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Abstract

We investigated the role of intracerebroventricular (ICV) injection of rimonabant (500 ng), a CB;
antagonist, on lipopolysaccharide ((LPS) 5mg/kg)-induced pulmonary inflammation in rats in an
isolated perfused lung model. There were decreases in pulmonary capillary pressure (Ppc) and
increases in the ((Wet-Dry)/Dry lung weight)/(Ppc) ratio in the ICV-vehicle/LPS group at 4 hours.
There were decreases in TLR4 pathway markers, such as interleukin receptor-associated kinase-1,
IxBa, Rafl and phospho-SFK(Tyr416) at 30min and at 4hr increases in I1L-6, vascular cell
adhesion molecule-1 and myeloperoxidase in lung homogenate. Intracerebroventricular
rimonabant attenuated these LPS-induced responses, indicating that ICV rimonabant modulates
LPS-initiated pulmonary inflammation.
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1. Introduction

Sepsis has been generally understood as a complex intense systemic inflammatory response
due to an infection (Angus et al., 2001, Dellinger et al., 2013, Hotchkiss and Karl, 2003,
Van Amersfoort et al., 2003). The body’s acute response to microbial components results in
a widespread activation of cells. This causes a plethora of inflammatory mediators such as
cytokines (e.g., cytokine storm), chemokines, prostaglandins, lipid mediators and reactive
oxygen/nitrogen species to be released (Angus et al., 2001, Dellinger et al., 2013, Hotchkiss
and Karl, 2003, Van Amersfoort et al., 2003). The aforementioned mediators induce
systemic vasodilatation and upregulation of adhesion molecules in endothelium associated
with the release, activation and organ sequestration of neutrophils and monocytes (Angus et
al., 2001, Dellinger et al., 2013, Hotchkiss and Karl, 2003, Van Amersfoort et al., 2003).
These changes in homeostasis subsequently lead to multiple organ failure such as acute lung
injury, myocardial suppression and irreversible hypotension (Angus et al., 2001, Van
Amersfoort et al., 2003).

Lipopolysaccaride (LPS) is used to model the effects of gram negative sepsis (Villanueva et
al., 2009, Yilmaz et al., 2008a, Yilmaz et al., 2008b). Although the initiation and
progression of LPS hypotension has been explained exclusively as a peripheral event, recent
data from our laboratory showed that this effect of LPS can be prevented by (i) inhibiting
the vagus nerve, (ii) by blocking neuronal activity in the nucleus of the solitary tract (NTS),
(iii) by blocking a-adrenergic receptors in the preoptic area/anterior hypothalamic area
(POA) and (iv) by blocking brain cannabinoid 1 receptors (CB1) (Villanueva et al., 2009,
Yilmaz et al., 2008a, Yilmaz et al., 2008b). These findings suggest that an inflammatory
signal is conveyed from the periphery to the brain and the response to endotoxic shock is
mediated through a central mechanism (Villanueva et al., 2009, Yilmaz et al., 20083, Yilmaz
et al., 2008b). Importantly, recent studies show that treatment in the brain with the CB;
receptor inverse agonist/antagonist, rimonabant, prior to endotoxemia, decreases systemic
tumor necrosis factor a (TNF-a) levels, central norepinephrine concentrations within the
POA, and prevents endotoxic hypotension (Villanueva et al., 2009).

Lung inflammation with the resultant acute respiratory distress syndrome (ARDS) is an
additional characteristic outcome of severe endotoxemia (Van Amersfoort et al., 2003,
Gando et al., 2004). However, the role of the CB receptors in the brain in the modulation of
lung inflammation during endotoxemia has not been studied. Many brain areas, including
the hypothalamus, contain CB; receptors (Matsuda et al., 1993, Hirasawa et al., 2004,
Herkenham et al., 1991). Furthermore, CB receptors can modulate the autonomic nervous
system, and therefore, bidirectional circuits between the periphery and the brain (Schulte et
al., 2012). Particularly, neurons which are involved in the response to endotoxin (Ibrahim
and Abdel-Rahman, 2011, Lee et al., 2010).
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Toll-like receptor 4 (TLRA4) is a critical receptor for recognition of LPS in many cell types,
including endothelial cells (Faure et al., 2000) and is unique among toll-like receptors in
having both myeloid differentiation primary response 88 (MyD88) -dependent and MyD88-
independent signaling pathways (Vogel et al., 2003). The MyD88-dependent signaling
pathway is initiated first upon TLR4 activation followed by later MyD88-independent
signaling, after TLR4/LPS/CD14 endosomal internalization (Kagan et al., 2008). Interleukin
receptor-associated kinase-1 (IRAK1) is an essential upstream effector of TLR4 signaling in
the MyD88-dependent pathway and required for MyD88-dependent NF«xB pathway
activation. Upon activation, IRAK1 is hyperphosphorylated and then undergoes proteasomal
degradation (Kawagoe et al., 2008). Inactive NFkB resides in quiescent cells associated with
its inhibitor of B (IxBa). Upon activation, IxBa is phosphorylated, releasing NFxB for
phosphorylation, nuclear translocation and gene regulatory effects while the phospho-IxBa
undergoes proteasomal degradation (Faure et al., 2000).

Early signaling events of TLR4 also include Src family kinase (SFK: src, lyn, fyn, and yes)
activation and a Raf1/MAPK pathway activation. The LPS-induced TLR4 activation of
SFKs is MyD88-dependent, involving TNFa receptor-associated factor 6 (TRAF6)
interaction with IRAK, ultimately leading to increased endothelial permeability through
SFK phosphorylation of adherens junction proteins (Gong et al., 2008, Liu et al., 2012).
Rafl, which contains a SFK activation site (Fabian et al., 1993), has been shown, through
the Ras/Rafl/MEK/ERK pathway to be involved with phosphatidyl-inositol-3-kinase (PI3-
K) phosphorylation, regulation of NFxB activation, and upregulation and expression of
tissue factor (TF) and TNFa (Nakayama et al., 2003, Guha et al., 2001).

Later effects of TLR4 signaling include the upregulation of cytokines, chemokines,
intercellular adhesion molecules, inducible nitric oxide synthase (iNOS), and other
mediators of inflammation (Arroyo-Espliguero et al., 2004). The vascular cell adhesion
molecule, (VCAM-1) (Sawa et al., 2008), myeloperoxidase (MPO) (Su et al., 2010), and
IL-6 (Birukova et al., 2012, Simons et al., 1996), are markers of inflammation and
participate in lung injury.

The aim of this study is to determine if ICV rimonabant modulates the lung’s hemodynamic
and inflammatory response to LPS via modulation of TLR4 signaling.

2. Materials and Methods

2.1 Reagents

All reagents are obtained from Sigma Chemical Company (St. Louis, MO) unless otherwise
noted.

2.2 Brain injection and treatments

These animal studies were approved by the Institutional Animal Care and Use Committee
and the care and handling of the animals were in accord with National Institutes of Health
guidelines.
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Male Sprague-Dawley rats (200 — 220 g; Charles River Laboratories, Wilmington, Mass)
were anesthetized with a cocktail consisting of Ketamine HCL (80 mg/kg), Xylazine (5.0
mg/kg), and Acepromazine (1.0 mg/kg) administered intraperitoneally (IP) at 2.0 ml/kg. The
anesthetic was administered as needed to maintain the appropriate level of anesthesia
throughout the procedure. Body temperature was kept constant with a heating pad (Adroit,
Braintree Scientific, Braintree, MA). Animals were monitored throughout all procedures for
respiration and level of anesthesia. For intracerebroventricular (ICV) injections, the needle
of a 10 pl Hamilton syringe was lowered through a burr hole drilled through the skull with
its tip 4.0 mm below the surface of the skull, 1.5 mm lateral and 0.5 mm posterior to the
bregma. The endocannabinoid receptor inverse agonist/antagonist rimonabant (Villanueva et
al., 2009) (500 ng in 0.5 pl saline + 2.5% DSMO) or saline/DMSO alone was injected ICV 5
minutes prior to IV injection of LPS or saline (30 minute and 4 hour studies) with additional
ICV injections 1.5 and 3 hours post-1V injection in 4 hour studies. The rats were given a tail
vein injection of either LPS (5 mg/kg) or 0.9% saline (1ml/kg) 5 minutes after the baseline
ICV injection of rimonabant. At the end of the study each rat was sacrificed, the brain
removed, frozen on dry ice, and sections of 50uM were cut with a microtome cryostat
(Microcom Model HM505E, Waldorf, Germany). Sections were mounted on slides, stained
with eosin, air dried and coverslipped, and the location of the needle tip was confirmed
(Feleder et al., 2007). Only the data from confirmed placement was considered.

2.3 Study groups

Treatment

30 minutes N
Control (vehicle ICV / vehicle 1V) 8
LPS (vehicle ICV / LPS 1V) 9
Rimonabant (rimonabant ICV / vehicle IV) 8
Rimonabant + LPS (rimonabant ICV / LPS 1V) 5
1V Rimonabant + LPS (rimonabant 1V / LPS V) 3

4 hours

Control (vehicle ICV / vehicle V) 5
LPS (vehicle ICV / LPS IV) 10
Rimonabant (rimonabant ICV / vehicle IV) 6
Rimonabant + LPS (rimonabant ICV / LPS 1V) 5

2.4 Lung isolation

The trachea was cannulated (2.42mm diameter polyethylene tubing) and the chest was
opened by median sternotomy 30 minutes or 4 hours after the LPS injection. Heparin (7
U/10 g body weight, Abraxis Pharmaceutical, Schaumberg, IL) was administered by
intracardiac puncture injection. The lungs and heart were excised and the pulmonary artery
and left atrium were cannulated. The lungs and heart were then suspended from a force
displacement transducer (model TSD105A, Harvard Apparatus, Holliston, MA) and
perfusion was begun within 5 min of excision.

J Neuroimmunol. Author manuscript; available in PMC 2016 September 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Johnson et al.

Page 5

The lungs were ventilated with room air using a small animal ventilator (CWE, Ardmore,
PA) set at 60 bpm and 2 ml tidal volume. Lung perfusion (0.04 ml/min/g body weight) was
maintained by a peristaltic roller perfusion pump (model 7523-60, Cole-Palmer, Vernon
Hills, IL). The circulation of perfusate (150 ml of phosphate buffered Ringer’s solution with
5.55 mM dextrose and 3.0 g/100 ml bovine serum albumin (fraction V)) (Ringer’s/BSA)
was used to clear intravascular cellular elements. The system was maintained at a constant
temperature of 37 °C, and pH 7.4. The pulmonary artery pressure (Ppa) and the pulmonary
venous pressure (Ppv) were monitored using catheters (PE-50) inserted into the pulmonary
artery and left atrial appendage, respectively, and connected to a pressure transducer (model
TSD104A, Harvard Apparatus). Pressures were recorded continuously (model MP100 w/
Acknowledge Software, BioPac Systems, Inc., Goleta, CA). The Ppv was maintained at 2.9
mmHg throughout the experiment. Pulmonary capillary pressure (Ppc) was estimated using
the double occlusion method as previously described (Johnson and Ferro, 1996), measured
in triplicate during the perfusion period of 25-45 min.

Left lungs were weighed in their wet state after perfusion and subsequently oven dried for
three days. The left lung wet to dry ratio was calculated by [(wet weight — dry weight)/dry
weight] ((W-D)/D) to remove the tissue weight from the calculation and measure only fluid
weight (Barton-Pai et al., 2011). The right lung was immediately diced into ~3 mm pieces,
frozen in liquid nitrogen, and stored at —80 °C for later homogenization for western blot
analysis.

2.5 Lung homogenization

Frozen lung tissue was homogenized on ice with a Bio homogenizer M 33/1281-0 (Biospec
Products, Inc., Bartlesville, OK) in 16 ml polycarbonate centrifuge tubes (Sorvall No.
03243, DuPont, Wilmington, DE). Between 150 to 200 mg tissue was homogenized at high
speed for 45 s in homogenization buffer (Tris HCI: 10 mM-pH 7.5; SDS: 0.1%; Triton
X-100: 0.5%; Sodium Deoxycholate: 0.5%; DTT: 0.5 mM) supplemented with 2x
mammalian protease inhibitor and phosphatase inhibitor 2 and 3 cocktails (#P8340, #P5726,
#P0044, Sgma) at 1 ml/100 mg tissue. Aliquots of homogenate were centrifuged at
36,000x%g, 4 °C for 60 min and supernatants were normalized to 2.5 ug/ml following protein
determination with the BCA assay (Thermo Scientific, Rockford, I1). Aliquots of normalized
supernatant were prepared for SDS-PAGE by addition of 5x Laemmli buffer and incubation
at 95 °C for 10 min.

2.6 Immunoblots

Protein identification using PAGE-Western Blot was done with adaptations of previously
described techniques from this laboratory (Barton-Pai et al., 2011, Pai et al., 2012). Lung
homogenates, 20 pg/lane, were separated on 9-18% gradient and 8.75% polyacrylamide
minigels, transferred to PVDF membranes, blocked, and probed overnight at 4°C. The
primary antibodies used were anti-IRAK1, anti-IL-6, anti-VCAM (sc-7883, sc-1265-R,
sc-1504, Santa Cruz Biotechnology, Santa Cruz, CA), anti-lkBa, anti-phospho-
IxBa(Ser32/36), anti-myeloperoxidase, anti-phospho-Src Family kinase(Tyr416), anti-Src,
and anti-Rafl (#4814, #9246, #4162, #6943, #2123, #9422, Cell Signaling Technology,
Danvers, MA), followed by secondary incubation with bovine anti-rabbit-HRP, bovine anti-
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goat-HRP (sc-2374, sc-2352, Santa Cruz), or goat anti-mouse-HRP (#A8924, Sigma) as
appropriate. Blots were stripped with Restore PLUS Western Blot Stripping Buffer (Thermo
Scientific), and the imaging substrates used were Supersignal West Pico or West Dura
Extended Duration Substrate (Thermo Scientific) or a combination of the two. Images were
acquired on a Chemidoc XRS (Bio-Rad, Hercules, CA) and net band intensity units were
measured with Image Lab image analysis software (Bio-Rad).

2.7 Statistics

3. Results

A one way analysis of variance (ANOVA) was used to compare values among the
treatments. If significance among treatments was noted, a post-hoc multiple comparison test
was done with a Bonferoni test to determine significant differences among the groups. A
Student T-Test was performed when appropriate. Each lung represents a single experiment.
All data are reported as mean = S.E.M. Significance was at P<0.05.

3.1 Pulmonary hemodynamics and edema

The effect on pulmonary capillary pressure after a 30 minute or 4 hour exposure to systemic
LPS in the presence or absence of ICV rimonabant treatment is shown in Figure 1A. There
was a significant decline in Ppc at 4 hours post-LPS, which did not occur with prior ICV
injection followed by two subsequent post-LPS ICV injections of 500 ng rimonabant.
Preliminary studies using a single dose of 250 or 500 ng of rimonabant ICV showed no
protective effect 4 hours post-LPS (data not shown), possibly as a result of its relatively
short half-life. The ICV injection of rimonabant alone had no effect. The dose of rimonabant
selected is extremely low and insufficient to affect LPS induced lung inflammation when
injected systemically (Villanueva et al., 2009, Kadoi and Goto, 2006, Varga et al., 1998).
The dose used here is also appropriate for blocking behavioral effects centrally (Laviolette
and Grace, 2006).

These data indicate that endocannabinoid receptor blockade prevents the pulmonary
hemodynamic effects of systemic LPS. Figure 1B shows the effect of a 30 minute or 4 hour
exposure to systemic LPS on lung (W-D)/D weight ratio in the presence or absence of ICV
rimonabant treatment. There was a trend toward increased lung (W-D)/D ratio in the LPS
treated animals at 30 minutes that became significant after 4 hours, which was prevented in
rats treated with rimonabant. To account for the differential capillary pressure effect of LPS,
the lung (W-D)/D ratio was normalized to Ppc (Figure 1C). Again, there was a slight
increase in the ((W-D)/D) / Ppc ratio of the LPS treated animals at 30 minutes and a large
increase after 4 hours, neither of which occurred in the rats treated with rimonabant. These
data indicate that endocannabinoid receptor blockade prevents pulmonary fluid
accumulation following systemic LPS injection.

3.2 TLR4 signaling

Western blots were generated from the supernatants of lung homogenates from animals
exposed for 30 minutes to a systemic LPS dose with or without ICV rimonabant
pretreatment. Representative blots of IRAK1 (upper band), phospho-1kBaSer32/36 (middle
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band), and 1xBa (lower band) are shown in Figure 2A. The relative band density units
(RDU) for IRAK1 generated from all such blots are shown in Figure 2B. LPS caused a
significant decrease in IRAKZ, indicating TLR4-induced IRAK1 activation and degradation,
which was prevented in rats pretreated with ICV rimonabant. The IRAK1 antibody used
here detects only the inactive non-hyperphosphorylated protein. The data of Figure 2B
suggests ICV rimonabant pretreatment may initiate inhibition of the MyD88-dependent
pathway and/or a significant drop in proteasomal degradation along with dephosphorylation
of activated IRAK1. The RDU for phospho-11BaS¢32/36 generated from all such blots are
shown in Figure 2C. LPS caused a significant increase in plkBaS¢r32/36 indicating
TLR4/NFxB pathway activation, which was not prevented in rats pretreated with ICV
rimonabant. The RDU for total 1xBa generated from the blots are shown in Figure 2D. LPS
caused a significant decrease in IxBa indicating degradation of phospho-IxBa. However,
this decrease in IxBa was entirely eliminated in the LPS group pretreated ICV with
rimonabant. The IxBa antibody used here binds the protein independent of its
phosphorylation state. Given the equal phosphorylation levels of 1xBa shown in Figure 2C
following IV LPS, despite rimonabant pre-treatment, the data of Figure 2D indicates a
significant drop in proteasomal degradation of plikBaS¢"32/36 jn the ICV rimonabant pre-
treated group.

Representative Western blots of phospho-SFK Y16 (top band), total Src (second band),
total Rafl (third band), and total f-actin (lower band) are shown in Figure 3A. The RDU for
phospho-SFKTY18 generated from all such blots are shown in Figure 3B. LPS induced a
significant decrease in the constitutive level of phospho-SFKTY™16 indicating a reduction in
activation, which was prevented by ICV pre-treatment with rimonabant. The RDU for Rafl
generated from the blots are shown in Figure 3C. LPS caused a significant decrease in the
constitutive level of Rafl, which was prevented in the LPS group pretreated ICV with
rimonabant. The data of Figure 3C indicates a significant drop in proteasomal degradation of
RAF1 in the ICV rimonabant pre-treated group. The blots of total Src and B-actin indicate
equal gel protein loading. The data in Figures 2 and 3 indicate that endocannabinoid receptor
blockade with rimonabant alters the LPS-induced changes in mediators proximal to TLR4
signaling, further supporting the hypothesis that central CB receptor activity modulates
TLR4 signaling in the lung.

3.2 Intravenous Rimonabant

Systemic 1V, as opposed to ICV, pretreatment with rimonabant (5 minutes, 500 ng/0.5ul) did
not affect the LPS-induced changes described above in TLR4 signaling (Figure 4). Western
blots were generated from the supernatants of lung homogenates from animals exposed for
30 minutes to a systemic LPS dose with or without ICV or IV rimonabant pretreatment.
Representative blots of IRAK1 (upper band), total IxBa (middle band), and p-actin (lower
band) as well as the quantified band densities for IRAK1 and IxBa are shown in Figure 4A.
LPS caused a significant decrease in both IRAK1 and IxBa which was not prevented by 1V
rimonabant. Representative blots of phospho-SFKTY™16 (upper band), total Src (middle
band), f-actin (lower band) and the band densities for phospho-SFK Y16 gre shown in
Figure 4B. LPS caused a significant decrease in phospho-SFKTY™16 which was not
prevented by IV rimonabant. Figure 4C shows blots of total RAF1 (upper band), p-actin
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(lower band), and the band densities for RAF1. Intravenous administration of rimonabant
did not prevent the LPS-induced decrease of total RAF1. The data in Figure 4 indicate that
the modulating effect of rimonabant on the LPS-induced pulmonary response occurs solely
through its action in the ICV and not the periphery.

3.4 Markers of pulmonary inflammation

Western blots were generated from the supernatants of lung homogenates from animals
exposed for 4 hours to systemic LPS with or without ICV rimonabant pretreatment followed
by additional ICV rimonabant treatments 1.5 and 3 hours post-LPS. Figure 4A shows
representative Western blots of the IL-6, VCAM-1, and MPO in the 4 hour Control,
Rimonabant, LPS, and LPS+Rimonabant treated groups. LPS induced a significant increase
in the level of IL-6, which was prevented by ICV treatment with rimonabant, as shown in
Figure 4B. Figure 4C shows a significant increase in VCAM-1 following LPS which was
significantly reduced with rimonabant treatment. LPS induced a significant increase in the
level of MPO, a marker of neutrophil sequestration, which was prevented by ICV treatment
with rimonabant, as shown in Figure 4D. The data of Figure 4 supports the idea that LPS-
induced lung inflammation is influenced by central antagonism of the CB; receptor.

4. Discussion

The present study shows that rimonabant, a CB4 receptor antagonist, injected ICV inhibits
lung inflammation induced by LPS. This effect is exerted by modifying TLR4 signaling
cascade activation in the lung.

The mechanism for intra-cerebral protection of rimonabant binding on CB; receptors in the
brain (Ando et al., 2012, Fride, 2002, Szabo and Schlicker, 2005) remains to be determined.
We speculate that protection may be exerted by modulating a pathway that is centrally
commanded by the brain through the autonomic nervous system, the sympathetic and/or the
cholinergic systems (Rosas-Ballina and Tracey, 2009, Martelli et al., 2014b, Martelli et al.,
2014a). Several areas of the brain including the hypothalamus express CB; receptors
(Matsuda et al., 1993, Hirasawa et al., 2004, Herkenham et al., 1991) and project to a
number of autonomic centers thus regulating sympathetic and vagal activity (Chiba and
Murata, 1985, Saper et al., 1976, Lindberg et al., 2013, Cardinal et al., 2014, Nance and
Sanders, 2007). B, adrenergic as well as a7 nicotinic acetylcholine receptors have shown to
be involved in modulation of inflammation in the lung. Su et al., reported that both
cholinergic a7 nicotinic acetylcholine receptors (a7nAChR) and B, adrenergic receptors
modulate the lung response to LPS and E. coli (Su et al., 2010, Su et al., 2006), suggesting a
crucial role for the autonomic system in this process. Therefore, this effect might be finally
mediated by B, adrenergic receptors and/or cholinergic receptors that are located on
immune, endothelial, epithelial, and vascular smooth muscle cells (Wang et al., 2001, Gu et
al., 2013, Su et al., 2010, Su et al., 2006, Nance and Sanders, 2007, Bosmann et al., 2012) to
modulate the TLR4 signaling pathway in the lung (Rosas-Ballina and Tracey, 2009, Su et
al., 2010, Togbe et al., 2006). This hypothesis needs to be further explored.
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The central nervous system may also modulate lung inflammation through the activation of
the adrenal axis and release glucocorticoids that can inhibit the inflammatory response
(Besedovsky et al., 1986)

This study shows for the first time that ICV rimonabant modulates the pulmonary
hemodynamic and inflammatory response to IV LPS. Rimonabant is an inverse agonist/
antagonist of brain endocannabinnoid CB; receptors, and has no effect on mu and delta
opioid brain receptors (Kathmann et al., 2006). In the LPS group, there was a decrease in the
Ppc which became significant at 4 hours. In that same group, there were increases in the (W-
D)/D and ((W-D)/D)/Ppc lung weight ratios which indicate an increase in lung wet weight,
independent of the Ppc. This increase in lung fluid despite the lower capillary pressure
suggests an increase in pulmonary vascular permeability (Johnson and Ferro, 1996).
Notably, the increase in the (W-D)/D and ((W-D)/D)/Ppc lung weight ratios did not occur in
the ICV rimonabant treated groups.

The decrease in Ppc was previously observed in lungs from animals treated for 24 hours
with TNFa intravenously (Barton-Pai et al., 2011). In the present study, the LPS-induced
decrease in Ppc did not occur in the ICV rimonabant+IV LPS group. To examine the
possibility of ICV rimonabant modulation of NO-induced dilation of lung post-capillary
microvessels, levels of iINOS were measured, but were found to be identical in both IV LPS
groups (Data not shown). This would suggest that the protective effect of rimonabant
treatment is independent of iINOS levels and the mechanism for the unchanged Ppc remains
to be determined.

In this study, ICV rimonabant pretreatment elicited a profound effect on two of the early
signaling markers of canonical TLR4 activation: IRAK1 and IkBa. The activation of
IRAK1 and phosphorylation of 1xBa indicates LPS binding to the TLR4 receptor and
activation of the downstream signaling response (Toubiana et al., 2010, Rosas-Ballina and
Tracey, 2009, Togbe et al., 2006) which is associated with expression and/or release of
inflammatory biomarkers such as VCAM and IL-6. The phosphorylation mediated
activation of IRAK1 and IxBa results in their proteasomal degradation (Toubiana et al.,
2010). Rimonabant pretreatment prevented the 30 minute LPS-induced decrease in IRAK1
and IxBa and yet had no apparent effect on the level of IxBa phosphorylation, however,
phosphorylation of 1kBa and activation of the NFkB pathway also occurs via the TLR4/
MyD88 independent pathway. The prevention of degradation of IRAK1 could indicate a
rimonabant induced inhibition of its upstream activators, MyD88/IRAK4, or an inhibition of
its proteosomal degradation and a dephosphorylation to its inactive state. Indeed, both An et
al. and Abu-Dayyeh et al. have reported inhibition of both kinase activity and degradation of
IRAK1 following direct binding to it by the phosphatase SHP-1 (An et al., 2008, Abu-
Dayyeh et al., 2008) and Dobierzewska et al. has reported dephosphorylation of IRAK1 by
the phosphatase PP2A (Dobierzewska et al., 2011). The ICV rimonabant-induced prevention
of IxBa degradation, despite its phosphorylation, more strongly suggests an inhibition of
proteasomal degradation.

There was an increase in pulmonary VCAM, MPO and IL-6 at 4 hours post-LPS, suggesting
sequestration, accumulation and extravasation of activated neutrophils and monocytes in the
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lung. The sequestration can be caused by upregulation of neutrophil and monocyte
adherence proteins in the lung such as VCAM (Lomakina and Waugh, 2009). Moreover,
both neutrophils and monocytes express IL-6 which can explain the increase in lung IL-6 in
the LPS group. Activated neutrophils and monocytes are associated with lung edema (Su et
al., 2010) which is similar to the present result that LPS causes an increase in the (W-
D)/D/Ppc ratio directly correlated with increased VCAM, MPO and IL-6. The increase in
lung edema, MPO, IL-6 and VCAM was prevented in the ICV rimonabant treated animals.
The inhibition of LPS-TLR4 signaling after rimonabant treatment could result in decreased
NFkB dependent protein expression of phlogistic molecules such as IL-6 and VCAM, thus
resulting in prevention of LPS-induced lung edema.

One caveat to these results is that these experiments were performed under ketamine and
xylazine anesthesia, which may have influenced experimental outcomes. Ketamine has been
described as an anti-inflammatory agent and xylazine suppresses sympathetic nerve activity
(Busch et al., 2010, Madden et al., 2013). However, the present and previous studies
performed in our lab and by others show an ample pulmonary inflammatory response to
either LPS or TNFa despite using this anesthesia cocktail (Barton-Pai et al., 2011, Su et al.,
2010, Su et al., 2006, Liaudet et al., 2002). This indicates that LPS can still induce
inflammation and this response is not being prevented by the anesthesia cocktail. In
addition, prior studies in which isoflurane anesthesia was utilized showed that rimonabant
ICV inhibited LPS-induced hypotension. This result suggests the possibility of rimonabant
interacting with the current ketamine and xylazine cocktail is unlikely (Villanueva et al.,
2009).

5. Conclusion

In conclusion, the major original finding of the present study is that rimonabant acting in the
brain inhibits LPS-induced lung inflammation, a foremost characteristic of endotoxemia. We
also show that rimonabant modulates the lung TLR4 signaling cascade triggered by LPS.

These findings are potentially important for clinical investigators who seek new therapeutic
strategies for preventing or treating endotoxic shock and related conditions. Indeed, the fact
that blocking LPS-induced lung inflammation prevents the progression that often generates

lung injury and death raises the possibility that endotoxic shock may be treated or prevented
centrally with CB4 receptor antagonists.
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Figure 1. Rimonabant prevents the pulmonary hemodynamic changes and pulmonary fluid
accumulation following systemic LPS

Following a 30 minute or 4 hour exposure to 5mg/kg systemic LPS dose (IV) with or
without intracerebroventricular rimonabant pre-treatment (500 ng in 0.5 pl saline + 2.5%
DSMO), the lungs and heart of rats were excised and suspended from an isolated-lung
apparatus, ventilated with room air, perfused with Ringer’s/BSA solution (pH 7.4), and
maintained at 37 °C. A) The pulmonary artery and left atrial appendage were cannulated to
measure pulmonary arterial pressure and to maintain pulmonary venous pressure at 2.9
mmHg, respectively. Pulmonary capillary pressure (Ppc) was estimated using the double
occlusion method after 15 minutes of perfusion. B) Following the pulmonary hemodynamic
measurements, the lungs were separated into left and right halves. Left lungs were weighed
in their wet state and subsequently oven dried for three days. The left lung wet to dry weight
ratio was calculated by ((wet weight — dry weight)/dry weight) ((W-D)/D). C) The (W-D)/D
ratio of each lung was indexed to the Ppc obtained for that lung as ((W-D)/D)/Ppc. Data are
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mean + S.E.M. Significance was at P<0.05. * = significantly different from respective
control. # = significantly different from its LPS-only group.
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Figure 2. Rimonabant modulates TLR4 signaling following systemic LPS injection
Following hemodynamic measurements, lungs isolated from rats exposed to systemic LPS

(5mg/kg) for 30 minutes with or without intracerebroventricular rimonabant pretreatment
(500 ng in 0.5 pl saline + 2.5% DSMO), were separated into left and right halves. Right
lungs were homogenized, and supernatants, 20 pg/lane, were Western blotted. A)
Representative blots are shown of IRAK1, phospho-1xBaSe" 32/36 and 1«Ba; C=control,
R=rimonabant, L=LPS, RL=rimonabant pretreatment + LPS. B) The Western blot band
densities of IRAK1 in relative density units (RDU). C) The Western blot band densities of
phospho-1kBaSer32/36 jn RDU. D) The Western blot band densities of IkBaSer 32/36 jn
RDU. Data are mean + S.E.M. Significance was at P<0.05. * = significantly different from
control. # = significantly different from its LPS-only group.
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Figure 3. Rimonabant modulates phospho-SFK TY™16 and RAF1 following systemic LPS

injection

Following hemodynamic measurements, lungs isolated from rats exposed to systemic LPS
(5mg/kg) for 30 minutes with or without intracerebroventricular rimonabant pretreatment
(500 ng in 0.5 pl saline + 2.5% DSMO), were separated into left and right halves. Right
lungs were homogenized, and supernatants, 20 pg/lane, were Western blotted. A)
Representative blots are shown for phospho-SFKTY" 416 total Src, RAF1, and S-actin.
C=control, R=rimonabant, L=LPS and RL=rimonabant pretreatment + LPS. B) The
Western blot band densities of phospho-Src™" 416 in relative density units (RDU). C) The
Western blot band densities of Rafl in relative density units (RDU). Data are mean + S.E.M.
Significance was at P<0.05. * = significantly different from control. # = significantly
different from the LPS-only group. $ = significantly different from the ICV rimonabant +

LPS group.
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Figure 4. Intravenous rimonabant does not modulate pulmonary LPS effects
Following hemodynamic measurements, lungs isolated from rats exposed to systemic LPS

(5mg/kg) for 30 minutes with or without intracerebroventricular or intravenous rimonabant
pretreatment (500 ng in 0.5 pl saline + 2.5% DSMO), were separated into left and right
halves. Right lungs were homogenized, and supernatants, 20 pg/lane, were Western blotted.
The blot lane labels are: C=control, R=rimonabant, L=LPS, RL=ICV rimonabant
pretreatment + LPS, IVRL=IV rimonabant pretreatment + LPS. A) Representative blots of
IRAK1, IxBa, and B-actin and the Western blot band densities of IRAK1 and IxBa in
relative density units (RDU) B) Representative blots of phospho-SFKTY™16 total Src, and -
actin and the Western blot RDU for phospho-SFK Y416, C) Representative blots of total
RAF1 and B-actin and the Western blot RDU for RAF1. Data are mean + S.E.M.
Significance was at P<0.05. * = significantly different from control. # = significantly
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different from the LPS-only group. $ = significantly different from the ICV rimonabant +
LPS group.
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Figure 5. Rimonabant modulates IL-6, VCAM, and MPO expression following systemic LPS
injection

FcJ)IIowing hemodynamic measurements, lungs isolated from rats exposed to systemic LPS
(5mg/kg) for 4 hours with or without intracerebroventricular rimonabant treatment, were
separated into left and right halves. Right lungs were homogenized, and supernatants, 20 pg/
lane, were Western blotted. A) Representative blots are shown of IL-6, VCAM,
Myeloperoxidase (MPO); C=control, R=rimonabant, L=LPS and RL=rimonabant
treatments + LPS. B) The Western blot band densities of IL-6, in relative density units
(RDU). C) The Western blot band densities of VCAM, in RDU. D) The Western blot band
densities of MPO in RDU. Data are mean + S.E.M. Significance was at P<0.05. * =
significantly different from control. # = significantly different from its LPS-only group.
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