on microvascular inflammation, injury to the BBB, and a shift in both 

microglial and PMN activation. Second, we found that combined 3VO/LPS challenge 

exerted distinct effects on the activation and homing of PMNs within and outside the CNS. 
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Third, our data suggests the testable hypothesis that immunological coupling between the 

lung and brain alters cumulative injury after cardiac arrest and likely other diseases in which 

cerebral ischemia is a central component.

The pathological events contributing to ischemic brain injury are both temporally and 

mechanistically diverse (Dirnagl, et al. 2007). Within minutes, nutrient deprivation and 

secondary glutamate-dependent excitotoxicity induce necrosis and apoptosis, among other 

molecularly distinct forms of injury, in vulnerable CNS populations (Heiss 2012). While 

models of global ischemia are often used to study the molecular basis of CA1 hippocampal 

degeneration, selective neuronal vulnerability and loss are recognized in other brain regions 

(Ito, et al. 2013, Pulsinelli and Brierley 1979, Thal, et al. 2010, Yonekura, et al. 2004) and 

are observed in our model (Figure S3). At the bedside, changes on the clinical exam, brain 

imaging, and increased levels of neuron-specific enolase all reflect the evolution of such 

pathological cascades (Calderon, et al. 2014). The role of systemic inflammation in post-

ischemic neurodegeneration is also well recognized (Samborska-Sablik, et al. 2011, 

Vaahersalo, et al. 2014). For example, serum levels of IL-6 and other cytokines correlate 

with poor neurologic recovery after cardiac arrest and in-hospital death following ischemic 

stroke (Rallidis, et al. 2006, Vaahersalo, et al. 2014). And in the case of prolonged cardiac 

arrest, the induced cytokine storm produces endothelial dysfunction, coagulation defects, 

and multi-organ failure mimicking septic shock (Adrie, et al. 2002). Given the global nature 

of the injury and the dynamic interplay between cell-autonomous and post-ischemic 

inflammation, it is not surprising that the odds of surviving an out of hospital cardiac arrest 

is less than one in five. Given the skepticism regarding the benefit of targeted temperature 

management, there remains an urgent need to find alternate therapies targeting these and 

other precipitating pathologies (Bro-Jeppesen, et al. 2014).

As an alternative to existing models of cardiac arrest (Kofler, et al. 2004, Liachenko, et al. 

1998), we used the mouse 3-vessel occlusion model because of its reproducibility and the 

ability to control the timing and severity of ischemia. The use of low-dose endotoxin as a 

driver of PCAS pathology is a unique feature of this work and is based on reports from the 

clinical literature citing the association between serum endotoxin and the duration of post 

cardiac arrest shock (Grimaldi, et al. 2013, Grimaldi, et al. 2015). Mesenteric ischemia 

stimulates the growth of gram-negative bacteria in situ and induces villous blunting with 

mucosal degeneration (Karhausen, et al. 2013, L’Her, et al. 2005, Wang, et al. 2012). In our 

initial dose ranging studies, we found the delivery of LPS above 1 mg/kg after the 3VO 

procedure caused a high rate of perioperative mortality (data not shown). We, therefore, 

adjusted our dosing strategy reducing the amount of LPS (50 μg/kg) to a point where serum 

endotoxin was undetectable, such as has been described for a significant number of patients 

(Grimaldi, et al. 2015). Although low-dose endotoxin challenge was not detected in serum 

using the limulus amebocyte lysate assay, which is sensitive to levels as low as 0.1 EU/ml 

(or approximately 0.01 ng endotoxin/ml), its use in our paradigm resulted in the activation of 

brain endothelium, damage to the BBB with the accumulation of serum proteins in the 

parenchyma, microglial activation, and the accumulation of PMNs in areas of cortical 

ischemia. Thus, while the 3VO procedure remains a surrogate for cardiac arrest, many of the 

pathological changes described in the post-cardiac arrest syndrome were recapitulated in our 

model (Blomqvist and Wieloch 1985, Hossmann and Hossmann 1973).
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The pulmonary endothelium plays an active role in regulating the priming of PMNs during 

their transit through the systemic circulation (Aoyama-Ishikawa, et al. 2014, Singh, et al. 

2012). In the mouse model of sepsis, the pro-inflammatory milieu caused by endotoxin 

challenge impairs lung-mediated PMN de-priming, resulting in their accumulation, priming, 

release to the systemic circulation. Cerebral ischemia and systemic endotoxin had distinct 

effects on PMN activation. While ischemia-induced transient PMN CD11b expression (<2 

hours), the relative fraction of Ly-6G(+) PMNs compared with other leukocytes increased 

over time, suggesting an initial sequestration of primed PMNs and subsequent de-priming 

and release, observed previously following low-dose LPS treatment (Copeland, et al. 2005). 

However, in our hands, low-dose endotoxin challenge induced the sustained priming of 

circulating PMNs, which when combined with ischemia, induced CD11b levels above the 

sum of the individual stimuli lasting up to 6 hours post-treatment. In our case, systemic LPS 

induced the infiltration of PMNs to the lung and pulmonary interstitial edema. These data 

suggest that combined ischemia with endotoxin challenge induced lung injury, 

overwhelming endogenous de-priming mechanisms, and allowed activated PMNs to persist 

in the systemic circulation. Notably, PMN CD11b expression levels returned to baseline 

levels in all treatment groups within 3 days reflecting the recovery or induction of 

endogenous anti-inflammatory mechanisms.

Modern post-resuscitation management of patients surviving out-of-hospital cardiac arrest 

(OHCA) includes the use of targeted temperature management, percutaneous coronary 

intervention, and supportive measures with the goal of improving the odds of survival with 

good neurologic recovery (Kocjancic, et al. 2014). There has been a recent interest in 

investigating the benefit of prophylactic antibiotics as a means to limit pathogen-associated 

systemic inflammatory responses particularly in patients with evidence of aspiration or those 

treated with systemic hypothermia (Hellenkamp, et al. 2016, Ribaric, et al. 2017). For 

example, Davies et al. reported in a series of 138 patients that the early use of antibiotics was 

associated with a mortality benefit (Davies, et al. 2013). Other reports have been less 

optimistic, reducing the incidence of pneumonia without influencing all-cause mortality 

(Gagnon, et al. 2015, Tagami, et al. 2016). While our model induced systemic inflammation 

using LPS, there is sufficient evidence that damage to the enteric system results in the 

release of coliform species into the systemic circulation. Thus, the optimal antibiotic therapy 

in OHCA would cover both respiratory and enteric organisms, suppress bacterial growth 

(bacteriostatic), and would exhibit limited bactericidal activity limiting membrane 

breakdown and LPS release that would compound PAMP-mediated systemic inflammation 

and reperfusion injury. Of note, in addition to their bacteriostatic effects on gram-positive 

and gram-negative organisms, the non-antibiotic properties of the tetracycline class of 

antibiotics have garnered interest given their anti-inflammatory properties and protective 

effects toward lung injury in models of ischemia-reperfusion with sepsis (Roy, et al. 2012).

Although under-appreciated, the extent of pulmonary involvement following cerebral 

ischemia, and combined ischemia/endotoxin challenge, in particular, has important clinical 

implications. Pulmonary complications including pneumonia, neurogenic pulmonary edema, 

and acute respiratory distress syndrome are frequently seen in patients presenting with acute 

stroke, traumatic brain injury, and other acute neurological injuries (Balofsky, et al. 2017). 

Contributing factors include an underlying increased risk for aspiration and the pro-
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inflammatory effects of damage- and pathogen-associated molecular patterns released from 

the brain and portal system. Through a first-pass effect involving the lung, these factors 

produce endothelial dysfunction and capillary permeability with possible priming effects on 

circulating PMNs as they travel en passant through the lung microvasculature. Similar to the 

model initially proposed by Mascia et al. (Mascia 2009), our data indicate that low-dose 

endotoxin provides the ‘second hit’ promoting PMN activation, infiltration into the lung 

parenchyma, and secondary injury. In conditions where local inflammation goes unchecked, 

the lung can confer secondary organ damage in a feed-forward mechanism. This concept is 

supported by the increased level of brain injury and trafficking of PMNs to the non-ischemic 

liver and kidney seen in our model. Based on these observations, it is reasonable to assume 

that pre-existing lung disease, barotrauma, or hyperoxic exposure introduced following 

endotracheal intubation likely influence delayed neurodegeneration through effects on the 

lung and its ability to regulate PMN priming and other systemic immune responses.

In summary, we investigated the impact of low-dose LPS challenge in a mouse model of 

GCI to understand better the impact of systemic inflammation on delayed post-ischemic 

neurodegeneration. Our results demonstrate that when combined with GCI, serologically 

occult endotoxin can reproduce the neurovascular injury, neuroinflammation, and damage to 

peripheral targets including the lung, liver, and kidney commonly seen following cardiac 

arrest. Furthermore, these findings suggest that the lung serves as a gatekeeper of systemic 

immune responses in cerebrovascular disorders and that underlying factors such as pre-

existing lung disease may have a direct bearing on the extent of multisystem organ 

dysfunction observed. As a corollary to these findings, we predict that targeted manipulation 

of the local inflammatory milieu of the lung could provide neuroprotective benefit to 

patients following cardiac arrest.
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3vo three-vessel occlusion

ANOVA analysis of variance

AU arbitrary units
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BAO basilar artery occlusion

BBB blood-brain barrier

BCCAO bilateral common carotid artery occlusion

CBF cerebral blood flow

CCA common carotid artery

CNS central nervous system

DAMP damage-associated molecular pattern

EU endotoxin unit

FSC forward scatter

GCI global cerebral ischemia

IHC immunohistochemistry

IP intraperitoneal

LPS lipopolysaccharide

MAP2 microtubule-associated protein 2

OHCA out-of-hospital cardiac arrest

PAMP pathogen-associated molecular pattern

PCAS post-cardiac arrest syndrome

PECAM-1 platelet and endothelial cell adhesion molecule 1

PMN polymorphonuclear neutrophil

SAL saline

SSC side scatter
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HIGHLIGHTS

• Transient endotoxemia exacerbates CNS injury when combined with global 

ischemia.

• Global ischemia and LPS exhibit synergistic effects on PMN activation.

• Combined 3VO/LPS induces PMN homing to the brain, lung, and non-

ischemic organs.

• Lung-brain coupling modulates post-ischemic injury and innate immune 

responses.
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Figure 1. 
LPS dose titration studies. IP administration of 50 μg/kg LPS yielded undetectable plasma 

endotoxin (A) and no changes in granulocyte count (B), core temperature (C), or weight (D), 

while effects were seen with 4 mg/kg and 20 mg/kg. (D) Elevated IL-6 was seen in all mice 

after 6 hours and remained elevated at 24 hours in mice receiving 20 mg/kg LPS. Values 

represent means ± SD (n = 3). 1-way ANOVA: * p < 0.05, ** p < 0.01, *** p < 0.001, **** 

p < 0.0001.
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Figure 2. 
Analyses of combined 3VO and systemic LPS on neurological function. (A) Following 

basilar artery (BA) occlusion, mice undergo either sham dissection or 15-minute common 

carotid artery (CCA) occlusion with saline or IP LPS injection immediately following 

reperfusion. Effects of experimental procedures on weight (B) and core temperature (C). (D) 

Effects of experimental procedures on neurological functional scores assessed prior to BAO 

(Day −10), prior to BCCAO/sham (Day 0), at Day 1, and at Day 3. Values represent means ± 

SD (n = 3–4 per group). 3-way ANOVA: † ANOVA main effects, * Dunn-Sidak multiple 

comparisons. */† p < 0.05, **/†† p < 0.01, ††† p < 0.001, ****/†††† p < 0.0001.
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Figure 3. 
Effects of systemic LPS exposure on ischemia-induced cortical injury. (A) IHC of coronal 

brain sections demonstrates combined effects of 3VO/LPS treatment on dendritic injury 

(beading, loss of MAP2 staining; red) and neuron death (Fluoro-Jade C; green) on cortex 

(top) and CA1 of the hippocampus (bottom); scale bars = 100 μm. White dashed line 

outlines area of MAP2(−) cortex. (B) Histogram illustrating exacerbated injury caused by 

the addition of LPS after 3VO. % Injured cortex = MAP2(−) area, as outlined in (A, top), 

over total cortical area. (C) Combined 3VO and endotoxemia causes PECAM-1 upregulation 

(red) and parenchymal IgG deposition (green; white arrowheads); scale bar = 100 μm. 

3VO/LPS treatment upregulates vascular PECAM-1 expression (D) and IgG deposition per 

vessel length (E) in 3VO/LPS animals. Values represent means ± SD (n = 3–4 per group). 

AU = arbitrary units. 2-way ANOVA: * Sham vs. 3VO; # SAL vs. LPS. ## p < 0.01, *** p < 

0.001, **** p < 0.0001.
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Figure 4. 
IP LPS treatment enhances PMN accumulation in post-ischemic cortex at Day 3. IHC of 

cortical sections (A) and histogram (B) demonstrating Ly-6B(+) PMN infiltration after 

ischemia-reperfusion; scale bar = 200 μm. 2-way ANOVA: * Sham vs. 3VO; # SAL vs. LPS. 

* p < 0.05, ## p < 0.01, **** p < 0.0001. (C) Correlation between PMN infiltration and 

cortical injury; Pearson’s r = 0.8177, p = 0.0002. Inverse relationship between PMN 

infiltration and Neurological Function Score; Pearson’s r = −0.8877, p < 0.0001. Values 

represent means ± SD (n = 3–4 per group).
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Figure 5. 
Delayed effects of systemic LPS and PMN migration on neuroinflammation. (A) 

Immunohistochemical analyses of microglial activation (Iba1; red) and cortical PMN 

(Ly-6B; green) migration 3 days following treatment; scale bar = 100 μm. (B) Stimulatory 

effect of systemic LPS treatment on microglial activation after GCI assessed using average 

Iba1 fluorescence intensity per mm2 field. 2-way ANOVA: * Sham vs. 3VO; # SAL vs. LPS. 

** p < 0.01, ****/#### p < 0.0001. (C) Representative heat maps illustrating differences in 

microglial arborization across treatment groups. Heat maps are cell-specific with red 

indicating the radius with the greatest number intersections; scale bar = 15 μm. (D) Sholl 

analysis of microglia in 3VO/SAL vs. 3VO/LPS animals. (E) Sholl analysis demonstrating 

blunted arborization in microglia in PMN-rich cortex of 3VO/LPS mice. Values represent 

means ± SD (n = 3–4 per group). Repeated measures ANOVA: * p < 0.05, NS = no 

significant difference between PMN(+) and PMN(−) cortex. Values represent means ± SD (n 

= 3–4 per group).

Mai et al. Page 22

Exp Neurol. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Timing of peripheral neutrophil priming in the GCI model. Flow cytometry analyses 

demonstrating the effects of systemic inflammation (Sham/LPS), GCI (3VO/SAL), and 

combined treatment (3VO/LPS) on CD11b expression on peripheral Ly-6GHi/CD11bHi 

PMNs 2, 4, and 6 hours after reperfusion compared to Sham/SAL-treated mice. Values 

represent 10,000 events per time point per group.
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Figure 7. 
LPS enhances PMN accumulation in peripheral organs after GCI. Lung IHC (A) and 

quantitative analyses for average fluorescence intensity of Ly-6B(+) PMNs per mm2 field 

(B) and alveolar wall thickness (C). PMN accumulation is observed in the liver (D–E) and 

kidney (F–G) with 3VO/LPS treatment but not with 3VO/SAL. Scale bars = 200 μm. Values 

represent means ± SD (n = 3–4 per group). AU = arbitrary units. 2-way ANOVA: * Sham vs. 
3VO; # SAL vs. LPS. */# p < 0.05, **/## p < 0.01, *** p < 0.001.
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