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ABSTRACT 

CARDIOVASCULAR EFFECTS OF INCREASING DOSES OF NOREPINEPHRINE IN 

HEALTHY ISOFLURANE-ANESTHETIZED NEW ZEALAND WHITE RABBITS  

 

Olivia Uccello       

University of Guelph, 2020

   Advisor: 

Andrea Sanchez

Profound decreases in blood pressure occurs in anesthetized rabbits. Norepinephrine (NE) 

is a potent vasoconstrictor and inotrope, used to treat hypotension in multiple species; however, 

evidence of its actions in rabbits is limited. This thesis characterizes the cardiovascular effects of 

increasing doses of NE in healthy isoflurane-anesthetized New Zealand White rabbits. Nine 

female-spayed New Zealand White rabbits were premedicated with buprenorphine and midazolam 

and anesthesia was induced with propofol. Once intubated, they were maintained on isoflurane at 

1.1 times MAC to establish a low arterial pressure baseline.  Three increasing doses of NE (0.1, 

0.5 and 1.0 μg kg-1 min-1) were given for 10 minutes. Infusion rates of 0.5 and 1 μg kg-1 min-1 

resulted in significant dose-dependent increases in mean arterial pressure and stroke volume. These 

results suggest NE use in rabbits at rates of 0.5 and 1 μg kg-1 min-1 are appropriate to increase 

arterial pressures during isoflurane anesthesia. 
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Chapter 1: Literature Review 

1.1 Introduction 

The domestication of the rabbit has led to a variety of different breeds, which are now 

owned as companion pets (Alves et al. 2008). Unlike the short-life expectancy of wild rabbits, a 

pet rabbit can live for approximately 5-10 years (Meredith 2014) and in some cases up to 14 years 

(Lennox 2010). In North America, rabbits are rapidly becoming a popular companion animal and 

as a result, clinicians are assessing and performing medical procedures on these patients more 

regularly (Summa & Brandão 2017) allowing them to continue on to the latter stages of life 

(Lennox 2010).  

 

As a prey species, rabbits are masters at concealing their injuries and ailments making it 

difficult for owners to recognize the early onset of illness (Paul-Murphy 2007; Barter 2011; Huynh 

et al. 2016). Consequently, many ill rabbits presented to clinicians can rapidly worsen, requiring 

quick management while minimizing stress in order to stabilize the patient (Paul-Murphy 2007). 

Rabbits who are regularly handled have a better threshold to manage stress compared to isolated 

or wild individuals (Swennes et al. 2011); however, this species has a low stress tolerance which 

often results in the animal becoming easily overwhelmed in a foreign environment (Varga 2014).   

 

Overall anesthetic mortality in rabbits reported in the literature is 1.39% (Brodbelt et al. 

2008) to 4.8% (Lee et al. 2018), which is much higher than in dogs (0.17%), cats (0.24%), and 

humans (0.00167%) (Eatwell 2014). Mortality risk is even higher when looking at anesthetic and 
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sedation-related deaths in systemically ill rabbits with one study reporting a 7.37% risk (Brodbelt 

et al. 2008). As more people choose to own rabbits as pets, there has been a rise in the number of 

patients admitted for routine surgical procedures (such as spay and neuter) making anesthesia a 

topic of concern (Barter 2011). Inhalational anesthetics are preferred over injectable agents in 

rabbits since they can be titrated to effect, have a more consistent therapeutic index, and provide 

rapid recoveries. However, inhalational anesthetics cause dose-dependent respiratory and 

cardiovascular depression in most species (Steffey et al. 2015). Caution should be warranted when 

using these agents in ill rabbits undergoing general anesthesia. The use of a balanced anesthetic 

protocol and appropriate monitoring are essential to maintain stability in critically ill patients.  

 

It is important to understand the cardiovascular effects of inhalant anesthetics in order to 

intervene effectively to treat complications. During anesthetic induced hypotension, fluid therapy 

and sympathomimetic drugs may be administered to restore blood pressure to ensure adequate 

perfusion of vital organs (Gordon & Wagner 2006). Indicators such as cardiac output and blood 

pressure can give anesthetists insight in assessing overall cardiovascular function to improve a 

patient’s physiologic response (Shih 2013). 

 

The focus of this section will be to review inhalant anesthesia effects on cardiovascular 

function in rabbits, cardiovascular monitoring during general anesthesia, pharmacological 

properties of norepinephrine (NE) and its effects on blood pressure and cardiac output.  
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1.2 Objectives and Hypothesis 

The primary objective of this study was to characterize the cardiovascular effects of 

increasing doses of NE in healthy isoflurane anesthetized rabbits and its efficacy in treating 

reduced blood pressure.  

 

We hypothesized that in isoflurane-anesthetized New Zealand White rabbits, a constant 

infusion rate of NE will successfully increase blood pressure and maintain cardiac output in a dose-

dependent fashion.  

 

1.3 Inhalant Anesthetics 

In veterinary medicine, isoflurane and sevoflurane are examples of commonly used 

inhalant anesthetic agents used to maintain general anesthesia (Steffey 2015). Inhalants are often 

preferred over injectable agents for anesthetic maintenance because their pharmacokinetic 

characteristics favour predictable and rapid adjustment of anesthetic depth and they are minimally 

metabolized and mostly excreted by the respiratory system resulting in a quick recovery in most 

species (Steffey 2015).  

 

Isoflurane is a widely used inhalant anesthetic in veterinary patients. It is one of the most 

potent inhalational anesthetics currently available, has low blood/gas and high oil/gas partition 

coefficients allowing for a quick rate of induction and recovery of anesthesia (Wouden & Miller 

2017). As with other inhalant anesthetics, isoflurane is administered via the lungs from where it is 

then absorbed into the blood stream. Once in the bloodstream, it is distributed quickly throughout 
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the body and central nervous system (CNS) where it exerts its desired clinical effects of 

immobilization, amnesia, sedation, and unconsciousness (Perouansky et al. 2009). The minimal 

alveolar concentration, or MAC, has become the standard index of anesthetic potency for inhalant 

agents and it is defined as the minimum alveolar concentration of an anesthetic at 1 atmosphere 

that produces immobility in 50% of subjects exposed to a supramaximal noxious stimulus (Steffey 

et al. 2015). Surgical planes of anesthesia in small animals are typically achieved at 1.2 -1.5 times 

the MAC (Bailey & Pablo 1998).  Isoflurane MAC values in rabbits published in the literature 

ranged from 1.95% to 2.49% (Drummond 1985; Imai et al. 1999; Valverde et al. 2003; Gianotti et 

al. 2012; Tearney et al. 2015).  

 

As mentioned above, inhalational anesthetics are mainly eliminated by the lungs but also 

undergo varying degrees of metabolism, primarily in the liver but also to lesser degrees in the lung, 

kidney, and intestinal tract (Steffey et al. 2015). In the case of isoflurane only 0.2% undergoes 

biotransformation (Holaday et al. 1975) and the production of waste products such as fluorinated 

metabolites that have the potential to be hepatic or nephrotoxic is minimal (Davidkova et al. 1988), 

making it a safe alternative for prolonged anesthesia in patients with liver or kidney disfunction. 

Although isoflurane reduces renal blood flow, resulting in a decreased glomerular filtration rate, 

renal blood flow returns to normal once isoflurane is excreted from the body (Eger 1981; Steffey 

et al. 2015). Isoflurane acts in a dose-dependent manner to reduce systemic vascular resistance 

which results in a reduction of blood pressure (Malan et al. 1995; Schnellbacher et al. 2013). Under 

normal conditions, the loss in resistance would be corrected by autoregulatory systems, however 
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in anesthetized animals, these sympathetic compensatory mechanisms are blunted (Eger 1981; Fox 

2013).  

 

Cardiac output (CO) is expressed as the total volume of blood pumped from the heart in 

one minute. Since CO is a product of heart rate (HR) and stroke volume (SV), a reduction in SV 

can lead to a decrease in CO if HR does not increase (Klein 2013; Steffey 2015). Agents like 

isoflurane can cause a decrease in stroke volume as a result of decreased myocardial contractility 

(Eger 1981; Perkowski & Oyama 2015; Steffey et al. 2015). Sympathomimetic drugs such as 

norepinephrine can be administered to mimic the response of the sympathetic nervous system to 

cause vasoconstriction and increase cardiac contractility that leads to an increase in systemic 

vascular resistance and blood pressure (Murrell 2015; Wilson & Shih 2015). 

 

In many inhalant-anesthetized small animal species, a mean arterial blood pressure (MAP) 

< 60 mmHg is considered to be hypotensive (Wilson & Shih 2015).   In conscious rabbits, resting 

MAP is usually around 60-80 mmHg (van den Buuse & Malpas 1997; Clow et al. 2003; Lim et al. 

2012), with systolic (SAP) and diastolic (DAP) values of approximately 100 and 65 mmHg, 

respectively (van den Buuse & Malpas 1997), which are already lower than for other species and 

close to what is considered hypotension under anesthesia.  In addition, isoflurane anesthesia in 

rabbits, results in a profound dose-dependent reduction in blood pressure, which is much lower 

than what has been described for other species (Imai et al. 1999; Gosliga & Barter 2015; Tearney 

et al. 2015).  For example, at 0.8 MAC of isoflurane, values for MAP were 54.8 ± 6.1 mmHg (Imai 

et al. 1999) and at 1.3 MAC of isoflurane, values for MAP were 40 ± 8 mmHg, with SAP and DAP 
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of 68 ± 7 mmHg and 25 ± 9 mmHg, respectively (Tearney et al. 2015), and at 1.5 MAC of 

isoflurane, values for MAP were  46 ± 5 mmHg, 72 ± 9 mmHg for SAP, and 33 ± 5 mmHg for 

DAP were reported (Gosliga & Barter 2015). In this species, the anesthetic related reduction in 

blood pressure may be exacerbated by the use of positive pressure ventilation (Imai et al. 1999; 

Barter & Epstein 2013). Reduction in MAP at 1-1.5 times the MAC is reported to be mostly a 

result of a decrease in systemic vascular resistance with minor changes in cardiac output in this 

species. It is not known why rabbits appear to be more sensitive to the vasodilatory effects of 

inhalants but a lower systemic vascular resistance results in substantially lower arterial blood 

pressures at equipotent doses of inhalants in rabbits (Barter & Epstein 2013; Gosliga & Barter 

2015; Tearney et al. 2015). The low arterial blood pressures they exhibit while awake may also 

contribute to them being classified as a hypotensive patient under anesthesia based on the current 

definition of hypotension used today. 

 

Inhalant anesthetics also cause a dose-related respiratory depression in most species. Most 

common seen effects are dose-dependent reduction in tidal volume that leads to an overall decrease 

in minute ventilation and increase in dead space ventilation (Steffey et al. 2015). Inhalants also 

depress the ventilatory responses to hypercapnia and hypoxia by altering central and peripheral 

chemoreceptor function in a dose-dependent fashion (Farber et al. 2009). 

 

   For these reasons, one should consider cardiovascular monitoring and ventilation support 

when anesthetizing this species and efforts should be made to decrease the dose of inhalant 

anesthetics used in sick patients. Certain anesthetic drugs, such as ketamine and lidocaine, have 
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been noted to decrease the MAC of isoflurane in rabbits and can be used as a part of a balanced 

anesthetic protocol in this species (Gianotti et al. 2012; Schnellbacher et al. 2013; Huynh et al. 

2016). Drugs that mimic the effects of the sympathetic nervous system (i.e. sympathomimetics) 

can also be given to counteract the negative circulatory effects of inhalant anesthetics (Hall 2016; 

Gera et al. 2017).  

 

Inhalant anesthetics can also alter thermoregulatory thresholds for compensatory responses 

in a dose dependent fashion, and they also have a cooling effect on the respiratory membranes 

(Heard 2004). These effects are further exacerbated by a large surface area-to-volume ratio and 

poor thermal tolerance that makes small mammals like rabbits very susceptible to hypothermia 

during inhalant anesthesia. Thermoregulatory systems can be further depressed by other drugs 

used in the peri-operative period such as opioids therefore, thermal support is critical in rabbits 

undergoing general anesthesia (Grimm 2015). 

 

1.4 Cardiovascular Monitoring During Anesthesia 

1.4.1 Hypotension 

Hypotension is a common complication in anesthetized animals (Gaynor et al. 1999; 

Gordon & Wagner 2006; Shih 2013). When MAP reaches a value of 60 mmHg or lower, or if  

systolic arterial pressure (SAP) falls below 80 mmHg, a patient is considered to be hypotensive. 

During periods of severe hypotension, perfusion is restricted and as a result, vital organs including 

the brain may lose their ability to autoregulate their blood flow and function (Haskins 2015). 

Rabbits are included in this interpretation of a hypotensive state, but as mentioned before, they are 
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more susceptible to be categorized as hypotensive because their awake MAP values are already 

lower than what has been described for other domestic species. 

 

A number of injectable and inhalational anesthetic drugs have been known to cause 

hypotension (Borkowski & Karas 1999; Heard 2004). Moreover, body positioning can also cause 

hypotension in anesthetized patients (Willeford 2011). When there is a significant decrease in 

cardiac output, blood pressure can decline, resulting in inadequate perfusion of tissues and organs. 

Baroreceptors located in the carotid body and aortic arch normally respond to the reduced blood 

pressures by increasing heart rate and vascular tone, ultimately raising MAP (Cove & Pinsky 

2012). If autoregulatory systems in the body are unable to correct this change, sympathomimetic 

agents can be administered in normovolemic animals to increase heart rate, vascular resistance, 

stroke volume and support cardiac contractility (Gordon & Wagner 2006; Klein 2013).  

 

1.4.2  Blood Pressure Measurement 

The cardiovascular system acts as a transporter whose role is to deliver substances to cells 

and carry metabolic waste products to specific organs for excretion (Klein 2013). As blood moves 

out of the heart and into the arteries, specific blood pressures must be maintained in order to allow 

blood to efficiently circulate to organs and tissues (Guyton 1981). Blood pressure is a good 

indicator of organ and tissue perfusion and can be easily measured with non-invasive methods 

therefore, it should be routinely monitored when patients undergo surgical procedures 

(Lichtenberger & Ko 2007; Cannesson et al. 2011). Standards for basic anesthetic monitoring 

in human anesthesia mandate the measurement of arterial blood pressure at least every 5 
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minutes in all anesthetized patients to ensure the adequacy of the patient’s circulatory function 

(American Society of Anesthesiologist, 2010). Although measurement of arterial blood pressure 

in veterinary medicine is not mandatory,  it is highly recommended by AAHA and ACVAA 

guidelines for identification of potential hypotension and treatment during general anesthesia 

(Ludders & McMillan 2017). 

 

Blood pressure measures the force exerted on the vessel walls by the blood (Hall 2016). 

Systolic arterial pressure (SAP) is a measurement of the force of the blood on the wall of the aorta 

when blood is ejected from the left ventricle into the aorta during systole.  In contrast, diastolic 

arterial pressure  (DAP) is measured when the pressure within the aorta decreases due to the 

outflow of blood from the aorta and into systemic circulation during diastole. Unlike a true 

arithmetic mean between systolic and diastolic pressure, estimating mean arterial pressure  (MAP) 

must take into account the time of each phase of the cardiac cycle (Fox 2012). As a result, MAP 

is calculated as (2/3 * DAP) + (1/3 *SAP) (Lamia et al. 2005). MAP is important because it can 

be used to indicate perfusion (Zheng et al. 2010). For most mammals, when the MAP falls below 

60 mmHg, autoregulation of organ flow is lost (Thooft et al. 2011) which can have major negative 

effects on organs with high metabolic demand like the kidneys and brain (Gaynor et al. 1999; 

France et al. 2018). The reference values for SAP, DAP and MAP for most normotensive dogs is 

approximately 150, 83, 105 respectively, and in cats approximately 145, 95 & 95 respectively 

(Cooper 2015). In healthy awake New Zealand White rabbits SAP, DAP and MAP are 

approximately 100 mmHg, 65 mmHg and 60-80 mmHg, respectively (van den Buuse & Malpas 

1997; Clow et al. 2003; Lim et al. 2012). When there is a deviation in arterial pressure which is 
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not compensated by the body’s autoregulatory mechanisms, a patient can become unstable which 

may lead to irreversible organ damage if not corrected by medical intervention (Guedes 2008).  

 

During anesthesia, blood pressure can drop significantly since most anesthetic drugs will 

blunt sympathetic responses in a dose-dependent manner. This can be more dangerous particularly 

in patients with cardiovascular instability. Changes in systemic vascular resistance (SVR), can 

affect blood pressure because of its effect on vascular tone. SVR can be calculated using MAP and 

central venous pressure (CVP) using the following formula:  

𝑆𝑉𝑅 = (
𝑀𝐴𝑃 − 𝐶𝑉𝑃

𝐶𝑂
) 

Isoflurane, like many inhalant anesthetics, causes a reduction in SVR via vasodilation in 

many small animal species, including rabbits (Clow et al. 2003; Gosliga & Barter 2015; Tearney 

et al. 2015). This results in decreased blood pressure, which may also be accompanied by changes 

in CO and HR, depending on the plane of anesthesia and its effects on contractility and sympathetic 

activity. Hypotension is a common complication in small animal patients who undergo general 

anesthesia (Gaynor et al. 1999). Over the years, different methods have been developed to monitor 

blood pressure (Ward & Langton 2007) which can help clinicians identify instances of  

hypotension in their anesthetized patients. 

 

1.4.2.1 Indirect Method 

Non-invasive blood pressure (NIBP) monitoring devices such as the oscillometric and 

Doppler devices are commonly used to measure arterial blood pressure, but these devices are  
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limited in their accuracy, and are unable to provide practitioners with continuous pressure readings 

in real time (Haberman et al. 2006; France et al. 2018; Kuck & Baker 2018).   

The oscillometric technique can be used to estimate MAP, SAP and DAP (Haberman et al. 

2006). This technique requires an inflatable cuff which is placed on the limb of a patient. This cuff 

is connected to a transducer that detects vibration of the arterial wall when inflated and converts it 

into an electrical signal (Haberman et al. 2006). The cuff is inflated until its pressure exceeds the 

systolic pressure of the artery, occluding flow and therefore the oscillations. The cuff is then slowly 

deflated until it begins to detect vibrations against the arterial wall, resulting in the systolic pressure 

estimation. The cuff continues to deflate until the pressure within the cuff is less than the diastolic 

pressure, allowing for smooth laminar flow of the blood through the artery (Berger 2001). Each 

oscillometric device is able to estimate the systolic, mean and diastolic pressures using an 

algorithm designed by its manufacturer. Since each manufacturer has a different algorithm which 

is utilized to derive pressure readings, there is a great variability between results obtained by 

different brands of these devices (Sims et al. 2005). Attempts to validate NIBP monitors in rabbits 

have been made with mixed results. One study with a small population sample (n = 6) concluded 

that both oscillometric and Doppler blood pressure measurements were poor substitutes for carotid 

blood pressure measurement due to changing bias and large limits of agreement (Barter & Epstein 

2014). 

 

In small animal medicine, the Doppler method involves attaching an inflatable pressure 

cuff onto a patient’s limb, which is attached to a sphygmomanometer. A transducer probe is coated 

with a conductive medium, such as ultrasonic gel, and placed onto a region distal to the cuff which 
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is in close proximity to the  patient’s artery. This probe is attached to a flow detector, which allows 

the user to hear blood flowing through the artery. In order to obtain a patient’s SAP, the cuff is 

inflated until blood flow is occluded and becomes inaudible. At this point, the sphygmomanometer 

is slowly released until blood flow is audible again. The pressure reading at this point on the 

sphygmomanometer is a measurement of SAP. In rabbits, the metacarpal artery located distally in 

the front leg is typically used to obtain a more accurate measurement of systolic blood pressure 

(Ypsilantis et al. 2005; Fraser & Girling 2009), however other peripheral arteries may be used in 

other species (Lichtenberger & Ko 2007; France et al. 2018; Szaluś-Jordanow et al. 2018).  One 

study (n = 17) found a good agreement between Doppler measurements at the dorsal carpal branch 

of the radial artery and directly obtained auricular systolic pressures, and that Doppler 

measurements below 80 mmHg are a reliable indicator of arterial hypotension (Harvey et al. 2012). 

 

1.4.2.2 Direct Method 

Invasive blood pressure (IBP) monitoring requires an arterial line to be placed into the 

patient which allows practitioners to have accurate, continuous measurements of arterial blood 

pressure. Because of its invasive nature, there are potential risks associated with arterial catheter 

placement such as infection and damage to local structures (Ward & Langton 2007). In species 

like the rabbit, placement and upkeep of arterial catheters can be difficult (Sampiere et al. 2012). 

Invasive pressures can be measured clinically in rabbits by placing an arterial catheter into the 

central auricular artery (Carroll et al. 1996; Harvey et al. 2012; Bellini et al. 2018). Upon 

completion of anesthesia and removal of the catheter, time should be spent to observe the ear to 
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ensure there is no hematoma, arterial damage or potential for necrosis of the ear tissue (Sampiere 

et al. 2012).  

 

Typically, a cannula is placed into an artery and connected to a non-compliant tubing line 

which is infused with a heparinized solution to prevent obstruction of flow. A silicon crystal 

diaphragm transducer is located within the line, which moves in response to changes in arterial 

pressure. The pressure transducer then converts the patient’s arterial blood pressure oscillations 

into an electrical waveform which is converted and displayed on the monitoring device. In general, 

most arterial lines also allow for blood sampling, which can be utilized by other equipment to 

assess cardiac output (e.g., LiDCO) (Linton et al. 1993; Gilbert 2016), or for arterial blood gas 

analysis (Harvey et al. 2012; Kuck & Baker 2018). The direct method of blood pressure monitoring 

can quickly detect pressure changes in real time making it an early detector of hypotension in 

patients undergoing anesthesia. Visualization and catheterization of the auricular artery is 

relatively easy in rabbits, however MAP measured at this peripheral site tends to be 7-11 mmHg 

lower than central invasive pressures measured at the aorta or carotid arteries in both anesthetized 

and conscious rabbits (Wilson et al. 1975; Imai et al. 1999; Barter & Epstein 2014). In both human 

and veterinary medicine, invasive arterial blood pressure monitoring is still considered the gold 

standard to date (Araghi et al. 2006; Ward & Langton 2007; Bellini et al. 2018; France et al. 2018).  

 

1.4.3 Cardiac Output Measurement 

A global evaluation of a patient’s cardiovascular performance can be achieved through 

cardiac output (CO) monitoring (Mason et al. 2001). CO is a measurement of the volume of blood 
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pumped out of the heart and into circulation per unit of time. This is expressed in mL or L per 

minute (Guyton 1963). Cardiac output values vary between species and is influenced by heart rate, 

heart rhythm, preload, afterload and contractility (Klein 2013; Vigani 2015; Hall 2016).  A 

modification can be made to account for the surface area or the body weight of the patient. The 

result of this is cardiac index (CI), which is expressed in L min-1 meters2 -1 or ml min-1 kg-1 (Corley 

et al. 2003; Vigani 2015). Stroke volume and heart rate are both factors which influence cardiac 

output (Guyton 1963; Gilbert 2016). An increase in stroke volume can be mediated by an increase 

in preload as well as an increase in cardiac contractility. When there is an increase in end-diastolic 

volume (preload), the ventricles of the heart are filled more during diastole. Moreover, if there is 

a decrease in end systolic volume (improved contractility and emptying of the ventricles), there is 

an increase in the overall amount of blood being ejected out of the heart. (Klein 2013). A rise in 

sympathetic activity influences heart rate as well as contractility. As heart rate increases, cardiac 

output will rise until an upper limit where further increases in heart rate may cause a rapid decline 

in cardiac output due to a decrease in diastolic filling time and stroke volume (Guyton 1981). 

 

Evidence of CO monitoring in small animal medicine dates as far back as 1880s however, 

there have been several techniques developed over the years to monitor cardiac output in both 

veterinary and human patients (Guyton 1963). Cardiac output is routinely monitored in human 

medicine (Shih 2013); however, due to cost of equipment, training and limited ability to use it 

within a clinical setting, it is not commonly monitored in veterinary patients (Bailey & Pablo 1998; 

Lichtenberger & Ko 2007; Marshall et al. 2016). Although most methods utilized in veterinary 

medicine require some degree of invasiveness, there has been an overall movement towards 
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validating non-invasive or minimally invasive methods of monitoring in order to minimize 

morbidities (e.g. infection, trauma to tissues), while obtaining accurate results in order to ensure 

that cardiac function is sufficient to maintain optimal tissue perfusion (Beaulieu et al. 2005). 

Resting CI in rabbits is higher than in larger mammals such as humans, dogs or horses which is 

likely due to their elevated resting heart rate and surface area (Barter & Epstein 2013; Shih 2013). 

Cardiac index has been reported in awake rabbits as 100-252 mL kg-1 min-1 and as 122-130 mL 

kg-1 min-1 in rabbits anesthetized with isoflurane at 1.0-1.5 times the MAC (Warren and 

Ledingham 1975; Clow et al. 2003; Barter & Epstein 2013; Gosliga & Barter 2015; Tearney et al. 

2015; Kabkachiev 2019). 

 

1.4.3.1 Invasive Method 

Invasive CO methods are known to increase the risk of morbidities when used in a variety of 

patients. These techniques  require a great level of expertise in order to successfully, and safely 

use them on small animal patients (Beaulieu et al. 2005). Previously, the Fick method was 

considered the gold standard of CO monitoring. Originally developed in 1870, the Fick method 

assumes that the rate of which oxygen is consumed in the system depends on blood flow and rate 

that oxygen is metabolized within the tissues (Marshall et al. 2016). The current gold standard of 

cardiac output measurement is the thermodilution method (TDCO) (Lavdaniti 2008). First 

developed in 1971, it has been widely used in both human and veterinary medicine. This technique 

has been validated in cats, and produces dependable and reliable results. Additionally, it provides 

users with quick and repeatable results without risking blood loss due to sampling or accumulation 

of toxic indicators in the patient (Beaulieu et al. 2005). TDCO involves the placement of a Swan-
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Ganz catheter. This catheter has a special tip with a thermistor which can sense changes in 

temperature. The tip of the catheter is placed into the pulmonary artery, and users inject a cold 

solution into the right atrium through a proximal catheter port. The cold solution mixes with the 

blood in the heart, and this causes blood temperature to decrease. This change is sensed by the 

thermistor which is  connected to a computer. There is an inverse relationship between temperature 

and dilution of the injectate which is used by the computer to generate a time-dilution curve. The 

area under the curve (AUC) can be used to derive cardiac output from a modification of the 

Stewart-Hamilton equation (Gunkel et al. 2004; Lavdaniti 2008; Marshall et al. 2016). 

  

Because of the invasive nature of CO methods and risks associated with pulmonary 

catheterization, it is not ideal for some clinical patients (Rello et al. 1997; Valverde et al. 2007). 

In this case, practitioners may choose to use minimally invasive technologies to assess overall 

cardiac function (Linton et al. 1993; Gunkel et al. 2004;  Valverde et al. 2007). 

 

1.4.3.2 Minimally Invasive Method 

The lithium dilution cardiac output (LiDCO) method is one example of the many minimally 

invasive methods that can be used to monitor CO in anesthetized patients (Prabhu & Gulve 2004; 

Gilbert 2016). A strong agreement in CO measured by TDCO and LiDCO has been reported in a 

number of species (Mason et al. 2002), while offering a safer alternative for CO monitoring in 

compromised patients (Corley et al. 2006). An obvious advantage when using LiDCO is that it 

does not require pulmonary artery catheterization, but it only requires placement of central venous 

or peripheral (Mason et al. 2002) and arterial catheters which are generally already placed in 
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hospitalized patients (Linton et al. 1993). Additionally, the lithium indicator used is not 

metabolized by the body and is excreted in the urine with a renal clearance of about 25% of 

glomerular filtration rate (GFR). Sampling requires users to remove a small amount of blood which 

is negligible in larger animals. However in smaller animals, and patients who require many CO 

readings, this may result in a significant decrease in total blood volume (Beaulieu et al. 2005) or 

an increase in serum lithium concentration which can influence CO readings (Chen et al. 2005). 

Careful monitoring of total blood withdrawal and lithium administered is required in these patients. 

 

A catheter is placed into a peripheral vein which is used to inject lithium chloride. Depending 

on the species, a bolus dose between 0.002-0.009 mmol kg-1 is recommended (Linton et al. 2000; 

Beaulieu et al. 2005; Shih 2013). A primed sensor consisting of a lithium sensitive electrode in a 

flow-through cell is attached to an inlet which attaches to an arterial line, and an outlet which is 

attached to a disposable blood collection bag. In between the collection bag and sensor, tubing is 

attached to a flow regulator pump which draws blood past the sensor at a constant rate of 4 mL 

min-1. Before CO can be measured, the user must manually input the injection dose of LiCl, sensor 

constant, hemoglobin concentration and serum sodium concentration. As blood is sampled, a 

lithium concentration over time curve is generated and CO is calculated from the AUC (Linton et 

al. 1993; Mason et al. 2001; Mason et al. 2002). Although LiDCO has yet to be validated for use 

in rabbits, it has been validated for use in human pediatric patients and cats with similar body 

weights. It has also been used to measure CO in rabbits by other researchers (Kabakchiev 2019) 

and in a variety of species because of its simplicity and ease of use (Hedenqvist et al. 2013; Vigani, 

2015). 
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1.5 Sympathomimetics 

Drugs that imitate the effects of the sympathetic nervous system are called 

sympathomimetic or adrenergic drugs (Hall 2016). These drugs typically act on the adrenergic 

receptors (also known as adrenoceptors) found in various tissues (Insel 1989). Adrenergic agonists, 

like phenylephrine (Reid 1986), can stimulate neurotransmitter release from nerve endings or 

increase the levels of endogenous catecholamine available for use (Gera et al. 2017). 

Sympatholytic drugs are those that have an antagonizing effect on the adrenergic receptors, such 

as prazosin and trimazosin (Reid 1986). The sympathetic division of the autonomic nervous system 

requires catecholamine release in order to mediate different physiologic responses within the body 

(Gera et al. 2017).  

 

Endogenous catecholamines such as dopamine, norepinephrine and epinephrine are 

synthesized within the chromaffin cells of the adrenal medulla. The precursor of these 

catecholamines is tyrosine which is oxidized to 3,4-dihydroxyphenylalanine (DOPA) by tyrosine 

hydroxylase (TH). Dopamine is then synthesized from DOPA by DOPA decarboxylase within the 

cytosol. In order to synthesize norepinephrine, dopamine must be hydroxylated within the 

chromaffin cells by dopamine-b-hydroxylase. Epinephrine is synthesized when norepinephrine is 

converted by phenylethanolamine-N-methyltransferase (PMNT) within the cytosol (Klein 2013). 

Depending on which catecholamine is present in the system, different adrenergic receptors will be 

activated. Initially, the adrenergic receptors were believed to exist as two forms, an excitatory 

alpha form and an inhibitory beta form (Ahlquist 1948) but it was later discovered that multiple 
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sub-classes of each group existed based on their affinity for specific agonists and antagonists 

(Bylund et al. 1994; Civantos Calzada & Aleixandre de Artiñano 2001; Docherty 2010). Today, 

there are 2 major classes of adrenergic receptors, alpha and beta, which are further subdivided. 

The activation and inhibition of these receptors at different locations within the body have various 

effects on different organ systems (Klein 2013). 

 

1.5.1 Alpha-adrenergic and beta-adrenergic classification 

Alpha adrenergic receptors are commonly located within the smooth muscle layer of 

arterioles and veins (Insel 1989). Alpha receptors are sub-classified into alpha-1 and alpha-2 

receptors. Alpha receptors are responsible for the overall increase in peripheral vascular resistance 

due to vasoconstriction of vascular smooth muscle. When excited, they displace blood into the 

heart due to venoconstriction (Klein 2013). Alpha-1 receptors are commonly found within vascular 

smooth muscle, but can also be found in other tissues such as heart tissue, genitourinary smooth 

muscle, and intestinal smooth muscle. When activated, a G-protein couple receptor is linked to 

phospholipase C (PLC) which increases intracellular inositol trisphosphate (IP3) and increases the 

concentration of intracellular calcium. This increase in intracellular calcium activates calmodulin 

which causes phosphorylation of myosin light chain, increased interaction of actin-myosin fibers, 

and muscle contraction which leads to vasoconstriction when activated. 

 

Alpha-2 receptors can be found within vascular smooth muscle, nerve tissue, pancreatic b-

cells and other tissues within the body. When activated, alpha-2 receptors within different tissues 

will have various effects. In general, the alpha-2 receptor is a G protein coupled receptor and its 
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activation inhibits adenylyl cyclase reducing cAMP levels. This eventually leads to membrane 

hyperpolarization and inhibition of neuronal calcium channels. Within vascular smooth muscle, 

this translates in vasoconstriction whereas activation of pre-synaptic nerve tissue receptors will 

mediate the negative feedback inhibition of norepinephrine release (Gera et al. 2017). The overall 

effect of alpha-adrenergic activation is an increase in peripheral vascular resistance and blood 

pressure. 

 

Beta adrenergic receptors are found within the cardiac muscle cells and the arterioles, on renal 

juxtaglomerular cells and skeletal muscle. These receptors are subdivided into 3 subgroups; beta-

1, beta-2 and beta-3 receptors. The stimulation of each receptor type results in different outcomes. 

Beta-1 receptors are responsible for the sympathetic control of the heart. Activation of cardiac 

beta-1 receptor results in positive inotropism and chronotropism of the heart whereas the activation 

of renal beta-1 receptors will result in an increase of renin release. Beta-2 receptors promote 

vasodilation within smooth muscle tissue in respond to circulating catecholamines. For instance, 

stimulation of beta-2 adrenoreceptor in the bronchial smooth muscle will result in the relaxation 

of the smooth muscle causing bronchodilation. Likewise, stimulation of this beta-2 receptor in 

smooth muscle of blood vessels will also promote relaxation and vasodilation of the vessel itself. 

Beta-3 receptors are primarily found in adipose tissue and the gastrointestinal tract. When 

stimulated, increases in intestinal motility and lipolysis are observed (Klein 2013; Murrell 2015; 

Hall 2016; Gera et al. 2017). 
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1.5.2  Dopamine and Phenylephrine  

Sympathomimetic drugs that are routinely used to effectively treat isoflurane-related 

hypotension in other species, such as dopamine and phenylephrine, are only minimally effective 

when used to treat low arterial pressures in rabbits. Dopamine is a naturally occurring 

catecholamine that acts primarily on dopamine receptors at low doses (< 2 µg kg-1 min-1), on beta-

1 and -2 sites at moderate doses, (10 µg kg-1 min-1) and at alpha-1 sites at high doses (> than 10 

µg kg-1 min-1) in a number of species (Pascoe et al. 2006; Chen et al. 2007; Murrell 2015). When 

administered to rabbits at doses up to 30 µg kg-1 min-1 there were no significant increases in blood 

pressure (Gosliga & Barter 2015).    

 

Phenylephrine is an example of a synthetic catecholamine that acts selectively at alpha-1 

adrenergic sites to cause dose-dependent increases SVR and MAP.  Rapid increases in blood 

pressure can result in a reflex bradycardia with this agent depending on the doses used (Murrell 

2015). When administered at doses of 2 µg kg-1 min-1 to rabbits, a 38% increase in MAP from 

baseline was observed, while there were significant decreases in heart rate (Gosliga & Barter 

2015). This increase was significantly lower than the 109% in MAP observed in cats when given 

the same dose (Pascoe et al. 2006). The reason for the apparent lower effectivity of these 

sympathomimetic drugs in rabbits compared with other species is not known; drug 

pharmacokinetic differences due to faster metabolic rate and differences in adrenoreceptor 

population or density have been suggested as possible causes (Gosliga & Barter 2015). To our 

knowledge, these hypotheses have not been investigated in the anesthetized rabbit. 
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1.5.3 Norepinephrine 

Norepinephrine (NE) is an endogenous catecholamine formed within the adrenal medulla 

(Hall 2016) from a tyrosine precursor. Tyrosine is oxidized into DOPA which is carboxylated to 

norepinephrine within the chromaffin cells of the neuron. Norepinephrine acts within the 

sympathetic nervous system to elicit the physiologic effects of the fight or flight response which 

include, increased heart rate, increased blood flow, and increased cardiac output. It is stored in 

vesicles located within the presynaptic neuron until required to be released. Circulating 

norepinephrine can return to the presynaptic neuron by a NE transported relocated within the 

cytoplasm on the presynaptic neuron, circulate within the blood, or degraded into DOPGAL by an 

enzyme (Gera et al. 2017).  

 

Norepinephrine is a potent alpha-1- and alpha-2- receptor agonist with moderate beta-1 

receptor agonist activity and is used in anesthetized and awake patients with cardiovascular 

instability to treat hypotension due to decreases in vascular resistance. Clinically, NE causes dose‐

dependent increases in SAP, DAP and MAP, and increases systemic and pulmonary vascular 

resistance, with an increase or no change in CO (Murrell 2015).  At doses of 0.3 and 1.0 μg kg-1 

min-1 NE has proven to effectively improve cardiovascular function in foals and alpacas during 

isoflurane‐induced hypotension (Valverde et al. 2006; Craig et al. 2007; Vincent et al. 2009). No 

reports are available within the current literature that directly examine the cardiovascular effects 

of NE administered as a continuous rate infusion in isoflurane anesthetized rabbits.   
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1.6 Conclusion 

In conclusion, there are a variety of ways cardiovascular function can be monitored. In species 

like the rabbit, inhalational anesthetics can cause dose-dependent decreases in arterial pressure 

which is more profound than what has been observed for other species.  Prolonged periods of 

hypotension can have detrimental effects on vital organs due to limited blood perfusion. In order 

to counteract the decreases in vascular resistance and CO, medical management with 

sympathomimetic agents can be used to help improve these parameters. Unfortunately, an effective 

therapeutic protocol for treating the negative circulatory effects of isoflurane in anesthetized 

rabbits have not been established. 
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2 Chapter 2: Cardiovascular Effects of Increasing Doses of Norepinephrine in 

Healthy Isoflurane-Anesthetized New Zealand White Rabbits 
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2.1 Abstract 

Objective: To characterize the cardiovascular effects of increasing dosages of NE 

Study Design: Prospective experimental study  

Animals: Nine female spayed New Zealand white rabbits  

Methods: New Zealand White rabbits were premedicated with buprenorphine 0.05 mg kg-1 and 

midazolam 0.5 mg kg-1, intramuscular (IM). Anesthesia was induced with intravenous (IV) 

propofol, and maintained with isoflurane at 1.1 MAC to establish a low arterial pressure baseline. 

Rabbits received NE infusions at 3 doses (Low dose (LD): 0.1 µg kg-1 min -1, Medium dose (MD): 

0.5 µg kg-1 min -1, and High dose (HD): 1 µg kg-1 min -1) for 10 minutes. Cardiopulmonary 

parameters, including heart rate (HR), cardiac output (CO), and invasive systolic (SAP), mean 

(MAP), and diastolic (DAP) arterial blood pressures were recorded at baseline, 10 minutes after 

the infusion of every NE dose, and 10 minutes after NE was discontinued. A linear mixed model 

and a Type III ANOVA, with a Tukey’s post-hoc comparison was performed.  

Results: Significant increases in SAP (28% and 90%), MAP (27% and 90%), and DAP (33% and 

97%) were found with MD and HD treatments respectively (P < 0.001) with no changes in CO. 

HR decreased and SV increased significantly in HD (17% and 15%, P < 0.05), no arrhythmias 

were noticed with either dose.  

Conclusions and clinical relevance: This study suggests that NE at doses of 0.5-1 µg kg-1 min -1 

are effective when treating reduced blood pressure in healthy isoflurane-anesthetized New Zealand 

white rabbits.  
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2.2 Introduction 

Overall anesthetic mortality in rabbits is reported as 1.39% to 4.8% (Brodbelt et al. 2008; 

Lee et al. 2018), which is much higher than in dogs (0.17%), cats (0.24%), and humans (0.00167%) 

(Eatwell 2014). Within North America, rabbits have become an increasingly popular companion 

animal and as a result are frequently anesthetized for elective procedures (Summa & Brandão. 

2017).  

 

Inhalational anesthetics, like isoflurane, are regularly used by veterinary clinicians because 

of their many benefits, however they are known to cause dose-dependent respiratory and 

cardiovascular depression in most species (Steffey et al. 2015). The minimum alveolar 

concentration (MAC) is a standardized index of inhalant anesthetic potency and defined as the 

alveolar concentration of an inhalational anesthetic that produces immobility in 50% of subjects 

exposed to a supramaximal noxious stimulus (Steffey et al. 2015). In rabbits, isoflurane causes 

profound dose-dependent reductions in blood pressure which can occur at concentrations as low 

as 1 times MAC due mainly to a reduction in systemic vascular resistance (Barter & Epstein 2013). 

The blunting effect on sympathetic responses caused by general anesthesia can significantly reduce 

blood pressure and cardiac output which can lead to irreversible organ damage if medical 

intervention does not occur (Guedes 2008). When mean arterial pressure (MAP) falls, organs are 

at risk of losing their functional abilities due to limited blood flow. In general, hypotension occurs 

when MAP < 60 mmHg or SAP < 80mmHg for most domestic species (Haskins 2015); however, 

rabbits have a lower MAP than other species, even when conscious, with reported values at 60-80 
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mmHg (van den Buuse & Malpas 1997; Clow et al. 2003; Lim et al. 2012) and hypotension is not 

well defined for this species.  

 

Sympathomimetic drugs mimic the effects of the sympathetic nervous system by acting on 

adrenergic receptors (Insel 1989; Hall 2016) and are routinely used to treat isoflurane-related 

hypotension in other species.  Commonly used agents, such as dopamine and phenylephrine, are 

effective when used in several species (Pascoe et al. 2006; Chen et al. 2007), however their use is 

less reliable in rabbits (Gosliga & Barter 2015). Dopamine administered at doses of 5, 10, 15, 20 

and 30 µg kg-1 min-1 did not increase MAP in isoflurane-anesthetized rabbits (Gosliga & Barter 

2015). When used in rabbits, phenylephrine increased MAP by 38% when given at doses of 2 µg 

kg-1 min-1 (Gosliga & Barter 2015), in contrast to an increase of 109% when the same dose was 

given to isoflurane-anesthetized cats (Pascoe et al. 2006).  

 

Norepinephrine (NE) has proved effective in improving cardiovascular function in foals 

and alpacas with isoflurane-induced hypotension (Valverde et al. 2006; Craig et al. 2007; Vincent 

et al. 2009). When administered as increasing single boluses in anesthetized rabbits it increases 

MAP in a dose dependent fashion which is short lived (Ricard-Hibon et al. 1998). However, there 

is no information available within the current literature regarding the cardiovascular effects of 

clinical doses of NE administered as a continuous rate infusion in isoflurane-anesthetized rabbits.  

 

The purpose of this study was to characterize the cardiovascular effects of increasing 

dosages of NE in healthy isoflurane-anesthetized rabbits. We hypothesized that NE will cause a 
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dose-dependent increase in blood pressure while maintaining cardiac output in isoflurane 

anesthetized rabbits. 

 

2.3 Materials and Methods 

A prospective laboratory study was performed with ethical approval of the University of 

Guelph Animal Care Committee AUP #3912. All animals used in the study were cared for in 

accordance with the recommendations of the Canadian Council on animal care, the requirements 

of the Animals for Research Act revised Statutes of Ontario, 1990, Chapter A.22 

 

2.3.1 Animals  

Nine spayed female New Zealand rabbits approximately 9 months of age were used in this 

study. A sample size of 8 rabbits was calculated to detect a difference of 15 mmHg in mean arterial 

pressure (MAP) between control and treatment groups with at least 95% confidence for a Type I 

error of 0.05 (alpha value) and 80% power. Each rabbit was deemed healthy based on physical 

examination, complete blood count and biochemistry.  

 

2.3.2 Anesthesia and Instrumentation  

All rabbits were premedicated with a combination of buprenorphine 0.05 mg kg-1 

(Vetergesic Multidose, Champion Alstoe Ltd. Animal Health, York, UK) and midazolam 0.5 mg 

kg-1 (Midazolam Injection Standard, Sandoz Canada Inc. Boucherville, QC, Canada) administered 

intramuscularly (IM). A 22 gauge 1.0-inch catheter (BD Insyte-W, Becton Dickinson Infusion 

Therapy Systems Inc, Utah, US) was placed in the cephalic vein with aseptic technique, which 
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was used for induction of anesthesia with intravenous (IV) propofol (Fresenius Kabi Canada Ltd. 

Toronto, ON, Canada) to effect, for administration of IV fluids during the experiment and for 

lithium administration for cardiac output monitoring using LiDCO. After anesthetic induction, 

each rabbit was placed in sternal recumbency, the head and neck were extended vertically, and the 

trachea was intubated using a blind technique with an appropriate size uncuffed endotracheal tube. 

Animals were then placed in right lateral recumbency, connected to a pediatric anesthetic circle 

system and anesthesia was maintained with isoflurane (Fresenius Kabi Canada Ltd. Toronto, ON, 

Canada) carried in 100% oxygen. End-tidal isoflurane concentration was kept at 2.3% (1.1 times 

MAC) for the duration of the study (Drummond 1985; Imai et al. 1999; Valverde et al. 2003; 

Gianotti et al. 2012; Tearney et al. 2015). This concentration was chosen based on a prior pilot 

study with 2 rabbits to ensure appropriate anesthetic depth and presence of low arterial blood 

pressures. Intermittent positive pressure ventilation was provided at a rate of 15 breaths per minute 

and tidal volume (TV) of 15 mL kg-1 in order to maintain an end-tidal CO2 of 35 to 45 mmHg. 

Instrumentation consisted of placing a 22G 1.0-inch catheter (BD Insyte-W, Becton Dickinson 

Infusion Therapy Systems Inc, Utah, US) in the right auricular artery to measure invasive blood 

pressure (IBP), cardiac output (CO) determinations, and arterial blood gas (ABG) sampling. The 

catheter was connected with a non-complaint line to an electronic pressure transducer zeroed at 

the level of the sternum and interfaced with the anesthesia monitor. An isotonic crystalloid solution 

(Plasma-lyte A;  Baxter Healthcare Corporation, Deerfield, IL, USA) was administered at a rate 

of 10 mL kg-1 hr -1 until isoflurane was discontinued to replace blood losses from blood sampling 

during CO and blood gases determinations. A multiparametric monitor (Datex-Ohmeda S/5 

Anesthesia Monitor; GE Healthcare, Helsinki, Finland) was used to record heart rate (HR) and 
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rhythm (ECG), respiratory rate (RR), end-tidal carbon dioxide (ETCO2), end-tidal isoflurane% 

(ETISO%), esophageal temperature (TEMP), peripheral pulse oximetry (SpO2), IBP; systolic 

(SAP), diastolic (DAP) and mean (MAP) arterial pressures, TV, and peak inspiratory pressures 

(PIP). Arterial blood was collected into heparinized syringes (Gaslyte, Marquest Medical Products, 

Englewood, Colorado, USA), prior to each cardiac output determination, for measurement of pH, 

arterial partial pressures of oxygen (PaO2) and carbon dioxide (PaCO2), lactate concentrations, 

electrolytes, and hemoglobin (ABL90 Flex Plus; Radiometer America, CA, USA). Measurements 

of CO and stroke volume (SV) were obtained using LiDCO, (LiDCO Ltd, London, UK) by 

attaching a lithium chloride sensor (Flow through cell electrode assembly, LiDCO Ltd, London, 

UK) to the side port of a 3-way valve connected to the arterial catheter. Extension tubing was 

attached to the 3-way valve, connected to a blood collection bag, and blood passed through a 

regulator pump at a flow rate of 4 mL min-1 across the sensor.  A dose of 0.006 mmol kg-1 of 

lithium chloride (0.15 mmol mL-1, LiDCO Ltd, London, UK) was injected into the cephalic vein 

catheter and flushed with 2 mL of saline (0.9% NaCl) 8 seconds after starting the injection phase 

on the LiDCO computer (Table 2.1). Stroke volume index (SVI), Cardiac index (CI), Oxygen 

Content (CaO2) and Oxygen Delivery Index (DO2I) were calculated with standard equations 

(Appendix 1). 

 

2.3.3 Experimental Design  

All animals received 3 different doses of NE (Norepinephrine Bitartrate Injection, Sandoz 

Canada Inc. Boucherville QC, Canada) in the following order: Low dose (LD) 0.1 µg kg-1 min-1, 

Medium dose (MD) 0.5 µg kg-1 min-1, and High dose (HD) 1 µg kg-1 min-1.  Cardiorespiratory 
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parameters were recorded before starting every dose of NE infusion (Baseline 1, 2, and 3), and 10 

minutes after infusion was started for every dose (Table 2.1).  A 10-minute equilibration and 

washout period was chosen to ensure steady state and clearance of the drug between treatments 

based on half-life values of NE (2 minutes or less) described in other species (Imamura et al. 1988; 

Beloeil et al. 2005).  Ten minutes after the final dose of NE infusion was discontinued last 

cardiorespiratory values were recorded (Recovery), and isoflurane discontinued. A dose of 

flumazenil (Sandoz Canada Inc. Boucherville QC, Canada) 0.02 mg kg -1 was administered IM to 

reverse the midazolam administered during premedication, and meloxicam 0.5 mg kg-1 (Metacam 

0.5% injection, Boehringer Ingelheim (Canada) Ltd., Burlington, Ont, Canada) administered SQ 

for analgesia. Animals were extubated when palpebral and swallowing reflexes returned and 

temperature was supported until normothermia was achieved.  

 

2.3.4 Statistical Analysis  

The data were analyzed by use of a statistical software (R 3.4.3, R Core Team (2017), R 

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

data analysis was performed with linear mixed modeling. Outcome variables included the SAP, 

MAP, and DAP, as well as other anesthetic and cardiopulmonary parameters. Fixed effects for 

each model included treatments (baseline 1, LD, baseline 2, MD, baseline 3, HD), weight, propofol 

dose and order within the sequence of treatment. Random effect included the individual rabbits. 

As all rabbits were female, sex was not included as a variable. Residual plots were used to assess 

linearity, homogeneity of variances, normality, and outliers. Quantile plots were also performed 

on the residuals by treatment groups for normality assessment. Residuals resulting from the fitted 
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model were verified to be normally distributed and had no evidence of heteroscedasticity. A Type 

III analysis of variance was performed on the fixed effects and post-hoc comparisons were 

performed using a Tukey adjustment. An alpha of 0.05 was used for statistical significance. 

 

2.4 Results 

Mean ± weight of the rabbits was 3.4 ± 0.21 kg and all completed the study successfully. 

Total dose of propofol used for induction was 7.4 ± 1.3 mg kg-1, and total anesthetic time was 84.3 

± 6.4 minutes.  

 

Order of treatment was a non-significant variable in the statistical models. There were no 

significant differences between the three different baseline time points for any parameter (P > 

0.21) except for temperature and hemoglobin, and once the NE was discontinued at the end of the 

experiment, arterial blood pressure and heart rate at recovery were similar to Baseline 1  (Table 

2.1; Table 2.2). There was a tendency for temperature to decrease over time during the duration of 

the experiment, however statistical significance was only found between the first and third baseline 

measurements (P = 0.041). There was no statistical significance found among the NE treatments 

and temperature when compared to its preceding baseline values (P > 0.9). Baseline blood pressure 

values (intercepts of the models) expressed as mean ± SD; regardless of time, were 54 ± 4, 41 ± 2, 

and 33 ± 2 mmHg for the SAP, MAP, and DAP, respectively. The SAP, MAP, and DAP increase 

significantly with the MD and HD in a proportional manner (all P < 0.001) while no significant 

increase was seen with the LD (Figure 2.1). The SAP increased by 15 ± 4 mmHg and 49 ± 4 mmHg 

with the MD and HD, 28% and 90%, respectively. The MAP increased by 11 ± 3 mmHg and 37 ± 
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3 mmHg with the MD and HD, 27% and 90%, respectively. The DAP increased by 11 ± 3 mmHg 

and 32 ± 3 mmHg with the MD and HD, 33% and 97%, respectively.  

 

Baseline values for HR had a decreasing trend for the three consecutive baselines, however 

these differences were not statistically significant (P = 0.26) (Figure 2.2.). Heart rate decreased 

with NE administration and it was significantly lower from baseline values in the HD group (P = 

0.005), with a decrease of 41 ± 10 bpm (17% from baseline). There were no arrhythmias or other 

side effects noted among the different NE treatments. After induction, one rabbit was noted to have 

an arrhythmia (occasional ventricular premature contractions) prior to the start of NE treatment, 

however this arrhythmia did not worsen with treatment. Values for CO showed no statistical 

differences between baseline values and treatments (P > 0.05) but followed an opposite trend to 

HR, where subsequent baseline values were higher. Norepinephrine administration resulted in an 

overall increase in SV and SVI (Figure 2.3) which was only significantly different at HD (P = 

0.038), with an increase of 15% from baseline. 

 

Values for respiratory and metabolic parameters are reported in Table 2.2. ETCO2 

exhibited an increasing trend over time with NE treatment, however these effects were not 

considered to be statistically significant (P > 0.12). Hemoglobin concentrations dropped 

significantly with subsequent baseline values (P < 0.0012) but there was no effect of treatment on 

this variable. For CaO2, the first baseline was significantly higher than any consecutive treatments 

or baselines but no treatment effect was observed. No significant effect for time or treatment was 

seen for DO2I, RR, SpO2, TV, PIP, PaO2, or PaCO2 (P > 0.05). 
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2.5 Discussion 

Rabbits appear to be especially sensitive to vasodilatory effects of isoflurane and low MAP 

often occurs even at clinical doses in healthy animals (Imai et al. 1999; Barter & Epstein 2013; 

Tearney et al. 2015). The results of this study demonstrate that NE is effective to increase blood 

pressure in anesthetized rabbits in a dose-dependent manner, while preserving CO.  

 

Norepinephrine is a catecholamine with sympathomimetic properties that acts as an agonist 

at alpha-1 and alpha-2 adrenergic receptors as well as beta-1 adrenergic receptors found within the 

heart. Due to its potent vasopressor properties, NE is commonly used during general anesthesia to 

treat hypotension due to excessive vasodilation. In this study MD and HD of NE effectively 

increased mean, diastolic and systolic blood pressures. Similar results have been reported in other 

species with similar NE doses administered to both normotensive and hypotensive anesthetized 

sheep (Di Giantomasso et al. 2004), alpacas (Vincent et al. 2009), and neonatal foals (Hollis et al. 

2006; Valverde et al. 2006). Based on the magnitude of the blood pressures changes observed in 

the present study, rabbits appear to be less sensitive or need higher doses compared to other 

species. In the current study, NE doses of 0.5 and 1 µg kg-1 min -1 resulted in MAP increases of 

27% and 90% respectively. In contrast, other authors have reported that lower doses of 0.3 µg kg-

1 min -1 resulted in MAP increasing by 88% in neonatal foals and 64% in alpacas (Hollis et al. 

2006, Valverde et al. 2006; Vincent et al. 2009). This could be the result of differences in 

metabolism of NE or density of adrenoreceptors between species.   
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Previous studies in rabbits have already shown evidence of a dose-dependent effect of NE 

on blood pressure and its potential to treat the negative circulatory effects of inhalant anesthetics. 

In a study performed by Ito et al. (1983) a dose-response curve was designed with doses of 0.25, 

0.5, 1, and 2.5 μg kg-1min-1. The study was focused on the effects of nifedipine on the blood 

pressure responses to NE and Angiotensin II but initial doses of NE resulted in dose-dependent 

increases in MAP and SVR. Similar observations were made in another study after single bolus 

administration of increasing doses of NE (0.5, 1, 2, 3, 4 μg kg-1, IV) in anesthetized rabbits (Ricard-

Hibon et al. 1998).  

 

Other vasoactive drugs which are useful in other species to increase arterial blood pressure 

have been found to be minimally effective in increasing MAP in rabbits. A study by Gosliga & 

Barter (2015) determined that phenylephrine and dopamine were not appropriate agents to manage 

hypotension in healthy isoflurane-anesthetized rabbits. Dopamine has predominately beta effects 

at doses between 2-10 µg kg-1 min-1 and alpha-1 effects at infusion rates greater than 10 µg kg-1 

min-1. In anesthetized dogs, dose-dependent increases in CI and BP occur at infusion rates of 3-20 

µg kg-1 min-1, and increases in SV and HR are observed at rates greater than 7 µg kg-1 min-1 .  

Infusion rates of 30 µg kg-1 min-1 of dopamine in rabbits resulted in significant increases in SV but 

no improvement in CO or MAP (Gosliga & Barter 2015). Phenylephrine acts as a selective alpha-

1 agonist, resulting in the vasoconstriction of smooth muscle vessels. The increase in SVR caused 

by phenylephrine will increase MAP but this can have negative effects on CO and HR depending 

on the species and dosages used (Murrell 2015; Dancker 2018). Based on a previous study, 

phenylephrine given at high dosages of 2 µg kg-1 min-1 to isoflurane-anesthetized rabbits only 



 

 

48 

 

resulted in a 38% increase in MAP (Gosliga & Barter 2015) compared with the 90% increase in 

MAP seen with HD NE in the present study. Unlike phenylephrine, NE is a non-selective agonist 

with both alpha and beta-1 adrenergic effects. The present study found a significant increase in 

stroke volume index (SVI) at the HD group (15% from baseline). This indicates that in healthy 

isoflurane-anesthetised rabbits NE acts on beta 1 receptors to improve contractility, which 

positively influences stroke volume and cardiac output. The results of the present study are similar 

to a previous study examining NE infusion in alpacas and neonatal foals, where significant 

increases in SVI were observed (Valverde et al. 2006; Vincent et al. 2009). A study by Valverde 

et al. (2006) observed significant increases in SVI at infusion rates of 0.3 µg kg-1 min-1 and 1 µg 

kg-1 min-1 of NE in neonatal foals, whereas the present study only found significant increases in 

SVI at HD. These findings indicate that species differences may exist with respect to metabolism 

and sensitivity of systemic doses of norepinephrine in the heart (Aass et al. 1983). 

 

Heart rate tended to decrease with NE treatment. Rabbits generally have a higher resting 

heart rate compared to other domestic mammalian species, which can range between 130 to over 

300 beats per minute, depending on breed (Fraser & Girling 2009; Meredith 2014).  In the present 

study, heart rate was significantly decreased at the HD treatment (reduction by 17% compared to 

baseline) but remained within normal physiological limits for this species. A similar decrease in 

heart rate was found in adult horses given increasing infusions of NE (Craig et al. 2007), foals 

(Valverde et al. 2006), and rabbits given IV infusions of phenylephrine at 1.0 and 2.0 µg kg-1 min-

1 (Gosliga & Barter 2015). Despite the lower heart rate values reported with increasing doses of 

NE, there were no significant differences were observed with respect to CO and NE treatment. 
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Oxygen delivery was  maintained despite the decreases in hemoglobin and oxygen content from 

the initial baseline suggesting that cardiac performance was adequate to maintain normal blood 

flow and function of vital organs.  

 

Normal range for hemoglobin concentration in healthy rabbits is between 10-15 g dL-1 

(Wesche, 2014) and it tends to decrease with increased anesthetic time as well as blood volume 

loss. In the present study, total blood volume lost due to CO and ABG sampling was less than 10% 

(estimated blood loss per rabbit was approximately 20 mL or approximately 5.7 ml/kg) of total 

circulation blood volume in healthy adult rabbits (55-78 mL kg-1 in healthy adult rabbits), 

(Richardson & Keeble 2014). The blood volume lost was replaced with a crystalloid isotonic 

solution administered at surgical rate to minimize hemodynamic changes but probably resulted in 

hemodilution and hemoglobin values mildly lower than reference values (8.8 to 11.3 g dL-1). 

Trends in oxygen content and oxygen delivery could have been affected by this and further 

investigation on NE effects on these variables without the presence of hemodilution warrant further 

investigation. 

 

A decrease in temperature was observed over time. Significant decreases in temperature 

were observed particularly at the first and third baseline measurements (P = 0.041). This 

decreasing trend is expected with use of inhalant anesthetics such as isoflurane and prolonged 

anesthesia time (Tan et al. 2004; Clark-Price 2015). The compensatory thermoregulatory 

mechanisms in anesthetized patients are impaired, and due to their large surface-area-to-volume 

ratio, rabbits are more prone to losing body heat in comparison to larger animals like horses and 
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large dogs (Eatwell 2014).  A study by Weiss et al. (1998) demonstrated the effect of hypothermia 

on NE sensitivity in cats. Their study concluded that during periods of severe hypothermia (less 

than 30 ºC) there is a decreased sensitivity of NE. In the present study, temperature remained 

within normal physiological limits thanks to active warming methods and was not expected to 

influence NE sensitivity or MAC values.  

 

Acceptable surgical planes of anesthesia are generally achieved at between 1.2 -1.5 MAC 

however prominent hypotension and cardiovascular depression has been reported to occur at 

approximately 1.3 MAC of isoflurane in foals (1.7% end-tidal) (Valverde et al. 2006; Craig et al. 

2007), and 2.3 MAC of isoflurane in dogs (3% end-tidal) (Valverde et al. 2012). MAC values for 

isoflurane in rabbits of approximately 2.0 % have been previously reported (Drummond 1985; 

Imai et al. 1999; Valverde et al. 2003; Gianotti et al. 2012; Tearney et al. 2015). In the present 

study, healthy rabbits had low MAP at a lower MAC multiple (1.1 MAC). This concentration was 

chosen based on a pilot study with 2 rabbits to ensure a proper anesthetic plane and to avoid 

movement during the instrumentation and data collection. The low MAP at 1.1 MAC may be 

partially attributed to the fact that a noxious stimulus was not applied (i.e. no surgical intervention) 

which has been observed to positively influence arterial blood pressure. Rabbits in this study were 

premedicated with buprenorphine and midazolam, the MAC-sparing effects of these drugs could 

have also changed isoflurane requirements (Rankin 2015). Since clinically healthy rabbits appear 

to have low MAP at even low MAC levels, it is important to closely monitor blood pressure in 

lagomorph patients when preforming procedures requiring general anesthesia. 
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In healthy patients, the half-life of NE is approximately 2 minutes (Imamura et al. 1988; 

Beloeil et al. 2005). Despite 10 minutes washout and equilibration period selected for this study 

(five half-lives), NE is an immediate precursor of epinephrine and its primary method of 

elimination is by reuptake into the adrenergic nerve endings so its influence in the sympathetic 

system may last longer than what indicated by its pharmacokinetic profile.  Due to concerns of 

potential carry-over pharmacodynamic effects between the dosages the groups were not 

randomized. This study design is similar to previously published studies, which used increasing 

dosages of sympathomimetics over time (Ricard-Hibon et al. 1998; Valverde et al. 2006; Craig et 

al. 2007; Gosliga & Barter 2015; Dancker et al. 2018). Aside from temperature and hemoglobin, 

there were no significant differences found among baseline measurements for rabbits throughout 

the study, and blood pressure returned to what is considered clinical hypotension after treatment 

suggesting that carry-over effects were limited. One limitation of this study is the use of healthy 

female rabbits. To the author’s knowledge, there is no information available regarding NE infusion 

and a sex effect in this species. One study examined the effects of isoproterenol in the isolated 

rabbit heart and found that female rabbit hearts had a decreased capacity to respond to beta-

adrenergic stimulation particularly at high pace rates (Hoeker et al. 2014). Previously published 

studies evaluating the effects of sympathomimetic agents in this species either used one sex 

(Anderson et al. 1994; Gosliga & Barter 2015), or did not disclose this information (Ricard-Hibon 

et al. 1998). Moreover, effects of NE in animals with systemic illness or greater degree of 

cardiovascular instability could not be reported as the present study only examined healthy rabbits. 

Only infusion rates up to 1.0 µg kg-1 min-1 were investigated and no significant side effects were 
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observed, response and possible adverse reactions to higher doses of NE warrant further 

investigation. 

 

2.6 Conclusions 

In conclusion, the results of the present study indicate that norepinephrine administered as 

a continuous rate infusion at  0.5 and 1 µg kg-1 min-1 will increase blood pressure and stroke volume 

in a dose-dependent manner and appears to be a safe and effective treatment to manage the 

profound negative circulatory effects of isoflurane in healthy anesthetized rabbits. 

 

  



 

 

53 

 

2.7 Tables and Figures 

Figure 2. 1 Changes in mean (MAP), systolic (SAP), and diastolic (DAP) arterial invasive blood 

pressure (IBP) in healthy isoflurane anesthetized rabbits receiving different increasing doses of 

NE. Low dose (LD) 0.1 µg kg-1 min-1 (n=9), Medium dose (MD) 0.5 µg kg-1 min-1 (n=9) and High 

Dose (HD) 1 µg kg-1 min-1 (n=9) expressed as mean ± SEM.  

 

* denotes significance from preceding baseline (P < 0.05) 
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Figure 2. 2 Changes in heart rate (HR; beats min-1) in healthy isoflurane anesthetized rabbits 

receiving different increasing doses of NE.  Low dose (LD) 0.1 µg kg-1 min-1 (n = 9), Medium 

dose (MD) 0.5 µg kg-1 min-1 (n = 9) and, High dose (HD) 1 µg kg-1 min-1 (n = 9) expressed as 

mean ± SEM.  

 

* denotes significance from preceding baseline (P < 0.05) 
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Figure 2. 3 Stroke volume index (SVI; mL beat-1 kg-1) in healthy isoflurane anesthetized rabbits 

receiving different increasing doses of NE. Low dose (LD) 0.1 µg kg-1 min-1 (n = 9), Medium dose 

(MD) 0.5 µg kg-1 min-1 (n = 9), and High dose (HD) 1 µg kg-1 min-1 (n = 9) expressed as mean ± 

SEM. 

 

* denotes significance from preceding baseline (P < 0.05) 
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Table 2. 1. Cardiovascular variables in New Zealand White rabbits receiving different increasing doses of norepinephrine. Low dose 

(LD) 0.1 µg kg-1 min-1 (n = 9), Medium dose (MD) 0.5 µg kg-1 min-1 (n = 9), and High dose (HD) 1 µg kg-1 min-1 (n = 9).  

Parameter HR 

(beats min-1) 

MAP 

(mmHg) 

SAP 

(mmHg) 

DAP 

(mmHg) 

          CI 

(ml kg-1 min) 

SVI 

(ml beat-1 kg-1) 

Pre-Med 237 ± 45 ND ND ND ND ND 

Baseline 1 261 ± 21 41 ± 5 53 ± 11 33 ± 4 139 ± 22 0.53 ± 0.07 

LD 253 ± 19 43 ± 6 57 ± 8 37 ± 6 130 ± 17 0.52 ± 0.1 

Baseline 2 252 ±12 38 ± 5 51 ± 8 32 ± 3 140 ± 23 0.56 ± 0.09 

MD 230 ± 11 52 ± 12* 69 ± 15* 44 ± 11* 137 ± 25 0.60 ± 0.13 

Baseline 3 236 ± 8 38 ± 8 50 ± 12 31 ± 5* 145 ± 18 0.61 ± 0.06 

HD 196 ± 19* 78 ± 5* 103 ± 6* 65 ± 6* 139 ± 23 0.7 ± 0.08* 

Recovery 229 ± 11 41 ± 8 59 ± 14 33 ± 6 ND ND 

Data expressed as mean ± SD. ND = not determined. * Significant difference with preceding baseline (P < 0.05), ‡ Significant 

difference between baseline measurements (P < 0.05). 
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Table 2. 2 Respiratory and metabolic variables in New Zealand White rabbits receiving different increasing doses of norepinephrine. 

Low dose (LD) 0.1 µg kg-1 min-1 (n = 9), Medium dose (MD) 0.5 µg kg-1 min-1 (n = 9), and High dose (HD) 1 µg kg-1 min-1 (n = 9). 

 

Parameter PaO2 

(mmHg) 

PaCO2 

(mmHg) 

Hb            

(g dL-1) 

CaO2        

(mL L-1) 

DO2I                  

(mL kg min-1) 

Temp    

(℃) 

Pre-Med ND ND ND ND ND 38.3 ± 0.4 

Baseline 1 362 ± 65 42.2 ± 6.1 10.6 ± 0.8‡ 152.6 ± 10.9‡ 21.3 ± 4 38.4 ± 0.5‡ 

LD 371 ± 83 41.8 ± 4.6 10.1 ± 0.5 146.5 ± 8 19.1 ± 3 38.2 ± 0.5 

Baseline 2 387 ± 87 39.5 ± 4.3 9.8 ± 0.5‡ 142.9 ± 9 20.1 ± 4 38.1 ± 0.5 

MD 403 ± 80 41.0 ± 4.6 9.9 ± 0.6 144.7 ± 10 19.7 ± 4 38.0 ± 0.6 

Baseline 3 414 ± 76 42.0 ± 4.6 9.7 ± 0.6‡ 143.4 ± 9 20.8 ±3 38 ± 0.6‡ 

HD 426 ± 100 44.0 ± 4.8 9.7 ± 0.4 143.5 ± 7 19.8 ± 3 37.8 ± 0.6 

Recovery ND ND ND ND ND 37.9 ± 0.7 

Data expressed as mean ± SD. ND = not determined. * Significant difference with preceding baseline (P < 0.05), ‡ Significant 

difference between baseline measurements (P < 0.05). 
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Appendix 1 Cardiorespiratory derived variables.   

Parameter Equation Units 

Cardiac Index 

(CI) 
𝐶𝐼 =

𝐶𝑂

𝐵𝑊
 

mL kg-1 min-1 

Stroke Volume 

(SV) 
𝑆𝑉 =

𝐶𝑂

𝐻𝑅
 

mL beat-1 

Stroke Volume 

Index (SVI) 
𝑆𝑉𝐼 =

𝑆𝑉

𝐵𝑊
 

mL beat-1 kg-1 

Arterial 

Oxygen 

Content (CaO2) 

CaO2= (SaO2 x Hb x 1.34) + (PaO2 x 0.003) mL L-1 

Oxygen 

Delivery Index 

(DO2I) 

DO2= CI x CaO2 /1000 

 

mL kg min-1 

 

CO = Cardiac output; BW = Body weight (kg); HR = Heart rate; SaO2 = Saturation of hemoglobin in arterial blood; Hb = 

Hemoglobin; PaO2= Partial pressure of oxygen in arterial blood. 

 



 

 

59 

 

2.8 References 

Anderson SM, Rich G, Roos C, Lee LP, Lee JS (1994) Fluid restitution and blood volume 

redistribution in anesthetized rabbits in response to vasoactive drugs. Circulation 90, 509-

514. 

Aass H, Skomedal T, Osnes J-B (1983) Demonstration of an Alpha Adrenoceptor-Mediated 

Inotropic effect of Norepinephrine in Rabbit Papillary Muscle. J Pharmacol Exp Ther 

226, 572-578. 

Barter LS, Epstein SE (2013) Cardiopulmonary effects of three concentrations of isoflurane with 

or without mechanical ventilation and supramaximal noxious stimulation in New Zealand 

white rabbits. Am J Vet Res 74, 1274-1280. 

Beloeil H, Mazoit JX, Benhamou D et al. (2005) Norepinephrine kinetics and dynamics in septic 

shock and trauma patients. Br J Anaesth. 95, 782-788. 

Brodbelt DC, Blissitt KJ, Hammond RA et al. (2008) The risk of death: the confidential enquiry 

into perioperative small animal fatalities. Vet Anaesth Analg 35, 365-373. 

Clark-Price S (2015) Inadvertent perianesthetic hypothermia in small animal patients. Vet Clin 

North Am Small Anim Pract. 45, 983-994. 

Craig CA, Haskins SC, Hildebrand SV (2007) The cardiopulmonary effects of dobutamine 

and norepinephrine in isoflurane-anesthetized foals. Vet Anaesth Analg 34, 377-387. 

Dancker C, Hopster K, Rohn, Kastner SB (2018) Effects of dobutamine, dopamine, 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Haskins%20SC%5BAuthor%5D&cauthor=true&cauthor_uid=17696976
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hildebrand%20SV%5BAuthor%5D&cauthor=true&cauthor_uid=17696976


 

 

60 

 

phenylephrine and noradrenaline on systemic haemodynamics and intestinal perfusion in 

isoflurane anesthetized horses. Equine Vet J. 50, 104-110. 

Di Giantomasso D, Morimatsu H, May CN, Bellomo R (2004) Increasing renal blood flow: low-

dose dopamine or medium-dose norepinephrine. Chest 125, 2260-7. 

Eatwell K (2014) Analgesia, sedation and anesthesia. In: BSAVA Manual of Rabbit Medicine 

(1st edn). Meredith A & Lord B (eds). BSAVA, UK. pp. 138-159.  

Fraser MA, Girling SJ (2009) Anatomy and Physiology. In Rabbit Medicine and Surgery for 

Veterinary Nurses. Wiley-Blackwell, Chichester, UK. pp. 15-34. 

Gera N, Armstrong EJ, Golan DE (2017) 11 Adrenergic Pharmacology. In: Principles of 

Pharmacology: the pathophysiologic basis of drug therapy (4th edn). Golan DE, Armstrong 

EJ, Armstrong AW (eds). Wolters Kluwer, Philadelphia, USA. pp. 150–166.  

Guedes AGP (2008) Chapter 11 Support. In: Small Animal Anesthesia and Analgesia. Carroll 

GL (eds). Blackwell Publishing. Iowa, USA. pp. 159-178. 

Gianotti G, Valverde A, Sinclair M, Dyson D, Gibson T, Johnson R (2012) Prior determination 

of baseline minimum alveolar concentration (MAC) of isoflurane does not influence the 

effect of ketamine on MAC in rabbits. Can J Vet Res 76, 261-267.  

Gosliga JM, Barter LS (2015) Cardiovascular effects of dopamine hydrochloride and 

phenylephrine hydrochloride in heathy isoflurane-anesthetized New Zealand White rabbits 

(Oryctolagus cuniculus). Am J Vet Med 76,116-121. 



 

 

61 

 

Hall JE (2016) Guyton and Hall Textbook of Medical Physiology (13th ed). Elsevier 

Philadelphia, USA. 

Haskins SC (2015) Monitoring Anesthetized Patients. In: Veterinary Anesthesia and Analgesia, 

The fifth edition of Lumb and Jones. Grimm, KA, Lamont LA, Tranquilli WJ et al. (eds). 

Wiley Blackwell. Iowa, USA. pp. 86-113. 

Hoeker G, Hood AR, Katra RP et al. (2014) Sex differences in b-adrenergic responsiveness of 

action potentials and intracellular calcium handling in isolated rabbit hearts. PLoS ONE 9, 

e111411. 

Hollis AR, Ousey JC, Palmer L, et al. (2006) Effects of norepinephrine and a combined 

norepinephrine and dobutamine infusion on systemic hemodynamics and indices of renal 

function in normotensive neonatal thoroughbred foals.  J Vet Intern Med 20, 1437-1442.  

Imamura T, Yasuda A, Yamaha K (1988) Changes in arterial norepinephrine concentration 

following intravenous administration in dogs with lung edema. Tohoku J Exp Med 156, 

271-277. 

Insel PA (1989) Structure and function of alpha-adrenergic receptors. Am J Med 87, S12–S18. 

Ito S, Seino M, Yasujima M et al. (1983) Effects of nifedipine on the renal vascular responses on 

blood pressure responses to norepinephrine and angiotensin II in the anesthetized rabbit. 

Tohoku J. Exp. Med 140, 53-58. 

Lee HW, Machin H, Adami C (2018) Peri-anaesthetic mortality and nonfatal gastrointestinal 



 

 

62 

 

complications in pet rabbits: a retrospective study on 210 cases. Vet Anaesth Analg 45, 

520-528. 

Lim K, Burke SL, Armitage JA et al. (2012) Comparison of blood pressure and sympathetic 

activity of rabbits in their home cage and the laboratory environment. Exp Physiol 97, 1263-

1272. 

Meredith A (2014) Biology, anatomy and physiology. In: BSAVA Manual of Rabbit Medicine 

(1st edn). Meredith A & Lord B (eds). BSAVA, UK. pp. 1-12.  

Murrell JC (2015) 9 Adrenergic Agents. In: Veterinary Anesthesia and Analgesia, The fifth 

edition of Lumb and Jones. Grimm Ka, Lamont LA, Tranquilli WJ et al. (eds). Wiley 

Blackwell. Iowa, USA. pp. 183-195. 

Rankin D (2015) Sedatives and Tranquilizers. In: Veterinary Anesthesia and Analgesia, The fifth 

edition of Lumb and Jones. Eds. Grimm Ka, Lamont LA, Tranquilli WJ et al. Wiley 

Blackwell. Iowa, USA. pp. 196-206. 

Ricard-Hibon A, Losser RM, Kong R et al. (1998) Systemic pressure-flow reactivity to 

norepinephrine in rabbits: impact of endotoxin and fluid loading. Intensive Care Med 24, 

959-966. 

Richardson J, Keeble E (2014) Physical examination and clinical techniques. In: BSAVA 

Manual of Rabbit Medicine (1st edn). Meredith A & Lord B (eds). BSAVA, UK. pp. 80-

106. 



 

 

63 

 

Steffey EP, Mama KR, Brosnan RJ (2015) Inhalation Anesthetics. In: Veterinary Anesthesia and 

Analgesia, The fifth edition of Lumb and Jones. Grimm Ka, Lamont LA, Tranquilli WJ et 

al. (eds). Wiley Blackwell. Iowa, USA. pp. 297-331. 

Summa NM, Brandão J (2017) Evidence-based advances in rabbit medicine. Vet Clin North Am 

Exot Anim Pract 20, 749–771.  

Tan C, Govendir M, Zaki S, Miyake Y, Packiarajah P and Malik R, (2004) Evaluation of four 

warming procedures to minimise heat loss induced by anesthesia and surgery in dogs. Aust 

Vet J 82, 65-68. 

Valverde A, Gianotti G, Rioja-Garcia E, Hathway A (2012) Effects of high-volume, rapid-fluid 

therapy on cardiovascular function and hematological values during isoflurane-induced 

hypotension in healthy dogs. Can J Vet Res 76, 99-108.  

Valverde A, Giguere S, Sanchez LC et al. (2006) Effects of dobutamine, norepinephrine, and 

vasopressin on cardiovascular function in anesthetized neonatal foals with induced 

hypotension. Am J Vet Res 67, 1730–1737. 

Valverde A, Morey TE, Hernandez J, Davies W (2003) Validation of several types of noxious 

stimuli for use in determining the minimum alveolar concentration for inhalation 

anesthetics in dogs and rabbits. Am J Vet Res 64, 957-962.  

van den Buuse M, Malpas SC (1997) 24-hour recordings of blood pressure, heart rate and 

behavioural activity in rabbits by radio telemetry: effects of feeding and hypotension. 

Physiol Behav 62, 83-89.  



 

 

64 

 

Vincent CJ, Hawley AT, Rozanski EA et al. (2009) Cardiopulmonary effects of dobutamine and 

norepinephrine infusion in healthy anesthetized alpacas. Am J Vet Res. 70, 1236-1242. 

Weiss SJ, Muniz A, Ernst AA et al. (1998) The physiological response to norepinephrine during 

hypothermia and rewarming. Resuscitation. 39, 189-195. 

Wesche P (2014) Clinical pathology. In: BSAVA Manual of Rabbit Medicine (1st edn). Meredith 

A & Lord B (eds). BSAVA, UK. pp. 124-137. 

Wilson DV, Shih AC, (2015) 5 Anesthetic Emergencies and Resuscitation. In: Veterinary 

Anesthesia and Analgesia, The fifth edition of Lumb and Jones. Grimm Ka, Lamont LA, 

Tranquilli WJ et al. (eds). Wiley Blackwell. Iowa, USA. pp. 114-129. 


	Abstract
	ACKNOWLEDGEMENTS
	Table of Contents
	List of Tables
	List of Figures
	List of Appendices
	List of Abbreviations
	Chapter 1: Literature Review
	1.1 Introduction
	1.2 Objectives and Hypothesis
	1.3 Inhalant Anesthetics
	1.4 Cardiovascular Monitoring During Anesthesia
	1.4.1 Hypotension
	1.4.2  Blood Pressure Measurement
	1.4.2.1 Indirect Method
	1.4.2.2 Direct Method

	1.4.3 Cardiac Output Measurement
	1.4.3.1 Invasive Method
	1.4.3.2 Minimally Invasive Method


	1.5 Sympathomimetics
	1.5.1 Alpha-adrenergic and beta-adrenergic classification
	1.5.2  Dopamine and Phenylephrine
	1.5.3 Norepinephrine

	1.6 Conclusion
	1.7 References

	2 Chapter 2: Cardiovascular Effects of Increasing Doses of Norepinephrine in Healthy Isoflurane-Anesthetized New Zealand White Rabbits
	2.1 Abstract
	2.2 Introduction
	2.3 Materials and Methods
	2.3.1 Animals
	2.3.2 Anesthesia and Instrumentation
	2.3.3 Experimental Design
	2.3.4 Statistical Analysis

	2.4 Results
	2.5 Discussion
	2.6 Conclusions
	2.7 Tables and Figures
	2.8 References


