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Abstract

Objective—To determine if the selective vasopressin type 1a receptor (V1aR) agonist selepressin 

(FE 202158) is as effective as the mixed V1a/V2 receptor (V1aR/V2R) agonist vasopressor 

hormone arginine vasopressin (AVP) when used as a titrated first-line vasopressor therapy in an 

ovine model of Pseudomonas aeruginosa pneumonia-induced severe sepsis.

Design—Prospective, randomized, controlled laboratory experiment.

Setting—University animal research facility.
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Subjects—Forty-five chronically instrumented sheep.

Interventions—Sheep were anesthetized, insufflated with cooled cotton smoke via 

tracheostomy, and P. aeruginosa were instilled into their airways. They were then placed on 

assisted ventilation, awakened, and resuscitated with lactated Ringer's solution titrated to maintain 

hematocrit ± 3% from baseline levels. If, despite fluid management, mean arterial pressure (MAP) 

fell by > 10 mm Hg from baseline levels, a continuous i.v. infusion of AVP or selepressin was 

titrated to raise and maintain MAP within 10 mm Hg of baseline. Effects of combination treatment 

of selepressin with the selective V2R agonist desmopressin were similarly investigated.

Measurements and Main Results—In septic sheep, MAP fell by ~30 mm Hg, systemic 

vascular resistance index (SVRI) decreased by ~50%, and ~7 L of fluid were retained over 24 h; 

this fluid accumulation was partially reduced by AVP and almost completely blocked by 

selepressin; combined infusion of selepressin and desmopressin increased fluid accumulation to 

levels similar to AVP treatment.

Conclusions—Resuscitation with the selective V1aR agonist selepressin blocked vascular leak 

more effectively than the mixed V1aR/V2R agonist AVP because of its lack of agonist activity at 

the V2R.
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Introduction

Sepsis continues to be a major cause of morbidity and mortality worldwide (1, 2). One of the 

main causes of this high mortality is a hypotension characteristic of the severe sepsis stage 

that becomes refractory to fluid resuscitation, at which point it is termed septic shock (3-5). 

This hypotension is secondary to systemic vasodilatation and microvascular fluid leak 

(vascular/capillary leak syndrome) (6). To counter this hypotension, vasopressors such as 

catecholamines or vasopressin have been recommended (7). In many cases, blood vessels 

are refractory to the vasoconstrictive effect of catecholamines as a result of inactivation by 

nitration and nitrosation of adrenergic receptors and of the catecholamines themselves 

(8-10). In laboratory investigations, catecholamine administration has even been reported to 

increase mortality (11).

Clinical studies have documented that a deficiency in the plasma concentration of the 

vasopressor hormone [Arg8]vasopressin (AVP) may contribute to the development of septic 

shock (12-14) at least partly related to depletion of neurohypophyseal content (15). This led 

to the hypothesis that AVP administration might be considered as replacement hormone 

therapy for septic shock (16). Pilot studies involving the use of low-dose AVP i.v. infusion (.

01-.04 U/min) in patients with shock have shown that the “add-back” AVP therapy may 

reverse hypotension in catecholamine-resistant septic shock (17-20). A recent large-scale 

multi-center study, the Vasopressin in Septic Shock Trial (VASST), suggested that such 

“add-back” AVP therapy (.01-.03 U/min) might reduce mortality in less severe septic shock 

(21). Also, the AVP analog [Orn8]vasopressin (OVP) was shown to produce AVP-like 
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vasoconstrictor effects in an anesthetized ovine model of peritonitis-induced septic shock 

(11).

AVP is the endogenous ligand for the known subtypes of the vasopressin receptors, V1a, V1b 

(V3), and V2, and could also act on the oxytocin receptor at high concentrations, with the 

V1aR and V2R being the principal subtypes mediating the physiological functions of AVP 

(22-27). While vasoconstriction is mediated by the V1aR (28) and is beneficial for the 

treatment of septic shock, some of the V2R-mediated effects may be adverse, such as 

selective vasodilation (29, 30), prothrombosis (30), antidiuresis (31), and central nervous 

system (CNS) changes (27). This led us to hypothesize that a selective V1aR agonist would 

be superior to AVP in treating severe sepsis/septic shock.

In the present study, we tested the novel selective and short-acting V1aR agonist selepressin 

(FE 202158) (32, 33) versus AVP as a titrated first-line vasopressor therapy in an 

established conscious ovine model of Pseudomonas aeruginosa pneumonia-induced severe 

sepsis (34, 35)1.

Methods

Animals

Forty-five female Merino sheep (34.0 ± .5 kg) were included in this study approved by the 

Institutional Animal Care and Use Committee (IACUC) of the University of Texas Medical 

Branch (UTMB). The guidelines of the National Institutes of Health (NIH) for the care and 

use of experimental animals were carefully followed. Animals were individually housed in 

metabolic cages and were studied in the conscious state. The Investigational Intensive Care 

Unit at UTMB is an Association for Assessment and Accreditation of Laboratory Animal 

Care International-approved facility (AAALAC).

Surgical Instrumentation and Measured Variables

Sheep were anesthetized with ketamine and endotracheally intubated. Anesthesia was 

maintained using isoflurane 1.5-2.5% in 60% O2. Under aseptic conditions, the animals 

were chronically instrumented for hemodynamic monitoring as described previously (34, 

35). Briefly, the following catheters were installed: (i) a femoral artery catheter for mean 

arterial pressure (MAP) measurement, (ii) a left atrial catheter for measurement of left atrial 

pressure (LAP), (iii) a Swan-Ganz™ thermodilution catheter positioned via the jugular vein 

through the introducer for measurement of central venous pressure (CVP), mean pulmonary 

arterial pressure (MPAP), pulmonary capillary wedge pressure (PCWP), core body 

temperature, and cardiac output, as well as for administration of resuscitation fluid, and (iv) 

a femoral vein catheter for compound administration. Pressures and heart rate were 

measured using pressure transducers (Model PX3X3 and reusable cable model PX1800, 

Baxter Edwards Critical Care Division, Irvine, CA) connected to a hemodynamic monitor 

(7830A, Hewlett Packard, Santa Clara, CA), and cardiac output was measured using a 

specialized computer (COM-1; Baxter Edwards Critical Care Division, Irvine, CA). Cardiac 

1Some of these results have been presented in meeting abstract form(36).
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index (CI) and systemic vascular resistance index (SVRI) were calculated using standard 

equations. Following the surgical procedure, the animals were allowed to recover for five to 

seven days with free access to food and water. Baseline hemodynamic data and blood 

samples were collected just prior to the induction of pneumonia and severe sepsis—i.e., just 

before the experimental procedures began.

Induction of pneumonia and severe sepsis

Sheep were randomized into 5 study groups (Table 1). They were subjected to ketamine 

anesthesia (10 mg/kg) and, after tracheostomy, were placed on mechanical ventilation 

(Servo Ventilator 900C, Siemens, Elema, Sweden). A Foley catheter was passed through the 

urethra into the bladder to allow for continuous urine collection for measurement of urine 

output. Anesthesia was then maintained using 1.5-2.5% isoflurane in 60% O2. Induction of 

pneumonia was performed according to an established protocol (34, 35). Briefly, acute lung 

injury was induced by inhalation of 48 breaths of cooled cotton smoke (< 40°C) using a 

modified bee smoker through the tracheostomy tube. A suspension of live Pseudomonas 

aeruginosa (5•1011 colony-forming units in 30 mL of normal saline) was instilled with a 

bronchoscope into the right lower and middle lobes as well as the left lower lobe (10 mL/

lobe) of the lungs to induce pneumonia. The sham animals were insufflated with room air 

and instilled normal saline.

Anesthesia was then discontinued to allow the animals to regain consciousness for the 

remainder of the experiment (to avoid any confounding influence of anesthesia) but 

mechanical ventilation was maintained with a tidal volume of 15 mL/kg and a positive end-

expiratory pressure of 5 mm Hg according to an establish protocol taking into account 

ovine-specific airway physiology (37, 38). The fraction of inspired oxygen (FiO2) was 

initially set at 1.0 and adjusted if needed to maintain arterial partial pressure of oxygen 

(PaO2) above 90 mm Hg. Respiration rate was initially set at 30 breaths/min and adjusted if 

needed to maintain the arterial partial pressure of carbon dioxide (PaCO2) ~10% below 

baseline values to avoid the influence of sedation on cardiovascular function (34).

Resuscitation Treatment

Resuscitation treatment was designed to approximate the management of sepsis patients in 

an intensive care unit, using a combination of fluid resuscitation followed by vasopressor 

agent administration. Starting immediately after induction of pneumonia, all animals were 

fluid resuscitated with lactated Ringer's solution by i.v. infusion through the proximal 

injection port of the Swan-Ganz™ catheter with an initial baseline infusion rate of 2 

mL•kg−1•h−1. Hematocrit was monitored hourly (hemoconcentration was used as a marker 

of sepsis-associated vascular leak) and fluid infusion rate was titrated accordingly (2 

mL•kg−1•h−1 per % point change) to maintain hematocrit at baseline levels (± 3%). During 

the 24-h study period, all animals had free access to food, but not to water, in order to 

precisely control fluid balance. Since sheep do not sweat and ventilation was performed with 

gas saturated with water vapor, insensible fluid losses were negligible and fluid balance was 

calculated by subtracting urine output from fluid intake. Although hematocrit is not used in 

clinical practice to titrate fluid resuscitation, using this approach here allowed for indirect 

quantification of vascular leak syndrome through measurement of fluid intake requirements 

Maybauer et al. Page 4

Crit Care Med. Author manuscript; available in PMC 2015 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and the associated fluid balance. Monitoring of plasma total protein concentration using a 

refractometer (National Instruments, Baltimore, MD) and plasma oncotic pressure using a 

colloid osmometer (Model 4420, Wescor, Logan, UT) was also used to indirectly quantify 

vascular leak.

Mean arterial pressure (MAP) was monitored hourly after induction of pneumonia until it 

decreased by more than 10 mm Hg below baseline levels despite fluid resuscitation—in this 

conscious sheep model, this magnitude of hypotension in the presence of aggressive fluid 

resuscitation qualifies as advanced severe sepsis. Infusion of vasopressor compounds (AVP, 

selepressin, or selepressin+dDAVP) through the femoral vein catheter was then initiated. 

The initial infusion rates for the mixed V1aR/V2R agonist AVP and the selective V1aR 

agonist selepressin were 23 pmol/min (~.7 pmol•kg−1•min−1) and 239 pmol/min (~7 

pmol•kg−1•min−1), respectively, both corresponding to a volume rate of 10 mcL/min. The 

initial infusion rate for AVP was based on the infusion rate of OVP shown to produce AVP-

like vasopressor effect in an anesthetized ovine model of peritonitis-induced septic shock 

(11) and the initial infusion rate for selepressin was set higher to compensate for lower 

potency of selepressin at the V1aR compared to AVP (32) assuming similar systemic 

clearance values for the two compounds. MAP was monitored at least every 30 minutes and 

the infusion rate was titrated accordingly up or down by steps of 10 mcL/min to maintain 

MAP at baseline levels (± 10 mm Hg) for the remainder of the 24-h study period.

To assess the consequence of the lack of activity of selepressin at the V2R in the 

differentiated effects of selepressin versus AVP, the selective V2R agonist desmopressin 

(dDAVP) was co-administered with selepressin to some animals (Sepsis+selepressin

+dDAVP group). Specifically, dDAVP was administered as constant i.v. infusion (1.13 

pmol•kg−1•min−1, ~30 mcL/min), beginning 1 hour after pneumonia induction and 

maintained for the remainder of the 24-h study period in addition to the titrated infusion of 

selepressin that was started and continued as described above. This infusion rate of dDAVP 

was shown to be antidiuretic in hydrated sheep (39) and was kept constant to magnify any 

potential effect of V2R activation. The infusion was started 1 hour after pneumonia 

induction to allow for plasma dDAVP concentration to closely approach steady-state by the 

time MAP levels would decrease sufficiently for selepressin infusion to be started—dDAVP 

infusion requires 2 hours to reach steady-state plasma concentration in sheep compared to 30 

minutes for AVP (40, 41).

After completion of the 24-h experiment, the animals were anesthetized with ketamine (15 

mg/kg) and sacrificed by intravenous injection of 60 mL of a saturated solution of potassium 

chloride. To confirm the establishment of pneumonia, histological assessment of lung tissue 

in the Sepsis and Sham groups was performed as previously described (42). A pathologist 

without knowledge of the injury or treatment protocol evaluated four sections of tissue from 

each animal and assigned semi-quantitative scores between 0 (normal) and 4 (severe) for the 

extent of alveolar edema, the level of alveolar neutrophils, and the level of alveolar bacteria. 

For each of these three variables, the final score per animal was calculated as the mean score 

from the four sections.
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Drugs

All chemicals, unless otherwise stated, were of at least U.S.P. grade and used as received 

from commercial suppliers. Selepressin ([Phe2,Ile3,Hgn4,Orn(iPr)8]vasopressin, where Hgn 

is homoglutamine and iPr is isopropyl) (32, 33), AVP ([Arg8]vasopressin), and dDAVP 

(desmopressin, desamino-[D-Arg8]vasopressin) were synthesized as acetate salts at Ferring 

Research Institute, Inc. (San Diego, CA).

Data Analysis

Results are expressed as mean ± SEM unless otherwise stated. Variables were analyzed 

using a mixed-effect model with the statistical software SAS (SAS Institute Inc., Cary, NC) 

with treatment (i.e., study group), time, and the interaction between treatment and time as 

factors. No variables severely deviated from normal distribution as tested by residuals 

distribution assessment using histogram and Q-Q plot methods, except for cumulative fluid 

intake, cumulative urine output, and cumulative fluid balance which required logarithmic 

transformation before analysis. Using the Akaike information criterion (AIC), the first-order 

heterogeneous autoregressive covariance structure was found to best describe the correlation 

among the repeated measures. When the interaction term between treatment and time was 

significant, the treatment effect was studied under each single time point and the time effect 

was studied for each treatment. Holm-Bonferroni post-hoc test was used for multiple 

comparisons. For the histological variables, comparisons between the Sepsis and Sham 

groups were made using the Ranked Sum Test while, for the variables analyzed at a single 

time point (body temperature, heart rate, and circulating white blood cells), comparisons 

between the Sepsis and Sham groups were made using the bilateral Student's t test—both 

analyses were performed with the statistical software SigmaPlot (Systat, Chicago, IL). The 

overall survival was analyzed using Kaplan-Meier plots with the statistical software R 

(http://www.r-project.org/, The R Foundation for Statistical Computing, Vienna, Austria), 

incorporating both the mortality data and the time of animal death. The logrank test was 

used for testing the equality of hazard rates among groups. For all statistical analyses, a P < .

05 was regarded as statistically significant.

Results

Cardiorespiratory Response

The induction of pneumonia resulted in decreased mean PaO2/FiO2 ratios to less than 200, a 

criterion for acute respiratory distress syndrome (ARDS) (Table 2). Histological evidence of 

pneumonia (semi-quantitative scores) was demonstrated in the Sepsis group by the presence 

of bacteria in the alveoli (1.4 ± .4 vs. 0 in the Sham group, P < .05) together with an increase 

in alveolar edema (2.5 ± .4 vs. .4 ± .2 in the Sham group, P < .05) and alveolar neutrophils 

(2.4 ± .4 vs. 0 in the Sham group, P < .05) (Figure 1). In these animals, body temperature 

(40.1 ± .2 vs. 39.4 ± .2°C in the Sham group, P < .05 [normal sheep body temperature is 

~39.6°C]) and heart rate (111 ± 4 vs. 93 ± 5 BPM in the Sham group, P < .05) were 

increased by 3 hours after lung injury and circulating white blood cells were severely 

decreased by 12 hours after injury (1766 ± 240 vs. 7483 ± 1303 cells/mcL in the Sham 

group, P < .05). These clinical signs of sepsis were associated with a significant decrease in 

MAP of ~30 mm Hg from baseline values and in SVRI of ~50% of baseline values by the 
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end of the 24-h study (Figure 2). Taken together, these results indicate that lung injury led to 

the development of pneumonia and associated severe sepsis. The sizable decrease in MAP 

occurred despite aggressive fluid resuscitation (Figure 3) and a significant increase in 

cardiac filling pressures (CVP, LAP) and in cardiac index (Table 2).

Titrated vasopressor infusion (either the mixed V1aR/V2R agonist AVP or the selective 

V1aR agonist selepressin) maintained average MAP values above those in the Sepsis group 

(Figure 2) and almost always within the target range of 10 mm Hg from baseline values—

while statistical significance was not reached in the Sepsis+AVP group vs. the Sepsis group, 

average MAP values at the 12 and 24-h time points were not significantly lower than 

baseline levels for the Sepsis+AVP group. Despite the fact that the average infusion rate 

increased over time for selepressin more than for AVP (Table 2), almost all sheep in both 

groups had their MAP within target range by the 24-h time point (8 out of 9 in the Sepsis

+selepressin group, 6 out of 7 in the Sepsis+AVP group) suggesting that success of 

vasopressor support was comparable between the AVP and selepressin treatment groups 

from the MAP target range perspective.

SVRI was higher in the Sepsis+AVP and Sepsis+selepressin groups than in the Sepsis group 

(Figure 2) but this increase reached statistical significance only for the Sepsis+selepressin 

group. Cardiac index remained stable relative to baseline in the Sepsis+AVP and Sepsis

+selepressin groups (Table 2).

Surrogate Markers of Vascular Leak Syndrome

Titrated fluid resuscitation succeeded at maintaining mean hematocrit values near baseline 

values (± 3%) in all groups (Table 2). The required cumulative fluid intake was significantly 

lower in the Sepsis+selepressin group than in the Sepsis group (Figure 3). In contrast, the 

slightly lower cumulative fluid intake in the Sepsis+AVP group compared to the Sepsis 

group at 12 and 18 hours did not reach statistical significance and, by the 24-h time point, 

the Sepsis+AVP group had required nearly the same amount of fluid as the Sepsis group. 

Cumulative urine output increased over time (i.e., significant effect of time) although there 

was no significant effect related to study groups or to the interaction between study group 

and time (Figure 3). This resulted in a cumulative fluid balance that significantly increased 

over time in the Sepsis group reaching an average of up to ~200 mL/kg (~20% of the sheep 

initial average body weight) (Figure 3). Cumulative fluid balance also significantly 

increased over time in the Sepsis+AVP group, although on average in a less fulminant way 

(e.g., it was significantly lower than in the Sepsis group at 18 h), whereas there was virtually 

no fluid accumulation in the Sepsis+selepressin group.

Plasma total protein concentration significantly decreased in the Sepsis group over time and 

relative to the Sham group (Figure 4). This decrease was significantly attenuated in the 

Sepsis+selepressin and Sepsis+AVP groups. Similar changes occurred for plasma oncotic 

pressure, except that the decrease attenuation in the Sepsis+AVP group versus the Sepsis 

group was significant only at 12 h.
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Survival

Death started occurring 12 hours after lung injury, and four of the fourteen (29%) sheep in 

the Sepsis group expired by the end of the 24-h study period (Figure 5). There was one 

fatality (1/10) in the Sepsis+AVP and no fatality (0/9) in the Sepsis+selepressin group. The 

survival analysis using the logrank test produced a P-value of .17, indicating no sufficient 

statistical evidence to conclude that the risk of death was significantly different between 

treatment groups but this study was not powered to determine the statistical differences in 

survival.

Effect of V2R Agonism on Surrogate Markers of Vascular Leak Syndrome

The selective V2R agonist dDAVP was co-administered with selepressin (Sepsis

+selepressin+dDAVP group) to test the hypothesis that the difference observed between 

AVP and selepressin relative to vascular leak syndrome surrogate markers is due to the V2R 

agonist activity of AVP. While MAP could be maintained in the Sepsis+selepressin

+dDAVP group (89.3 ± 8.2 mm Hg at 24 h vs. 102.8 ± 2.7 mm Hg at baseline; 5 out of 6 

sheep had their MAP within 10 mm Hg from baseline value at 24 h) with success 

comparable to the Sepsis+selepressin group (90.6 ± 3.8 mm Hg at 24 h vs. 94.9 ± 1.9 mm 

Hg at baseline; 8 out of 9 had their MAP within 10 mm Hg from baseline value at 24 h), the 

addition of dDAVP to the selepressin treatment increased cumulative fluid intake and 

balance (Figure 6) and decreased plasma total protein concentration and oncotic pressure 

(Figure 7) to the levels observed in the Sepsis+AVP group.

Discussion

The results reported here suggest that a selective V1aR agonist such as selepressin could be 

used as a titrated first-line vasopressor in the treatment of severe sepsis and may be 

advantageous over the mixed V1aR/V2R agonist AVP. The most remarkable and unexpected 

finding in this study was the ability of selepressin to almost completely block vascular leak. 

Indeed, there were signs of pronounced vascular leak syndrome in the Sepsis group typical 

of the phenomenon observed in septic humans (6): a marked increase in cumulative fluid 

intake and balance together with a pronounced decrease in plasma total protein 

concentration and oncotic pressure—since hematocrit was maintained at baseline level 

through titrated fluid resuscitation in order to keep plasma volume constant, the decrease is 

unlikely to be dilutional. In the Sepsis+selepressin group, cumulative fluid intake was 

significantly reduced and cumulative fluid balance was near zero. This reduction in fluid 

accumulation by selepressin was associated with a significant blunting of the fall in plasma 

total protein concentration and oncotic pressure. Interestingly, AVP was not as effective as 

selepressin at blocking vascular leak despite the fact that both compounds were titrated 

aggressively to maintain MAP in the absence of antibiotic therapy—severe sepsis in this 

animal model is more rapidly lethal than severe sepsis in humans (43). The difference in 

efficacy at blocking vascular leak between selepressin and AVP appears to be related to the 

pronounced agonist activity of AVP at the V2R (32, 33). Indeed, addition of the selective 

V2R agonist dDAVP to the selepressin treatment decreased the amplitude of the anti-

vascular leak effect down to the amplitude observed with the AVP treatment.
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The present findings are supported by recent results from another study with the selective 

V1aR agonist [Phe2,Ile3,Orn8]vasopressin (POV) in an anesthetized ovine model of cecal 

ligation and puncture-induced septic shock (44). However, unlike the present study, in 

which AVP and selepressin were used as first-line therapy, AVP and POV were delivered 

only after administration of norepinephrine had exceeded 1 μg/kg/min (i.e., as second-line 

vasopressor therapy similar to clinical uses of AVP). In addition, the investigators used a 

fixed continuous i.v. infusion dose of POV (mimicking the design of VASST (21)) while 

selepressin in the present study was used as first-line vasopressor therapy and titrated to 

maintain MAP. Although, the magnitude of the observed changes in MAP and net fluid 

balance with POV treatment were physiologically minimal compared to the magnitudes 

reported here with selepressin (likely because of the different dosing regimen), the beneficial 

effect of selective V1aR agonism was still present.

More recently, we have studied the effects of POV versus AVP in our conscious ovine 

model of methicillin-resistant Staphylococcus aureus (MRSA) pneumonia-induced severe 

sepsis using the same fluid resuscitation and vasopressor titration protocol as in the present 

study (45). This model is characterized by a more severe vascular leak syndrome than the P. 

aeruginosa pneumonia-induced severe sepsis model studied here (46). Consistent with the 

observations that we reporting here, we showed that POV was superior to AVP at stabilizing 

MAP and SVRI and at reducing vascular leak, as shown by a reduction in fluid 

requirements, cumulative fluid balance, and thoracic cavity and abdominal cavity fluid 

accumulation, as well as by an attenuation of the decrease in plasma total protein 

concentration and plasma oncotic pressure.

Thus, the consistency in the V1aR mediated anti-leakage effect in three different sheep 

models of severe sepsis/septic shock strengthens the relevance of the findings herein and the 

likelihood that it will translate into similar effects in humans.

As mentioned, low-dose continuous AVP i.v. infusion has been used with some success in 

numerous septic shock clinical trials (17-20). However, in the largest and most recent trial, 

VASST (21), low-dose continuous infusion of AVP was not successful at reducing mortality 

in the most severe cases (defined by resistance to catecholamines). One may hypothesize 

that low-dose continuous infusion of a V1aR agonist as second-line therapy is not ideal; use 

as first-line therapy with titration based on the patient's requirements to maintain MAP may 

be more effective. Furthermore, it was recently shown in a large European study (SOAP) 

that a positive fluid balance was among the strongest prognostic factors for intensive care 

unit (ICU) mortality in septic patients (47, 48), and positive fluid balance was associated 

with increasing mortality in patients who had septic shock in VASST (49).

In sum, this study in a clinically relevant conscious ovine model of severe sepsis suggests 

that the selective V1aR agonist selepressin could be used as a titrated first-line vasopressor 

agent. With this treatment modality, selepressin was more efficacious than the mixed 

V1aR/V2R agonist AVP at blocking vascular leak.
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Figure 1. 
Upper panel: Micrographs (H&E staining) of the lung tissues of sheep exposed to sham 

injury (A), smoke inhalation (B), and smoke inhalation plus airway instillation of 

Pseudomonas aeruginosa (P. aeruginosa) (C). The lung tissues were taken at 24 hours after 

the injury. Magnification: 40X. Marked accumulation of neutrophils in alveoli along with 

severe interstitial edema and congestion could be seen in the lung tissue following combined 

injury versus moderate septal thickness and accumulation of inflammatory cells in smoke 

only sheep. Lower panel: Macroscopic pictures of sham-injured (D) and smoke + P. 

aeruginosa-injured (E) lungs.
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Figure 2. 
Effect of AVP and selepressin on mean arterial pressure (MAP) and systemic vascular 

resistance index (SVRI). Mean ± SEM are shown. BL: Baseline. Sham n = 6, Sepsis n = 

10-14, Sepsis+AVP n = 7-10, Sepsis+selepressin n = 9. Significant change from BL (P < .

05) is indicated by the lines above the graph shape coded according to legend for study 

groups. *: P < .05 for Sham vs. Sepsis; †: P < .05 for Sepsis+selepressin vs. Sepsis.
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Figure 3. 
Effect of AVP and selepressin on cumulative fluid intake, cumulative urine output, and 

cumulative fluid balance. Mean ± SEM are shown. Sham n = 6, Sepsis n = 9-14, Sepsis

+AVP n = 7-10, Sepsis+selepressin n = 9. Significant change from the 3-h time point (P < .

05) is indicated by the lines above the graph shape coded according to legend for study 

groups. *: P < .05 for Sham vs. Sepsis; †: P < .01 for Sepsis+selepressin vs. Sepsis; §: P < .

05 for Sepsis+selepressin vs. Sepsis+AVP. For cumulative urine output, the time effect was 
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significant (P < .05) but the interaction between study groups and time was not (P = .99) 

preventing the analysis of the time effect per study group.
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Figure 4. 
Effect of AVP and selepressin on plasma total protein concentration and plasma oncotic 

pressure. Mean ± SEM are shown. BL: Baseline. Sham n = 6, Sepsis n = 10 14, Sepsis+AVP 

n = 8 10, Sepsis+selepressin n = 9. Significant change from BL (P < .05) is indicated by the 

lines above the graph shape coded according to legend for study groups. *: P < .05 for Sham 

vs. Sepsis; †: P < .05 for Sepsis+selepressin vs. Sepsis; #: P < .05 for Sepsis+AVP vs. 

Sepsis.
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Figure 5. 
Kaplan Meier survival curves. At time 0: Sepsis (n = 14), Sepsis+AVP (n = 10), Sepsis

+selepressin (n = 9). No significant difference between the study groups (P = 0.17, logrank 

test).
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Figure 6. 
Combined effect of dDAVP and selepressin on cumulative fluid intake and cumulative fluid 

balance. Mean ± SEM are shown. Sepsis+AVP n = 8-10, Sepsis+selepressin n = 9, Sepsis

+selepressin+dDAVP n = 6. Significant change from the 3-h time point (P < .05) is 

indicated by the lines above the graph shape coded according to legend for study groups. §: 

P < .05 for Sepsis+selepressin vs. Sepsis+AVP.
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Figure 7. 
Combined effect of dDAVP and selepressin on plasma total protein concentration and 

plasma oncotic pressure. Mean ± SEM are shown. BL: Baseline. Sepsis+AVP n = 8 -10, 

Sepsis+selepressin n = 9, Sepsis+selepressin+dDAVP n = 6. Significant change from BL (P 

< .05) is indicated by the lines above the graph shape coded according to legend for study 

groups.
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Table 1

Study groups.

Study Group Lung Injury
* Fluid Resuscitation Vasopressor Treatment Number of Animals

Sham No Yes No 6

Sepsis Yes Yes No 14

Sepsis + AVP Yes Yes Yes 10

Sepsis + selepressin Yes Yes Yes 9

Sepsis + selepressin + dDAVP Yes Yes Yes 6

*
Smoke inhalation injury and bacterial instillation.
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Table 2

Cardiorespiratory and related variables.

Study Group BL 12 h 18 h 24 h

PaO2/FiO2 Ratio

Sham 539 ± 22
539 ± 31

†
550 ± 33

†
565 ± 30

†

Sepsis 540 ± 8
123 ± 21

*
84 ± 10

*
64 ± 9

*

Sepsis + AVP 527 ± 10
146 ± 30

*
145 ± 30

*
161 ± 40

*

Sepsis + selepressin 523 ± 6
170 ± 21

*
96 ± 21

*
101 ± 19

*

Hematocrit (% PCV)

Sham 25.0 ± 1.0
22.0 ± 1.0

*
22.7 ± 1.2

*
22.3 ± 0.9

*

Sepsis 25.0 ± 1.0 25.6 ± 1.3 25.4 ± 1.4 25.4 ± 1.9

Sepsis + AVP 24.8 ± 1.3 23.4 ± 1.2 24.2 ± 1.1 25.1 ± 1.5

Sepsis + selepressin 25.7 ± 1.0 24.2 ± 1.4 24.4 ± 1.2 25.0 ± 0.8

CVP (mm Hg)

Sham 6.7 ± 0.8
10.7 ± 0.6

* 10.0 ± 0.9 9.5 ± 1.1

Sepsis 5.0 ± 0.5
11.3 ± 1.1

*
13.9 ± 1.3

*
12.9 ± 1.1

*

Sepsis + AVP 6.6 ± 0.9
11.8 ± 0.9

*
10.7 ± 1.0

*
12.1 ± 1.3

*

Sepsis + selepressin 7.6 ± 1.1 10.0 ± 1.4
11.3 ± 1.6

* 9.7 ± 0.3

LAP (mm Hg)

Sham 9.5 ± 1.3 11.3 ± 0.8 11.5 ± 1.1 11.5 ± 1.0

Sepsis 7.1 ± 0.7
13.2 ± 1.1

*
15.3 ± 1.2

*
15.7 ± 1.5

*

Sepsis + AVP 8.6 ± 0.9
14.4 ± 0.7

*
12.9 ± 1.2

*
13.1 ± 1.1

*

Sepsis + selepressin 8.1 ± 0.8
10.1 ± 0.7

# 11.3 ± 1.3
11.3 ± 1.1

†

Cardiac Index (L·min−1·m−2)

Sham 6.23 ± 0.53 5.47 ± 0.44 5.33 ± 0.45 5.47 ± 0.36

Sepsis 5.63 ± 0.18
6.89 ± 0.35

*
7.04 ± 0.50

*
7.18 ± 0.46

*

Sepsis + AVP 5.41 ± 0.20 5.79 ± 0.41 6.56 ± 0.54 5.60 ± 0.53

Sepsis + selepressin 6.11 ± 0.28 6.18 ± 0.41 6.15 ± 0.48 5.60 ± 0.39

Vasopressor Infusion Rate (pmol·kg−1·min−1)

Sepsis + AVP 0 2.6 ± 0.9 3.7 ± 1.4 6.7 ± 3.5

Sepsis + selepressin 0 6.9 ± 2.1 17.0 ± 4.7 44.1 ± 22.2

Mean ± SEM are tabulated. BL: Baseline. Sham n = 6, Sepsis n = 9-14, Sepsis + AVP n = 7-10, Sepsis + selepressin n = 6-9.

*
P < .05 vs. BL.

†
P < .05 vs. Sepsis.

#
P < .05 vs. Sepsis + AVP.
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