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Abstract

Methicillin-resistant Staphylococcus aureus (MRSA) sepsis is a severe condition associated with 

vascular leakage and poor prognosis. The hemodynamic management of sepsis targets 

hypotension, but there is no specific treatment available for vascular leakage. Arginine vasopressin 

(AVP) has been used in sepsis to promote vasoconstriction by activating AVP receptor 1 (V1R). 

However, recent evidence suggests that increased fluid retention may be associated with AVP 

receptor 2 (V2R) activation worsening the outcome of sepsis. Hence, we hypothesized that 

inhibition of V2R activation ameliorates the severity of microvascular hyperpermeability during 

sepsis. The hypothesis was tested using a well-characterized and clinically relevant ovine model of 

MRSA pneumonia/sepsis and in vitro assays of human lung microvascular endothelial cells 

(HMVECs). In vivo experiments demonstrated that the treatment of septic sheep with tolvaptan 

(TLVP), an FDA-approved V2R antagonist, significantly attenuated the sepsis-induced fluid 

retention and markedly reduced the lung water content. These pathological changes were not 

affected by the treatment with V2R agonist, desmopressin (DDAVP). Additionally, the incubation 

of cultured HMVECs with DDAVP and DDAVP along with MRSA significantly increased the 

paracellular permeability. Finally, both the DDAVP and MRSA-induced hyperpermeability was 

significantly attenuated by TLVP. Subsequent protein and gene expression assays determined that 

the V2R-induced increase in permeability is mediated by phospholipase C beta (PLCβ) and the 

potent permeability factor angiopoietin-2. In conclusion, our results indicate that the activation of 

the AVP-V2R axis is critical in the pathophysiology of severe microvascular hyperpermeability 

during Gram-positive sepsis. The use of the antagonist TLVP should be considered as adjuvant 
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treatment for septic patients. The results from this clinically relevant animal study are highly 

translational to clinical practice.
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1. INTRODUCTION

Sepsis is a global public health problem. Annually, it is estimated to affect more than 18 

million people worldwide (1), including >700,000 people in the United States (2). The high 

incidence of sepsis is concerning given the fact that the mortality can be as high as up to 

80% when septic shock is present (1, 3–6).

Vascular leakage, a major detriment leading to mortality, is one of the main challenges in the 

management of sepsis and septic shock. The damaged endothelium along with the 

upregulated systemic immune response plays a critical role in the pathophysiology of sepsis-

induced vascular hyperpermeability. The diffuse stimulation of the endothelium not only 

increases the release of inflammatory mediators, but it also affects the vascular permeability 

primarily by disrupting the endothelial cell junctions (7).

In the past, arginine vasopressin (AVP) was used as an adjuvant vasopressor via its V1R 

activation properties. However, results from the Vasopressin and Septic Shock Trial 

(VASST), demonstrated that the effects of AVP proved to be inefficient to reduce the overall 

mortality rate of septic patients (8).

As suggested by several studies, activation of V2R during sepsis is detrimental (9). In 

endothelial cells, V2R activation has been linked to an increased release of von Willebrand 

Factor (vWF) and nitric oxide (NO), as well as an elevated activity of tissue plasminogen 

activator (TPA) and P-selectin. We have previously demonstrated, in ovine sepsis models, 

that treatment with a selective V1R agonist provides therapeutic benefits in contrast to AVP 

(10). Interestingly, adjunct treatment with selective V2R agonist abolished the therapeutic 

effects of V1R agonist on vascular hyperpermeability (9, 10). In the same context, a 

worsening fluid overload, organ dysfunction and mortality has being shown associated with 

an increase in circulating angiopoietin-2 (11, 12), which is colocalized with vWF in the 

Weibel-Palade bodies (WPBs) and may be released simultaneously by V2R activation (13).

We hypothesized that V2R activation promotes vascular hyperpermeability during sepsis. To 

test our hypothesis, we evaluated the effect of tolvaptan (TLVP), an FDA-approved V2R 

antagonist in a highly translational ovine model of smoke inhalation (SI) and methicillin-

resistant Staphylococcus aureus (MRSA) pneumonia/sepsis. Downstream mechanisms were 

explored using in vitro assays conducted in human lung microvascular endothelial cells 

(HMVEC). To our knowledge, the present study is the first report that describes the 

beneficial role of V2R inhibition using a clinically relevant large animal model in MRSA 

sepsis.
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2. MATERIAL AND METHODS

2.1. Animals

We used adult female merino sheep with a mean body weight of 33.7 ± 3.1 kg. The use of 

animals and procedures were approved and supervised by the Institutional Animal Care and 

Use Committee of the University of Texas Medical Branch and were in compliance with the 

guidelines established by the U.S. Department of Agriculture Animal Welfare Act and the 

National Institutes of Health/ Office of the Laboratory Animal Welfare.

2.2. Human lung microvascular endothelial cells (HMVECs)

Commercially available primary HMVECs (Cat# 540–05a, Cell Applications, Inc., San 

Diego, CA) were subculture using microvascular endothelial growth media (Cat# 111–500, 

Cell Applications, Inc., San Diego, CA) according to vendor’s instructions. In brief, 

cryopreserved cells were revived from passage 3, expanded and used for the experiments 

between passage 5 and 7. The expression of PECAM-1 (also called CD31), VEGF and von 

Willebrand factor were assessed.

2.3. Drugs

In vivo experiments: Desmopressin (DDAVP) (Ferring Pharmaceuticals, Saint Prex, 

Switzerland); Up to 32 μg of DDAVP was diluted in 1 L of 0.9% sodium chloride solution 

(NS: normal saline). Tolvaptan (TLVP) (Biorbyt Ltd; Cambridge, UK); Up to 400 mg of 

TLVP was dissolved in 1 L of NS with 5% polysorbate-80 and 0.1% dimethyl sulfoxide 

(DMSO). The formulations were prepared freshly on the day of the experiment and were 

adjusted to the body weight.

In vitro assays: DDAVP (Cat#SC-391876, Santa Cruz Biotechnology, Dallas, Texas) was re-

suspended in water to reach a concentration of 3000 nM, and the aliquots were frozen and 

stored at −20 °C until the day of the experiment. Using the same preparation as in the in vivo 
experiments, 1 M TLVP was prepared on the day of the experiment and diluted in culture 

media to reach 10 nM concentration in the assay. The effective concentrations of DDAVP 

and TLVP were selected in agreement with previous work and results of dose-response tests 

performed in our laboratory (14–16). Recombinant Human VEGF (Cat#100–20, Peprotech, 

Rocky Hill, NJ) was re-suspended in culture media containing 0.1% fetal bovine serum 

(FBS) (Cat#F2442, Sigma-Aldrich, St. Louis, NO) as vehicle. Aliquots of 1 μg/mL were 

frozen and stored at −20 °C until the day of the experiment. U73122 (Cat#1268, TOCRIS, 

Bristol, United Kingdom) was re-suspended in DMSO to reach a concentration of 5 mM, 

and the aliquots were frozen and stored at −20 °C. On the day of the experiment, an aliquot 

solution was dissolved in culture media to reach 1:50,000 dilution and a concentration of 

100 nM.

2.4. Methicillin-Resistant Staphylococcus Aureus (MRSA)

Commercially available MRSA (Strain USA300 / TCH1516, ATCC, Manassas, VA) were 

grown in an orbital shaker incubator at 37 °C with agar media. A standard curve was 

performed to correlate the optical density (OD) with the bacteria growth and determine the 

colony-forming units (CFU) per mL (CFU/mL). The day of the experiment, the OD of 
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bacterial suspension was measured, and the concentration of bacteria determined based on 

the OD vs. CFU/mL standard curve obtained previously. Dilutions were prepared according 

to the number of bacteria required. Then, the bacterial suspension was washed twice; 

centrifuge at 4,000 RPM (Centrifuge 5810R, Eppendorf, Hamburg, Germany) for 10 

minutes and re-suspended in phosphate-buffered saline (PBS). The final concentration for 

the in vivo experiments was 3.5×1011 CFU suspended in 30 mL of PBS, replicated from our 

recent work (17) and adjusted from the original model using a different MRSA strain (18). 

For in vitro assays, the solution containing 2×109 CFU suspended in 5 mL of PBS was used 

as stock. The proportion of the stock solution was mixed with culture media before the 

bacteria were exposed to the endothelial cells. The optimal concentration of bacteria used in 

our assays was determined previously by our laboratory using a multiplicity of infection 

(MOI) of 15 in relation to the number of endothelial cells(19). For the vascular permeability 

assay, the concentration applied was 3×106 CFU, and for the gene expression assays was 

1.2×107 CFU.

2.5. In vivo ovine MRSA sepsis model

2.5.1. Surgical preparation: The animals were surgically prepared according to our 

well-characterized in vivo model (20). Under rigorous aseptic conditions, the animals were 

surgically prepared to place catheters in the pulmonary artery (79F Swan-Ganz, Edwards 

Lifesciences LLC, Irvine, CA), the femoral artery (16-GA, 24 inches; Becton Dickinson, 

Franklin Lakes, NJ) and the left atrium (Silastic catheter, 0.062-in. inner diameter, 0.125-

inches. outer diameter; Dow-Corning, Midland, MI) for continuous hemodynamic 

monitoring, intermittent blood sampling and administration of drugs and fluid. The 

procedure was performed under general anesthesia using 1.7 mg buprenorphine 

(Buprenorphine SR, ZooPharm, Windsor, CO) for pain control, 800 mg ketamine (KetaVed, 

VEDCO, St. Joseph, MO) for anesthesia induction and 2 to 5 % isoflurane (IsoSol, VEDCO, 

St. Joseph, MO) for anesthesia maintenance.

2.5.2. Injury: After the surgery, the animals were allowed to recover for five days under 

analgesia and with ad libitum access to water and food in our translational intensive care unit 

(TICU) facility. On the day of the experiment, baseline measurements were taken followed 

by deep anesthesia and analgesia, insertion of a cuffed tracheostomy tube (10 mm diameter, 

Shiley, Irvine, CA, USA) and a urinary bladder catheter (Foley Catheter, 14Fr; BARDEX®, 

Covington, GA). Then, anesthetized animals were subjected to insufflation of 48 breaths of 

cooled cotton smoke and instillation of MRSA (3.5×1011 CFU) into the lungs by 

bronchoscope via the tracheostomy tube. After the injury, the animals were placed on 

mechanical ventilation and monitored 24 hours in a conscious state (17, 18, 21). During the 

study period, animals were humanely euthanized and count as a fatality if they met the 

standardized euthanized criteria (PaO2 <50 mmHg, MAP < 50mmHg or CO2 < 90 mmHg) 

or after 24 hours (22). The organs were processed immediately, as previously described (21, 

23). The animal model employed, as previously described, is a double (SI plus MRSA 

inoculation). Additionally, the animals were supported with mechanical ventilation. We have 

shown that the model closely mimics the features of clinical sepsis (17, 18). MRSA-

pneumonia can occur during the hospitalization (hospital-acquired pneumonia [HAP]) in 
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patients with mechanical ventilation for extended period due to respiratory failure (viral 

pneumonia, smoke inhalation etc. (24).

2.5.3. Grouping and treatments: Twenty-five animals were randomly divided into 

one of the four study groups. Sham group (n=6) was not subjected to either SI or MRSA but 

did receive continuous mechanical ventilation and treatment with 35 mL/hour of NS. The SI

+MRSA group (n=7) received the injury and the same treatment as Sham. DDAVP (n=6) 

and TLVP (n=6) groups were injured and received 38 ng/kg/hour DDAVP and 435 μg/kg/

hour TLVP, respectively. The treatments were administered an hour after the injury as a 

continuous IV infusion over 23 hours. DDAVP dose was chosen based on previous studies 

from our laboratory, showing a V2R stimulation comparable to 0.03 U/minute AVP (10, 25). 

TLVP dose was adapted from published studies (26, 27).

2.5.4. Resuscitation and ventilatory management: After the injury, sheep were 

awakened and placed on mechanical ventilation (AVEA™ Ventilator; CareFusion, Yorba 

Linda, CA). The cardiopulmonary variables were monitored for 24 hours in a conscious 

state. A volume/pressure control mode was used with positive end-expiratory pressure 

(PEEP) of 5 cmH2O and a tidal volume (Vt) of 12 mL/kg. During the first 3 hours after the 

injury, the FiO2 was maintained at 100% in all animals, and then titrated to an arterial PaO2 

close to 100 mmHg. The respiratory rate started at 20 breaths/minute in all animals and was 

further adjusted to ensure a PaCO2 between 25 and 35 mmHg. The animals were fluid 

resuscitated with 2 mL/kg of Lactated Ringer’s (LR) as starting rate, and then titrated based 

on a standard protocol to maintain the hematocrit ± 3% from baseline values (18). 

Administration of resuscitation fluid was given intravenous (IV) with an infusion pump 

(MicroMacro XL3 Plum XL3, Abbot Laboratories, Chicago, IL). Urine output was 

continuously collected with the urinary bladder catheter (Foley Catheter, 14Fr; BARDEX®, 

Covington, GA) for an accurate assessment of the fluid balance.

2.5.5. Assessment of hemodynamics: Central venous pressure (CVP), pulmonary 

artery pressure (PAP), pulmonary microvascular capillary pressure (PcP), left atrium 

pressure (LAP), mean arterial pressure (MAP) and heart rate (HR) were recorded by 

hemodynamic monitors (IntelliVue MP50, Philips Medizin Systeme Boeblingen, 

Boeblingen, Germany) via pressure transducers connected to the vascular catheters. The 

lung hydrostatic pressure was calculated with a standard equation: Pc= (0.6 × PcP) + (0.4 × 

PAP). The thermodilution technique was used to determine cardiac output (PX1800, 

Edwards Lifesciences LLC, Irvine, CA) and core body temperature.

2.5.6. Pulmonary mechanics and gas exchange: The pulmonary function was 

evaluated with the pulmonary oxygenation index (OI), which integrates the PaO2/FiO2 ratio 

and the mean airway pressure (Paw). These parameters were determined with equations used 

in the past (28, 29).

2.5.7. Blood parameters and biomarkers: Blood samples were taken every three 

hours, processed as fresh heparinized blood or as plasma to store at −20 °C until termination 

of the study. Fresh heparinized blood was used to determine PO2, CO2, pH, 

carboxyhemoglobin (COHb), and hemoglobin using a blood gas analyzer (GEM Premier 

Lopez et al. Page 5

Pharmacol Res. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3000; Instrumentation Laboratories, Lexington, MA). For determination of hematocrit and 

white blood cells (WBC), a hematology system (Hemavet 850™; Drew Scientific, Inc., 

Oxford, CT) was used.

2.5.8. Simple Western immunoblotting of heart tissues: Sheep heart tissue was 

homogenized in tissue protein extraction reagent (T-PER™) (Cat#78510, Thermo Fisher 

Scientific Inc., Waltham, MA). Tissue homogenization solutions were supplemented with 

proteinase inhibitor cocktail (Cat# P8340, Sigma-Aldrich, St. Louis, MO), and phosphatase 

inhibitors (Phenylmethanesulfonyl fluoride; Sigma-Aldrich, St. Louis, MO). The samples 

were analyzed with a Simple Western instrument for protein quantification (Simon™, 

ProteinSimple, Santa Clara, CA) using a protein quantification kit (Rabbit 12–180 kDa 

master kit for Simon, Cat#Simon-01–01, ProteinSimple, Santa Clara, CA). In short, we 

loaded a 384-well plate using 5 μg of protein diluted in Laemmeli denaturing loading buffer 

(Biorad, Hercules, CA) mixed with fluorescent standards and primary anti-angiopoietin-2 

antibody (Cat# ab8452, Abcam, Cambridge, MA) diluted in antibody diluent buffer at a 1:20 

ratio and mixed with anti-actin (Cat#A2066, Sigma-Aldrich, St. Louis, NO) diluted at the 

same ratio. The chemiluminescence signal was integrated and analyzed with Compass 

software Version 2.7.1 (ProteinSimple, Santa Clara, CA)(30).

2.5.9. Lung wet-to-dry weight ratio: Lung water content was determined by 

measuring lung wet-to-dry ratio (W/D); 960 ± 182 mg of lung tissue were weighed before 

and after the water evaporated at 60 °C in a vacuum oven (23).

2.6. In vitro assays using HMVECSs

2.6.1. Vascular permeability assay: An in vitro vascular permeability assay was 

established and optimized using a previously described method with minor modifications 

(31). Three μm pore size transwell inserts (Cat# 354575, Thermo Fisher Scientific Inc., 

Waltham, MA) were coated with sterile extracellular matrix (Matrigel™, Cat# 354234, 

Thermo Fisher Scientific Inc., Waltham, MA) and incubated at 37 °C. Then, 200,000 cells in 

passage 5 were seeded during two consecutive days. The cells were then allowed to form a 

tight monolayer for 48 hours. In this model, the extracellular matrix over the multi-pore 

membrane represents the basal membrane, and the microvascular endothelial cells seeded at 

a high concentration forms a tight endothelial monolayer. The system together represents a 

microvascular endothelial barrier model previously detailed by our research group (32). The 

endothelial barrier was further challenged with different pharmacological agents, MRSA or 

the combination of both.

On the day of the study, the culture media was aspirated from the wells and the pretreatment 

(TLVP or starvation media) was added. Thirty minutes later, it was replaced by the indicated 

treatment. Fluorescent dextran (FITC-Dextran, Thermo Fisher Scientific Inc., Cat# D-3306, 

Waltham, MA) at a concentration of 10 μg/mL was added to the lower chamber in 

combination with the treatment. Every 30 minutes after the treatment was initiated, 20 μL of 

supernatant media were collected from the upper chamber and placed in a black plate 

(Costar, Cat#06–443-2, Thermo Fisher Scientific Inc., Waltham, MA) containing 90 μL of 

water per well (Figure 2.3.1.). The amount of FITC-Dextran in the media was quantified 
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using a fluorometer reader (Powerwave HT, Biotek, Winooski, VT) with excitation of 485 

nm and emission of 535 nm.

The concentrations of DDAVP and TLVP were adapted from the work previously done (14–

16) and confirmed in our laboratory with a dose-response test (data not shown). Treatments 

were conducted in starvation media applying 1 mL for the lower chamber and 300 μL for the 

upper chamber. For starvation media, we used basal media (Cell Applications Inc., Cat#100–

500, San Diego, CA) with 1% of FBS (Cat#F2442, Sigma-Aldrich, St. Louis, NO). For 

Vehicle, we used starvation media with 0.001% DMS0 and 0.01% polysorbate 80. For the 

wells exposed to MRSA, we targeted an MOI of 15; therefore, we applied 3×106 CFU 

MRSA suspended in 50 μL of starvation media. The smaller volume used over the insert 

facilitates the interaction between the endothelial cells and the bacteria. Cells and bacteria 

were allowed to interact for 6 hours before the permeability was evaluated with the FITC-

Dextran polymers.

2.6.2. Electrical resistance assay: Adapted from previous work (32), HMVECs were 

seeded in a 96-well cell culture plate equipped with gold electrodes (E-plate, 

Cat#05232376001, ACEA BIO, San Diego, CA) at a concentration of 15,000 cells per well. 

The electrical resistance was determined by measuring electrical impedance every 15 

minutes by cell-microelectronic sensing (XCELLigence™ RTCA, ACEA BIO, San Diego, 

CA). When cells became confluent (indicated by a plateau of electrical impedance), the cells 

were incubated with starvation media for 2 hours, followed by replacement with media 

containing VEGF, DDAVP, TLVP, TLVP+DDAVP or only starvation media. The electrical 

resistance continued to be recorded every 15 minutes for 12 hours. The drugs were applied 

at the same concentration as described for the vascular permeability assay.

2.6.3. Lactate dehydrogenase (LDH) assay: As previously described (33), 30 μL of 

culture media were collected at each time point (1, 3 and 6 hours for this study) and stored at 

4 °C until the last sample was collected. The culture media sample was mixed with 100 μl of 

LDH assay reagent constituted with 85 mM lactic acid, 1040 mM nicotinamide adenine 

dinucleotide, 224 mM N-methylphenazonium methyl sulfate, 528 mM 2-(4-

iodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-tetrazolium chloride and 200 mM Tris-pH 8.2. 

Immediately after the culture media was mixed with the LDH reagent, the OD was read with 

a monochromator-based reader (Powerwave HT, Biotek, Winooski, VT) at 492 nm during 15 

minutes of incubation at 37 °C. Using the Michaelis-Menten formula, the LDH activity was 

determined by calculating the maximum velocity achieved by the system (Vmax). The higher 

the %Vmax indicated by the assay, the higher the LDH activity in the cell culture, which 

correlates with the degree of cell death.

2.6.4. Protein determination in cell culture supernatant: HMVECs were allowed 

to grow until confluence in 25 cm2 cell culture flasks. On the day of the experiment, the 

culture media was replaced with 2.6 mL of starvation media with or without treatment. 

Then, the supernatant was collected, mixed with 1.4 mL of PBS and 40 μL of proteinase 

inhibitor cocktail (Cat# P8340, Sigma-Aldrich, St. Louis, MO), added into a 4 mL ultra-

filter for protein concentration (Amicon Cat# UFC8–003-24, EMD Millipore, Darmstadt 

Germany) and centrifuge for 60 minutes at 4,000 RPM (Centrifuge 5810R, Eppendorf, 
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Hamburg, Germany). Approximately 150 μl of concentrated supernatant was achieved with 

this method, which represents a 27-fold concentration increase. The testing concentration 

was 300 nM DDAVP and was administered for 1, 3, or 6 hours. Culture media without 

exposure to cells was also concentrated under the same conditions and was used as an 

additional control (negative control). This negative control is essential because the protein of 

interest, angiopoietin-2, is often found in the culture media. The protein concentration in the 

concentrated samples was determined with a BCA protein assay kit (Thermo Fisher 

Scientific Inc., Cat#23225, Waltham, MA) and then diluted in PBS to a concentration of 1.4 

μg/μL. Finally, the concentration of angiopoietin-2 was determined with simple Western 

immunoblotting as described above. In this experiment, angiopoietin 2 was undetected in the 

negative control samples.

2.6.5. Quantitative real-time polymerase chain reaction: Following the different 

experimental treatments, RNA was isolated using an RNA isolation kit (RNeasy® Mini Kit, 

Cat# 74106, Qiagen, Valencia, CA). Briefly, culture media was aspirated, and lysis buffer 

was applied to the culture plates at a concentration of 79 μL/cm2. The cell lysate was 

collected and placed into a centrifuge tube, mixed with 70% ethanol (1:1 concentration) 

vortex for 2 minutes and transferred into a spin column and processed as indicated by the 

manufacturer. The RNA was diluted in RNase-free H2O, 0.075 μL of H2O for each μL of 

cell lysate used. The RNA concentration and quality were determined by measuring the OD 

with a Nanodrop spectrophotometer (Biotek, Winooski, VT).

To convert RNA into cDNA, 500 ng of RNA diluted in 16 μL of RNase-free H2O were 

mixed with 4 μL of iScript™ RT supermix (Cat# 170–8841, Bio-Rad, Hercules, CA). The 

reaction mixture was incubated using a thermal cycler (T100, Bio-Rad, Hercules, CA) with 

standard manufacturer settings (5 minutes at 25 °C, 30 minutes at 42 °C and 5 minutes at 85 

°C).

To quantify the expression of the genes of interest, we performed quantitative real-time 

polymerase chain reaction (RT-qPCR) using PrimePCR™ assays previously validated (Cat# 

10025636, Bio-Rad, Hercules, CA) and optimized based on previous studies (34). Each 

sample was measured in duplicate using a 10 μL reaction containing 4 μL cDNA [2.5 ng/

μL], 5 μL SsoAdvanced™ Universal SYBR® Green Supermix (Cat# 172–5270, Bio-Rad, 

Hercules, CA) and 1 μL PrimePCR™ assay [250 nM]. The 96-well plates were then run on a 

CFX96 RT-qPCR detection system (Cat# 10025636, Bio-Rad, Hercules, CA) with 30 

seconds at 95°C for activation and 45 amplification cycles for 15 seconds at 95°C and 60 

seconds at 60°C. Under these conditions, we measured the gene expression using 

PrimePCR™ assays for beta-actin (ACTB) (UniqueAssayID: qHsaCID0017615), 

angiopoietin-2 (ANGPT2) (UniqueAssayID: qHsaCED003626) and phospholipase beta 4 

(PLCB4) (UniqueAssayID: qHsaCID0014933).

Relative normalized expression of genes of interest was determined by relative 

quantification using the threshold cycle (CT) of interest gene vs. reference gene with the 

equation CT(ΔΔCT). The calculations were done using CFX Manager™ Software (Bio-Rad, 

Hercules, CA). ACTB was the reference gene, which showed to be unchanged after the 

treatments. TATA box binding protein (TBP) and hypoxanthine phosphoribosyltransferase 1 
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(HRP1) were also evaluated as reference genes, although CFX Manager™ determined 

higher efficacy for ACTB.

2.6.6. Multi-gene assays: As initial screening, we employed a multi-gene assay to 

screen for the 36 genes associated with g-protein-coupled receptors (p38 and JNK 

Regulation by G-Proteins, Cat#10025586 Bio-Rad, Hercules, CA). The cells were treated 

with 300 nM DDAVP or culture media only for 2 hours, and the RNA was isolated and 

converted to cDNA as described above. According to manufacturer instructions, we used 10 

ng of cDNA per gene in a 20 μL reaction containing 10 μL cDNA [1 ng/μL] and 10 μL 

SsoAdvanced™ Universal SYBR® Green Supermix (Cat# 172–5270, Bio-Rad, Hercules, 

CA). The assay was run in a CFX96 RT-qPCR detection system (Cat# 10025636, Bio-Rad, 

Hercules, CA) and the results were analyzed with CFX Manager™ Software (Bio-Rad, 

Hercules, CA).

In subsequent experiments, we designed and assay taking the strongest upregulated gene 

signal shown by the multi-gene screening, PLCB4, along with ANGP2 and the major genes 

implicated in the MAPK signaling pathway; MAPK1 (UniqueAssayID: qHsaCED0042738), 

MAPK3 (UniqueAssayID: qHsaCID0010939), MAPK8 (UniqueAssayID: 

qHsaCID0010205), MAPK9 (UniqueAssayID: qHsaCID0036311), MAPK12 
(UniqueAssayID: qHsaCID0004420), MAPK13 (UniqueAssayID: qHsaCID0045741), 

MAPK14 (UniqueAssayID: qHsaCID0043417), and JUN (UniqueAssayID: 

qHsaCID0018770). This multi-gene assay was replicated at multiple time points (30 

minutes, 1 hour, 3 hours and 6 hours) after treatment with either DDAVP, MRSA or media 

only. The assay was conducted with a customized commercially available plate 

(Cat#10025217, Bio-Rad, Hercules, CA).

2.7. Statistical analysis

Results were compared by two-way analysis of variance using Sidak-Bonferroni post hoc 

test to evaluate differences between groups. Scores or measurements taken at a single 

timepoint were compared using Student t test for two groups and one-way analysis of 

variance with Sidak-Bonferroni post hoc test to compare three or more groups. The mortality 

among groups was compared using Fisher’s exact test. All values are expressed as mean ± 

standard deviation (SD). Differences were considered significant when the p-value was 

smaller than 0.05. The statistical methodology was conducted accordingly (35).

3. RESULTS

In vivo:

3.1. The induced injury is comparable among SI+MRSA, DDAVP and TLVP 
groups—As detailed, prior to bacteria instillation, we insufflated cooled cotton smoke. The 

levels of COHb following SI were 71, 74 and, 82% for SI+MRSA, DDAVP, and TLVP 

groups, respectively. All statistically greater than the 5.4% showed in Sham group 

(Supplemental Table 1).

Six hours after the instillation of bacteria, the core body temperature and the heart rate 

increased in SI+MRSA, DDAVP, and TLVP groups and remained increased during the study. 
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SI+MRSA groups had a significant increase in fluid requirements at 6 hours, and DDAVP 

and TLVP groups at 9 hours compared to Sham group. The white blood cells (WBC) were 

also statistically diminished by 12 hours in all injured groups compared to Sham group. 

Platelet count was not assessed (Supplemental Table 1).

Mean arterial pressure (MAP) dropped in all injured groups showing a significant reduction 

in DDAVP and TLVP at 6 hours and in SI+MRSA at 9 hours vs. their baseline. In Sham 

group, MAP was unchanged during the study vs. its baseline except for a significant and 

transient increase at 3 hours (Supplemental Table 1).

All 25 studied animals survived the first 12 hours (SI+MRSA 7/7, DDAVP 6/6, TLVP 6/6 

and Sham 6/6) and all groups exhibited clinical sepsis by this timepoint. Between 12 and 24 

hours, SI+MRSA group had 4 fatalities (3/7 at 24 hours, 57% mortality rate). TLVP had one 

fatality between 21 and 24 hours (5/6 at 24 hours, 17% mortality rate). No mortality was 

recorded in DDAVP and Sham groups (6/6 and 6/6 at 24 hours). Differences in mortality 

were not statistically significant comparing DDAVP vs. SI+MRSA group (p=0.07) and 

TLVP vs. SI+MRSA group (p=0.2) using Fisher’s exact test (Supplemental Figure 1).

3.2. TLVP treatment reduces the fluid requirement—LR rate was titrated to 

maintain hematocrit at baseline (± 3%). Sham group received 2,327 ± 814 mL of LR 

solution total for 24 hrs. SI+MRSA and DDAVP groups required a large amount of LR to 

maintain hematocrit throughout the study group (8,199 ± 2,334 mL and 6,837 ± 1,517 mL; 

p>0.05 vs. Sham). In contrast, the amount of fluid received by the TLVP group (4,606 ± 

432) was not statistically different vs. Sham group. Comparing the injured groups, only the 

TLVP group required significantly less fluid than SI+MRSA (Figure 1A). The hematocrit 

and hemoglobin levels at 12 and 24 hours were statistically similar in all the groups, 

indicating that plasma volume was comparable.

3.3 The urinary output shows similarity in TLVP and SI+MRSA vs. reduced 
output in the DDAVP group—The accumulated 24 hours urinary output was 3,375 ± 

1,058 mL in SI+MRSA, 2,165 ± 486 mL in DDAVP, 3,623 ± 788 in TLVP, and 2,366 ± 684 

mL in Sham groups (P<0.05 vs. Sham). The urinary output in the DDAVP group was 

significantly lower vs. the TLVP group (P=0.01) (Figure 1B).

3.4. TLVP treatment reduces systemic fluid retention—The accumulated fluid 

volume was statistically greater in the SI+MRSA (126 ± 52 mL/kg, P<0.05) and DDAVP 

groups (142 ± 42 mL/kg, P<0.05) compared to the Sham group (1 ± 8 mL/Kg) at 24 hours, 

showing that in our model the amount of fluid retention was significantly elevated 

correlating well with the characteristics of critically ill septic patients (36). In the TLVP 

group, the retained amount of fluids was similar to the Sham group (30 ± 30 mL/Kg, at 24 

hours, p=0.9) and lower than the DDAVP (P<0.001) and SI+MRSA groups (P<0.001) 

(Figure 1C).

3.5. TLVP treatment attenuates the increase in pulmonary resistance and 
lung water content—Compared to Sham, the PAP increased between 12 and 24 hours in 

the SI+MRSA group and between 15 and 24 hours in the DDAVP group. In the TLVP group, 
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an increase in PAP was significantly attenuated at 12 and 24 hours compared to SI+MRSA 

and had no statistical difference compared to Sham. (Figure 2A).

The PcP increased at 12 hours in the SI+MRSA group (p<0.1) and at 12, 15, 18, 21 and 24 

hours in the DDAVP group (p<0.05, p<0.01, p<0.05, p<0.0001 and p<0.01 respectively) vs. 

Sham. In TLVP group, the PcP was significantly lower at 12 and 24 hours vs. SI+MRSA 

(p<0.01). No difference was found compared to Sham (p=0.99 and p=0.18, respectively) 

(Figure 2B).

Lung extravascular water content was determined by the changes in the wet-to-dry weight 

ratio (W/D). The SI+MRSA and DDAVP groups had significantly higher water content in 

the lung compared to Sham (p<0.01 and p<0.05, respectively). However, W/D in the TLVP 

group had no statistical difference vs. Sham group (p=0.07) (Figure 2C).

Lung function assessed by OI exhibited improvement in both DDAVP (P<0.05) and TLVP 

(P<0.05) groups vs. SI+MRSA at 12 hours. OI was similar in DDAVP (p=0.8) and TLVP 

(p=0.8) groups vs. SI+MRSA at 24 hours. Sham exhibited intact OI during the 24 hours 

study period with significant difference vs. SI+MRSA, DDAVP and TLVP at 24 hours 

(p=0.16) (Supplemental Figure 2).

In vitro:

3.6. V2R agonist, DDAVP, increases the endothelial barrier permeability in 
vitro, as shown by electrical resistance and vascular permeability assays.—A 

dose-dependent study using an in vitro electrical resistance assay exhibited that DDAVP 

dose-dependently reduced the connectivity among the endothelial cells (Figure 1A). Similar 

effects were found with the addition of VEGF. However, TLVP prevented disruption of 

intercellular connectivity in DDAVP-challenged cells (Figure 1B). Complementary LDH-

cytotoxicity assay demonstrated that the compounds used (at testing concentrations) do not 

promote acute cell death (Supplemental Figure 3).

Furthermore, these results were confirmed using a vascular permeability assay showing that 

treatment with DDAVP and VEGF (positive control) increased the passage of dextran across 

the HMVECs monolayer compared to Vehicle. However, pretreatment with TLVP 

significantly attenuated the DDAVP-induced increment in endothelial permeability. 

Treatment with TLVP did not cause any significant change in endothelial permeability vs. 
Vehicle (Figure 3C).

3.7. V2R antagonist attenuates the endothelial hyperpermeability induced by 
MRSA.—Treatment of confluent HMVECs with MRSA augmented the passage of dextran 

through the endothelial monolayer compared to Vehicle. When the cells were pretreated with 

TVLP prior to the addition of MRSA, the amount of dextran across the monolayer did not 

differ from the Vehicle group. The co-incubation of MRSA plus DDAVP enhanced barrier 

hyperpermeability similar to the treatment with MRSA alone. These data suggest that 

MRSA treatment alone induced a maximal rate of endothelial permeability. Treatment with 

TLVP and subsequent addition of MRSA plus DDAVP showed a slight decrease in 

permeability with no statistical significance (Figure 3D).
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3.8. The V2R agonist, DDAVP, promotes the secretion of angiopoietin-2 
protein and increases its gene expression in vitro.—The angiopoietin-2 mRNA 

expression was significantly increased in HMVECs treated with DDAVP 2.3 ± 0.3-fold 

compared to Vehicle. To confirm that such mRNA upregulation indeed translates into a 

protein release, we measured angiopoietin-2 protein level in the HMVECs supernatant after 

a 6-hour treatment with DDAVP. The assay exhibited a significant 1.6-fold increase in 

angiopoieitin-2 level after DDAVP treatment vs. Vehicle (Figure 4A). These results 

demonstrated that increases in angiopoietin-2 mRNA expression translate into protein 

release; therefore, only mRNA was measured in subsequent experiments.

Notably, we found that angiopoietin-2 levels were significantly reduced in the heart tissue of 

sheep treated with TLVP compared to those that were treated with saline or DDAVP, 

suggesting that TLVP may have attenuated double hit injury (SI+MRSA)-induced vascular 

hyper-permeability by inhibiting angiopoietin-2. (Supplemental Figure 4).

3.9. TLVP pretreatment reduces the angiopoietin-2 mRNA expression in 
HMVECs compared to MRSA or DDAVP treatment.—TLVP alone did not trigger a 

significant increase in angiopoietin-2 mRNA vs. Vehicle. Furthermore, when the cells were 

pretreated with TLVP prior to the addition of DDAVP, the increment in angiopoietin-2 

mRNA was reduced and had no significant difference vs. the Vehicle group (Figure 4B).

Similar to DDAVP treatment, the level of angiopoietin-2 mRNA significantly increased in 

HMVECs exposed to MRSA 1.2×107 CFU (2.4 folds vs. Vehicle). Such upregulation of 

angiopoietin-2 induced by MRSA was slightly reduced with TLVP co-treatment (2 folds vs. 
Vehicle). MRSA-induced increases in angiopoietin-2 mRNA expression were further 

increased with DDAVP co-treatment (3.3 folds vs. Vehicle) (Figure 4C).

3.10. DDAVP treatment stimulates phospholipase C beta-4 (PLCB4) and 
angiopoietin-2 (ANGPT2) gene expressions in HMVECs.—The initial screening of 

36 genes after 2 hours of DDAVP treatment indicated that the phospholipase C beta-4 gene 

(PLCB4) was significantly upregulated (Figure 5A). Next, we measured the gene expression 

of PLCB4, ANGPT2 and genes involved in the MAPK pathway at various time points (30 

min, 1, 3 and 6 hours) after DDAVP or MRSA treatment. We found that none of the MAPK 
genes increased significantly with neither of the treatments or time points (Figure 5B, C, D, 

and E). PLCB4 had a mild increase after 3 hours of treatment with MRSA and DDAVP 

(Figure 5D). At 6 hours, PLCB4 was significantly increased in the DDAVP-treated group 

(Figure 5E). ANGPT2 was elevated parallel to PLCB4 at 3 and 6 hours (Figure 5D and E).

3.11. The DDAVP-induced upregulation of angiopoietin-2 gene expression is 
abolished after PLCβ4 inhibition.—HMVECs treated with DDAVP promoted 

upregulation of ANGPT2 expression as compared to Vehicle. However, PLCβ4 inhibitor 

(U73122) attenuated the DDAVP-induced ANGPT2 upregulation, as shown by the lack of 

significant difference vs. the Vehicle group (Figure 5F).
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4. DISCUSSION

The present findings demonstrate that the activation of V2R plays a critical role in the 

pathophysiology of vascular hyperpermeability during Gram-positive sepsis. This concept is 

supported by the results of both in vivo and in vitro studies. First, septic sheep treated with 

V2R antagonist tolvaptan (TLVP) significantly attenuated the sepsis-induced fluid retention 

and markedly reduced the lung water content. While these pathological changes were not 

attenuated by the treatment with V2R agonist desmopressin (DDAVP). Second, the 

paracellular permeability of HMVECs subjected to DDAVP was significantly increased in a 

similar manner as the positive control group treated with VEGF. Finally, the 

hyperpermeability of HMVECs induced by either DDAVP or MRSA treatment was 

significantly attenuated by TLVP.

Our group previously described that the fluid retention was reversed in septic sheep treated 

with a selective V1R agonist compared to other experimental groups treated with arginine 

vasopressin (AVP, V1R, and nonselective V2R agonist) or Vehicle (37). We also showed that 

co-treatment with DDAVP abolished the salutary effects of V1R agonist on microvascular 

hyperpermeability, suggesting a possible involvement of V2R activation in sepsis-induced 

vascular leakage (10). These findings were supported by a recent report by He et al. 
demonstrating superior outcomes, including decreased lung water content using Selepressin, 

a selective V1R agonist (38). Taken together, the results of our present and previous studies 

demonstrate a critical role of V2R activation in vascular leakage during ovine sepsis.

However, the mechanisms of how V2R activation causes vascular hyperpermeability remain 

to be elucidated. As mentioned, treatment with TLVP significantly reduced lung water 

content and improved pulmonary oxygenation. Although these beneficial effects may be 

linked to the reduced pulmonary vascular resistance (PcP and PAP) in TLVP-treated sheep, 

we do not exclude possible cardiac effects that positively impacted pulmonary function. 

Watanabe et al. have found, in clinical studies, a reduction in PAP after TLVP treatment for 

cardiac failure, attributing this salutatory effect to an improved cardiac function and/or an 

increase in circulating AVP (39, 40).

In recent years, angiopoietin-2 has gained particular attention among other sepsis-associated 

permeability factors due to its association with the severity and poor prognosis of septic 

patients (41–43), high specificity to disrupt the endothelial barrier (7, 44) and detrimental 

association with pulmonary hyperpermeability (45). It is well known that angiopoietin-2 is 

stored and secreted from the endothelial cells, specifically from the WPBs. This concept 

brings a particular interest for our study since vWF, a major resident of these intracellular 

vesicles, is released after V2R activation (13, 14, 25, 46); therefore, it is feasible to speculate 

that activation of endothelial V2R may promote the release of angiopoietin-2 as well. From 

the present in vivo findings, we showed that TLVP significantly reduced the level of 

angiopoietin-2 in cardiac tissue, suggesting that TLVP may have reduced microvascular 

hyperpermeability by inhibiting this potent permeability factor. This finding is of particular 

importance providing evidence for the therapeutic effect of V2R blockage on the potent 

permeability factors such as angiopoietin-2.
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We further investigated whether the activation of V2R has a direct effect on vascular 

endothelium. First, by testing whether the V2R-induced microvascular hyperpermeability is 

mediated by angiopoietin-2. Interestingly, angiopoietin-2 expression exhibited an increase in 

HMVECs incubated with the selective V2R agonist, DDAVP, as shown by mRNA 

upregulation and confirmed by subsequent increase in protein levels. These findings suggest 

that V2R activation may increase vascular permeability by stimulating angiopoietin-2 

production. In support, pretreatment with the V2R antagonist TLVP significantly inhibited 

the upregulation of angiopoietin-2 and, subsequently, the hyperpermeability in cultured 

HMVECs subjected to DDAVP and MRSA.

To further understand the downstream mechanisms of how V2R activation causes the release 

of angiopoietin-2, we executed a multi-gene array profiling to determine the expression of 

the key G-protein coupled receptors (GPCRs). Surprisingly, none of the measured genes 

involved in the MAPK pathway was upregulated by DDAVP or MRSA in cultured 

HMVECs, suggesting that V2R activation-induced angiopoietin-2 release is not mediated by 

the MAPK pathway. However, we found that the phospholipase C beta-4 (PLCβ4) gene was 

upregulated in these cells after DDAVP or MRSA treatment. PLCβ enzyme is a target 

molecule of the Gq subunits. Its activation catalyzes the formation of diacylglycerol (DAG) 

and inositol 1,4,5-trisphosphate (IP3) from the cleavage of phosphatidylinositol 4,5-

bisphosphate (PIP2). IP3 is directly involved in the release of intracellular calcium (47). 

Even though V2R activation is coupled to Gs but not Gq subunits (48), it has been shown 

that V2R has a particular ability to activate PLC in a Gq independent manner (49). 

Therefore, we speculate that in endothelial cells, V2R may use cAMP as a secondary 

messenger along with IP3 and calcium. Additionally, it is well known that both tissue 

plasminogen activator (TPA) and angiopoietin-2 are common residents of the WPBs (50), 

and Muldowney et al. demonstrated that the release of TPA in endothelial cells is mediated 

by PLCβ (51). Therefore, the release of angiopoietin-2 may occur in a PLCβ-dependent 

manner.

Other important intermediates such as p38MAPK, AP-1, JNK, and ERK1 also have a role in 

the regulation of endothelial function (52, 53), and we first speculated that those 

intermediates might participate in the V2R activation-induced angiopoietin-2 release. 

However, the multi-gene expression analysis showed no upregulation of p38MAPK, AP-1, 
JNK or ERK1 at either 30 minutes, 1 hour, 3 hours or 6 hours of DDAVP or MRSA 

treatment.

The most updated sepsis guidelines underline, as an essential component in the criteria, the 

requirement of vasopressors to maintain a MAP >65mmhg despite adequate fluid 

resuscitation (54). As shown here, our model exhibits sepsis in just 6 hours postinjury and 

refractory hypotension progresses in the following time points. Although the fact that we did 

not employed a vasopressor may limit our results, previously we challenged our model with 

the vasopressor norepinephrine and we validated the development of organ failure and septic 

shock with a modified SOFA score showing significant worsening of both while on 

vasopressors (21).
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It is imperative to mention that our study was not designed to evaluate this drug’s efficacy to 

treat septic shock; nonetheless, the impressive outcome allows us to speculate that TLVP 

possesses an overall therapeutic benefit for this condition. Specifically, TLVP could limit the 

extravasation of fluids on an early stage and/or help eliminating excessed fluids posterior to 

aggressive fluid resuscitation. Either of these effects would impact reducing tissue edema, 

tissue hypoxia, multiorgan failure and mortality. In this regard, the ultimate translational 

goal will be utilizing these findings to design and conduct a small prospective clinical trial to 

evaluate this concept.

Taken together, our results indicate that V2R activation during sepsis causes microvascular 

hyperpermeability and such effect is likely mediated through the V2R/PLCβ4/angiopoietin-2 

axis. In this regard, V2R activation dynamics may directly impact the outcome of septic 

patients, particularly in those with severe fluid retention and tissue edema.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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MOI multiplicity of infection

MRSA Methicillin-resistant Staphylococcus Aureus
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OD optical density

OI oxygenation index

PAP pulmonary artery pressure

Paw airway pressure

PcP pulmonary microvascular capillary pressure
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Figure 1: TLVP treatment prevents systemic fluid retention.
In vivo MRSA-induced sepsis model showing the different effects on fluid dynamics after 

treatment with tolvaptan (TLVP) or desmopressin (DDAVP) vs. no treatment (SI+MRSA) 

and no injured groups (Sham). (A) TLVP treatment significantly decreased the fluid 

requirement during sepsis (B) without having effects on urinary output. (C) As a result, SI

+MRSA and DDAVP groups accumulated a large amount of fluids. TLVP treatment proved 

to be efficient in preventing this excessive amount of fluid retention during sepsis. The 

hematocrit was similar in all groups. Data are expressed as mean ± SD. *p <0.05 vs. SI

+MRSA; #p <0.05 vs. TLVP; §p <0.05 vs. Sham.
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Figure 2: TLVP treatment attenuates pulmonary vascular damage and water retention.
In vivo pulmonary intravascular pressure assessment (by invasive monitoring) and water 

content estimation (by W/D ratio). Following septic insult, the pulmonary microvasculature 

was affected demonstrating by (A) elevated in pulmonary resistance and (B) pulmonary 

microvascular capillary pressure, and (C) water retention in the lung tissue. TLVP treatment 

ameliorated the three parameters. Data are expressed as mean ± SD. *p <0.05 vs. SI

+MRSA; §p <0.05 vs. Sham.
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Figure 3: V2R activation mediates the MRSA-induced endothelial hyperpermeability.
Changes in cell-cell dynamics and functional permeability in cultured HMVECs were 

assessed first by electrical resistance assay for time and dose evaluation. Next, the functional 

barrier was further evaluated using a vascular permeability assay. (A) DDAVP treatment 

decreased the electrical resistance in a dose-dependent fashion after a short, only 30-min-

long, incubation period. (B) V2R agonist, DDAVP, decreases the electrical impedance 

similar to the positive control VEGF. Pretreatment with TLVP prevents changes in electrical 

resistance. (C) V2R agonist, DDAVP, increases the endothelial barrier permeability similar 

to the positive control VEGF. (D) MRSA also increases the endothelial barrier permeability. 

The V2R antagonist, TLVP, attenuates the endothelial permeability induced by both insults 

(C and D). Data are expressed as mean ± SD. *p <0.05 vs. Vehicle; #p <0.05.
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Figure 4: The expression of angiopoietin-2 increases after V2R stimulation by V2R agonism 
DDAVP and/or MRSA.
The expression of angiopoietin-2, a potent permeability factor, was measured in confluent 

HMVECs. First, (A) mRNA and protein were assessed after treatment with DDAVP to 

ensure that both mRNA and protein expression increase after V2R stimulation. Subsequent 

experiments measuring angiopoietin-2 mRNA demonstrate that TLVP attenuates the 

angiopoietin-2 upregulation linked to V2R agonism. (B) TLVP pretreatment attenuates the 

DDAVP-induced elevated mRNA expression of angiopoietin-2. (C) Likewise, MRSA-
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induced increase in angiopoietin-2 is attenuated by TLVP and potentiated by DDAVP. Data 

are expressed as mean ± SD. *p <0.05 vs. Vehicle; #p <0.05.

Lopez et al. Page 24

Pharmacol Res. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5: The rapid V2R-induced angiopoietin-2 upregulation is mediated by PLCB and not by 
the activation of MAPK pathway.
(A) A screening G-protein-coupled multi-gene assay targeting 38 genes suggested that 

PLCB4 expression was significantly elevated by 2-hour-long V2R stimulation. (B, C, D, and 

E) The lack of influence of the MAPK pathway and the PLCB4 upregulation was confirmed 

with DDAVP and MRSA treatment during 0.5, 1, 3, and 6 hours, n=3 for each group. (D) 

After 3 hours of treatment, we observed a slight increase in PLCB4 expression with both 

MRSA and DDAVP challenge and parallel to an increase in ANGPT2 (angiopoietin-2 gene) 

expression. (E) The PLCB4 upregulation was significant after 6 hours of DDAVP treatment. 
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In a subsequent experiment, cells were treated with U73122, a pharmacological inhibitor of 

PLCB, before the addition of DDAVP. As shown, (F) treatment with U73122 prevents the 

DDAVP-induced upregulation of ANGPT2. Data are expressed as mean ± SD. *p <0.05 vs. 

Vehicle.
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