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Abstract 

Sepsis-induced delayed gastric emptying is a significant clinical problem for patients in intensive 

care units worldwide.  A series of studies were carried out to examine the nature and mechanisms of 

sepsis-induced delayed gastric emptying using a novel mouse model which used a standard food source 

and was devoid of upper gastrointestinal tract trauma and restraint.   

Using this model, lipopolysaccharide (LPS) injection produced a dose-dependent decrease in 

gastric emptying which onset by one hour.  LPS produced an alteration in mouse behavior and 

piloerection at 30 minutes, increased resting respiratory rate at 3 hours, and did not impact body 

temperature.  The onset of sepsis-induced delayed gastric emptying was closer to those centrally-mediated 

clinical signs of sepsis (altered behavior and piloerection) than to the peripherally-mediated clinical signs 

(respiratory rate) suggesting a central mechanism. 

C-Fos activation of the area postrema (AP), the nucleus of the solitary tract (NTS), and the dorsal 

motor nucleus of the vagus (DMV) was examined 30 minutes after LPS injection which is the onset time 

for sepsis-induced delayed gastric emptying.  LPS exposure produced significantly more activated 

neurons in the AP and NTS, and less in the DMV.  These results may suggest a central mechanism with 

the AP and NTS inhibiting the DMV. 

Examination of isolated strips of gastric antrum in a tissue bath showed a decreased contractile 

response to electrical field stimulation and carbachol after injection of LPS.  This occurred at 18 hours 

post LPS injection, but not at 6 hours.  Using the mouse model, sepsis-induced delayed gastric emptying 

was shown to be occurring at 6 hours when no difference in contractility was measurable suggesting 

intrinsic changes are not the cause.   

These studies suggest a new mechanistic paradigm for sepsis-induced delayed gastric emptying in 

which there is a biphasic response.  This involves an initial rapid, centrally-mediated delay in gastric 



  iii

emptying occurring the first hour and followed by an intrinsic tissue-level response several hours later 

characterized by a decrease in gastric muscle contractility. 



  iv

Acknowledgements 

First and foremost I wish to thank my co-supervisors, Drs. Stephen Vanner and Bill Paterson.  

The work represented by this thesis occurred over a number of years owing to my need to maintain 

competency in clinical skill sets while pursuing research, and their patience and long-term support is 

deeply appreciated.  And to Dr. Vanner, a specific thank you for your generosity in both funding, and 

laboratory space, to allow me to fulfill a dream of investigating the nature of the sepsis-induced gastric 

dysmotility.  

I also wish to thank those other researchers at GIDRU and the Department of Biology who have 

served on my committee and/or assisted and advised me along this journey.  My most sincere thank you 

to Dr. Gerry Morris who was part of my committee at the beginning and who after retirement continued 

to be a supporter, to Michael Blennerhassett, whose advice and guidance I drew upon on many occasions 

and whose laboratory members offered great help.  Also thanks to Dr. Michael Beyak for the personal 

assistance, as well as those in his lab, and to Drs. John McLeod, Chris Moyes, and Alan Lomax.  I also 

wish to acknowledge the late Dr. Ivan Beck, whose support and guidance was always appreciated.  To all 

of those researchers at GIDRU, your generous nature, mentoring, and interest in my research has allowed 

this project to be completed.   

I wish to express my great appreciation to all those research associates and friends at GIDRU who 

have assisted me.  To Dr. Ian Spreadbury, words cannot say enough.  The assistance with the drafting of 

figures, the statistical computer programs, and of course the many lunchtime discussions of this work 

over a crossword and a paleo meal.  To Margie O’Reilly, whose constant help and support, from the very 

beginning of the project, was so vital, and who played an important role in the assessment of behavior and 

piloerection.  To Dave Miller whose technical assistance with the water bath experiments was critical.  

And to all those other GIDRU members who helped along the way, including Dr. Sandra Lourenssen, 

Shadi Neshat, Iva Kosatka, Ahmed Kasey, Alaa Al-Helaili , Drew Webster, Donna Daly, Erica DeFoort, 



  v

and Meredith Boccanfuso.  I also want to express my gratitude to Joanne Surette of the Department of 

Biology for the incredible assistance. 

And finally I wish to thank my family.  My wife Lorelei, who carried so much of the family 

responsibilities on her own while my time was devoted to this research, and whose love and support I 

cherish.  And to my children Tristan, Drew, Keiran and Daria who cheered me on. 

I wish to acknowledge the calm, sage and patient guidance of Sparky, who sees without saying, 

and knows without needing to boast. 

This research was supported by a grant from the Canadian Institutes for Health Research grant 

number 394299 (S.Vanner). 



  vi

Table of Contents 

Abstract……………………………………….………………………………………………..… ii 

Acknowledgements……………………………………………………………………………… iv 

Table of Contents………..………………………………………………………………………. vi 

List of Figures……………...………………………………………………………………....… xii 

List of Tables…………………………………………………………..……………………..… xiv 

List of Abbreviations …………………………………………………………………………… xv 

Chapter 1: General Introduction………………..………………….…..………………………..  1 

 1.1: Rationale …………………………………………………………………………..  1 

 1.2: Study Objectives …………………………………………………………………..  6 

  1.2.1: Development of a Novel Mouse Model and Validation ………………..  6 

  1.2.2: Timing of Onset and Comparison to Clinical Signs ……………………. 7 

1.2.3:  Examination of Brainstem Nuclei or Tissue Level Factors ……….…… 7 

  1.2.4: Tissue Bath Studies ……………………………………………….…….. 8 

Chapter 2: Literature Review ...……………………...…………………………………...….… 10 

 2.1: Sepsis ………………………………………………………………………..…… 10 

  2.1.1: Epidemiology of Sepsis  …………………...…………..…………….... 10 



  vii

  2.1.2: Pathophysiology of Sepsis …………………………………………….. 11  

 2.2: Gastric Motility ………………………………………………………………….. 15 

  2.2.1: Physiology of Gastric Motility ………………………………………... 15 

  2.2.2: Fasting and Post-Prandial Gastric Motility …………………………… 17 

  2.2.3: Central Control of Gastric Motility …………………………………… 19 

 2.3: Sepsis and Gastric Motility ………………………………………………..…….  21 

  2.3.1: Background ……………………………….………………………..…  21 

2.3.2: Central Detection of Circulating Cytokines ………………………..…  27 

Chapter 3: Materials and Methods …………..…………...…….………………………..……. 29 

 3.1: Background ……………………………………………………………………… 29 

 3.2: Common Methods for all Chapters ………….……………………………….….. 30 

  3.2.1: Chemicals ...……………………………….………………………..…  30 

  3.2.2: Mice …………………………..………………………. ……………… 31 

3.2.3: Novel Atraumatic Model for Measuring Gastric Emptying in Mice …. 31 

3.2.4: Acclimatization Period ………………………………………………..  32 

3.2.5: Experimental Fasting Period ………………………………………….. 32 

3.2.6: Food Exposure ……………………………………………………...… 32 

3.2.7: Injection of LPS ………………………………………………………. 33 



  viii

3.2.8: Euthanasia …….………………………………………………………. 33 

3.2.9 Determination of Gastric Residual …………………………………….. 34 

3.3: Specific Methods for Chapter 5 Timing of Onset and Clinical Signs ………….... 35 

 3.3.1: Overview ………………………………………………………………. 35 

 3.3.2: Sepsis-Induced Changes in Behaviour ………………………...……… 35 

 3.3.3: Degree of Piloerection ………………………………………………… 37 

 3.3.4: Resting Respiratory Rate ……………………………………………… 37 

 3.3.5: Rectal Temperature …………………………………………………… 37 

 3.3.6: Gastric Emptying ……………………………………………………... 38 

3.4: Specific Methods for Chapter 6: C-Fos Activation in Brainstem Nuclei ….……. 38 

 3.4.1: Pre-Euthanasia Period ………………………………………………… 38 

 3.4.2: Perfusion, Dissection, Preservation and Sectioning of the Brainstem ... 39 

 3.4.3: Avidin Horseradish Peroxidase Immunohistochemical Staining …...… 41 

 3.4.4: Analysis of c-Fos Activated Neurons Using Light Microscopy ……… 45 

3.5: Specific Methods for Chapter 7: Tissue Bath Experiments …………………...… 47 

3.6: Data Analysis ……………………………………………………………………. 52 

Chapter 4: Novel Atraumatic Model for Determining Gastric Emptying …..……...….…...… 54 

 4.1: Introduction ……………………………………………………………………… 54 



  ix

 4.2: Development of Methodology and Results ……………………………………… 59 

  4.2.1: Food Source …………………………………………………………… 59 

  4.2.2: Feeding Method ……………………………………………………….  60 

  4.2.3: Dry Weight and Drying Method …………………………………….… 61 

  4.2.4: Fasting: Gastric Content, Cage Selection and Fasting Duration ……… 62 

  4.2.5: Acclimatization Period ………………………………………………... 65 

  4.2.6: Experimental Protocol for Measuring Gastric Emptying ……………... 66 

  4.2.7: Validation of Experimental Protocol ………………………………….. 68 

 4.3: Results …………………………………………………………………………… 70 

 4.4: Discussion ……………………………………………………………………….. 70 

Chapter 5: Timing of Onset of Sepsis and Comparison to Clinical Signs …….……..…..…… 75 

 5.1: Introduction ……………………………………………………………………… 75 

  5.1.1: Background …………………………………………………………… 75 

  5.1.2: Clinical Signs of Sepsis ………………………………………………. 76 

  5.1.3: Proposed Experiments ………………………………………………... 79 

 5.2: Results ………………………………………………………………………….... 80 

  5.2.1: Gastric Emptying ………………………………………...………….... 81 

  5.2.2: Activity Level …………………………………………………………. 81 



  x

  5.2.3: Degree of Piloerection ………………………………………….…….. 84 

  5.2.4: Resting Respiratory Rate …………………………………….……….. 84 

  5.2.5: Rectal Temperature ……………………………………………..…….. 84 

 5.3: Discussion ……………………………………………………………….………. 88 

Chapter 6: C-Fos Activation of Brainstem Nuclei …………………………..………....…..… 93 

 6.1: Introduction ……………………………………………………………………... 93 

  6.1.1: Background ………………………………………………………...… 93 

  6.1.2: C-Fos Expression …………………………………………………….. 95 

  6.1.3: Immunohistochemistry for Detection of c-Fos Gene Product ……….. 96 

  6.1.4: Proposed Experiments ……………………………………………….. 98 

 6.2: Results ………………………………………………………………………..... 100 

 6.3: Discussion …………………………………………………………………...… 100 

Chapter 7: Intrinsic Contractility of Gastric Smooth Muscle - Tissue Bath Experiments .…. 107 

 7.1: Introduction ……………………………………………………………………. 107 

  7.1.1: Background …………………………………………………………. 107 

  7.1.2: Objectives of Proposed Experiments ……………………………….. 110 

 7.2: Results …………………………………………………………………………. 111 

 7.3: Discussion ……………………………………………………………………… 114 



  xi

Summary………………………………………….………………………………………..…  121 

Literature Cited………………………….………………………………...……………….…  126 

Appendix 1: Nutritional Information Purina Mills Mouse Diet 5015 ……………………….. 146 



  xii

List of Figures 

Figure 1: A graphic representation of the central pathways in gastric motility control …..….… 22 

Figure 2: An overview of the experimental design for experiments in Chapter 5…………….... 36 

Figure 3: A schematic diagram of a sagittal view of the mouse brainstem …………………….. 42 

Figure 4: Schematic representation of the standardized templates …….……………………….. 46 

Figure 5: Experimental protocol for the tissue bath experiments ……………………….……… 48 

Figure 6: Apparatus for tissue bath experiments in Chapter 7 ………………………….……...  50 

Figure 7: Stimulation of isolated full thickness strips ………………………………………...... 53  

Figure 8: Diagrammatic representation of the method for measuring gastric emptying ..……… 69 

Figure 9: Gastric residual for Crl:CD1(ICR) mice  …………………………………..………… 71 

Figure 10: Gastric residual for Crl:CD1(ICR) mice at four different LPS doses ………...…….. 82 

Figure 11: Activity level for Crl:CD1(ICR) mice at four different LPS doses  …...……..……. 83 

Figure 12: Degree of piloerection for Crl:CD1(ICR) mice at four different LPS doses ……...... 85 

Figure 13: Resting respiratory rate for Crl:CD1(ICR) mice at four different LPS doses .……… 86 

Figure 14: Rectal temperature for Crl:CD1(ICR) mice at four different LPS doses …...…....… 87 

Figure 15: An immunoperoxidase procedure for the staining and identification of c-Fos ……… 97 

Figure 16: A representative section of the brainstem of two Crl:CD1(ICR) mice …….….…… 101 



  xiii

Figure 17: A comparison of c-Fos activated neurons in the AP, NTS, and DMV …………… 102 

Figure 18: Representative traces of full thickness mouse antral tissue strips  …...…………… 112 

Figure 19: Contractile response of antral strips to EFS ………………………………….…… 113 

Figure 20: Contractile response of antral strips to carbachol  ………………………………... 115 

Figure 21: Gastric residual for mice just prior to the harvest of gastric tissue strips ………… 116 

 

 

 

 

 



  xiv

List of Tables 

Table 1:  Analysis of gastric residual in six groups of Crl:CD1(ICR) mice …………………… 64 

 

 



  xv

List of Abbreviations 

 

ABC   Avidin-biotinylated Horseradish Peroxidase 

AP    Area Postrema 

AP-1   Activator-protein-1 

ARDS   Adult Respiratory Distress Syndrome 

CGRP   Calcitonin Gene-Related Peptide 

CC   Central Canal 

Cch   Carbachol 

CCK   Cholecystokinin 

CLP   Cecal Ligation and Puncture 

cNOS   Constitutive Nitric Oxide Synthase 

DAB   3,3'-diaminobenzidine 

DMV   Dorsal Motor Nucleus of the Vagus nerve (cranial nerve X) 

DVC   Dorsal Vagal Complex 

ECA   Electrical Control Activity 

EFS   Electrical Field Stimulation 



  xvi

ERA   Electrical Response Activity 

ICU   Intensive Care Unit 

ICC   Interstitial Cells of Cajal 

IL-1   Interleukin-1 

IL-6   Interleukin-6 

iNOS   Inducible Nitric Oxide Synthase 

LPS   Lipopolysaccharide 

MAC   Minimum Alveolar Concentration 

MMC   Migrating Motor Complex 

NBF   Neutral Buffered Formalin 

NF-κB   Nuclear Factor-κB 

NO   Nitric Oxide 

NOS   Nitric Oxide Synthase 

NTS   Nucleus of the Solitary Tract (nucleus tractus solitarii) 

OCT   Optimum Cutting Temperature Medium 

PBS   Phosphate Buffered Saline 

TNF   Tumor Necrosis Factor 

TNF-α   Tumor Necrosis Factor Alpha 



  xvii

TPN   Total Parenteral Nutrition 

SEM   Standard Error of the Mean 

SIRS   Systemic Inflammatory Response Syndrome 

 



  1

Chapter 1 

General Introduction 

 

Rationale: 

There have been incredible advancements in antibacterial treatment of human disease 

since the introduction of antibiotics in the first half of the 20th century.  However, despite these 

achievements, overwhelming systemic infection, or sepsis, remains one of the most significant 

health care issues with respect to morbidity and mortality in human populations.  It is the tenth 

leading cause of death overall, and the leading cause of death in critically ill patients in non-

cardiac intensive care units (ICUs) in North America, Europe, and Australia/New Zealand 

(Vesteinsdottir et al. 2011).  Millions of people worldwide develop severe sepsis annually, with 

nearly one in four dying from it (Dellinger et al. 2008).   The mortality rate for severe sepsis 

ranges from 32 to 54 percent (Vincent et al. 2006), with more than 210,000 annual deaths in the 

United States alone (Moss and Martin 2004). 

Sepsis is one of the triggers of systemic inflammatory response syndrome (SIRS), a 

condition in which a cascade of potent proinflammatory mediators develops in the systemic 

circulation (Essa et al. 2010).  These systemically active molecules make major contributions to 

the physiologic derangement of sepsis, which can lead to shock, organ failure, and even death in 

severe forms (Levy et al. 2003).  The inflammatory mediators involved are numerous, but the 

cytokines interleukin-1 (IL-1), interleukin-6 (IL-6), and tumor necrosis factor (TNF) have been 

specifically implicated (Levi and van der Poll 2010).   

The clinical sequelae of sepsis and the resultant SIRS can include hypotension with low 

systemic vascular resistance, tachycardia, fever, as well as dysfunction in various organs.  
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Although the nature of the sepsis and SIRS-related dysfunction has been elucidated to some 

degree in the heart, liver, kidney, and lung, the effect of sepsis on the gastrointestinal tract has 

been less well studied.  And yet, within the population of septic critically ill human patients, the 

gastrointestinal tract may be one of the most important organ systems to become deranged, and 

the dysfunction of which may initiate a process of events that potentiate the septic process and 

ultimately lead to death (Ukleja 2011).  This can occur via three different mechanisms: 

 i) Firstly, the stomach is normally relatively free of bacteria, a situation produced by a 

combination of the acid production by the parietal cell mass of the stomach and propulsive 

motility which keep the bacteria from the distal GI tract from migrating proximally.  In septic 

patients, there is a dysfunction in gastric motility, and the rhythmic contractions normally seen in 

the gastric antrum become significantly diminished or absent (Hsu et al. 2011).  This sepsis-

induced decreased in gastric motility can predispose the relatively sterile upper gastrointestinal 

tract to bacterial overgrowth (Husebye 2005).  This bacterial overgrowth is implicated as the 

cause of the secondarily acquired pneumonias seen in septic patients, likely through a process of 

microaspiration whereby minute volumes of gastric reflux migrate retrograde through the 

esophagus to colonize the airways of the lung (Orozco-Levi 1995).  This is especially prominent 

in supine critically ill patients who are often on life support for weeks or months in cases of 

severe sepsis.  These secondarily-acquired pneumonias are common, especially in patients who 

require mechanical ventilation to support respiration.  Termed ventilator-associated pneumonia, 

this secondary infection can occur in up to 40% of septic patients requiring mechanical 

ventilation (Muscedere et al. 2008).  They contribute greatly to the physiologic burden of the 

sepsis on the patient, and likely are an important factor in those patients who do not survive 

(Joseph 2010). 

ii) Secondly, and perhaps most importantly, with altered gastric motility due to the septic 

process it becomes exceedingly difficult to achieve adequate nutrition in these patients, and 
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between 50 and 70 percent of these patients may be malnourished (Wischmeyer and Heyland 

2010).  Sepsis, when severe and associated with SIRS, can result in patients remaining on life 

support for prolonged periods of time.  This long period of life support necessitates the 

administration of nutritional support as the patients are sedated and unable to eat on their own.  

As well, with the hyperdynamic physiologic state produced by severe sepsis, these patients often 

have increased nutritional needs when compared to the non-septic state.  

In general there are two types of nutritional support available to critically ill patients, 

enteral formulations and total parenteral nutrition (TPN).  In enteral nutrition, a liquid nutritional 

formulation is pumped into the gastrointestinal tract, often using a feeding tube passed from the 

nose or mouth.  Nutrients are then absorbed through gastrointestinal tract in the normal 

physiological fashion.  TPN involves a carbohydrate, protein and lipid formulation that is 

delivered intravenously, bypassing the GI tract entirely.  Evidence has shown that enteral 

nutrition is a superior form of nutrition for septic patients as direct feeding into the gut has a 

number of advantages over intravenous feeding, and decreased potential risks and complications 

(Thibault and Pichard 2010).  Enteral nutrition is more physiologic, may help maintain or restore 

intestinal trophicity, may improve gut-barrier function, and has been associated with a reduced 

risk of infectious complications compared to TPN (Heyland et al. 2003a, Dissanaike et al. 2008).  

As well, total parenteral nutrition is associated with a number of complications including 

hyperglycemia, hypertriglyceridemia, liver steatosis, endocrine dysfunction, impairment of 

immunity, infections, and increased mortality (Jeejeebhoy 2001), and has been called a “poison 

therapy” for critically ill patients (Marik and Pinsky 2003, Ziegler 2009).  Enteral nutrition is the 

recommended method of nutrition for septic patients to decrease morbidity and enhance chances 

of survival.  As a result of all this evidence, studies consistently show that enteral nutrition is the 

feeding source of choice by a majority of ICU physicians, with 88% of ICU patients in Canada 

receiving their nutrition in the form of enteral nutrition (Heyland et al. 2003b).  
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 Owing to the fact that most of the septic ICU patients receive enteral nutrition, altered 

gastric motility can significantly impair the ability to reach nutritional targets.  This results 

because in the vast majority of cases the feeding tube delivering enteral nutrition, which 

originates at either the nares or mouth, has its distal end in the stomach.  A much smaller 

proportion of these feeding tubes traverse the pylorus.  Feeding directly into the duodenum could 

potentially overcome the effects of sepsis induced delayed gastric emptying, but it has proven to 

be a more technically difficult procedure. Numerous methods do exist to place enteral feeding 

tubes through the pylorus.  Unfortunately experience has shown these methods are invasive, time-

consuming, expensive, and technically difficult, and consequently are used infrequently (Powers 

et al. 2003, Samis et al. 2004a, Samis et al. 2004b).  As such, a larger percentage of ICU patients 

receive their enteral nutrition directly into their stomach, including 84% of ICU patients in 

Canada (Heyland et al. 2003b).  By this very arrangement, these patients are dependent on gastric 

motility to maintain nutrition. 

Delayed gastric emptying has been reported to occur in 32% of all critically ill patients as 

a whole and 46% of septic patients (Mentec et al. 2001).  This results in the stomach remaining 

distended and full of enteral nutritional liquid, with only a small percentage of the feeding 

solution passing through the pylorus for digestion owing to absent gastric antral contractions.  

Eventually the stomach fills entirely, at which time the feeding solution is at risk of refluxing 

retrograde through the esophagus and causing aspiration.  At this point the feeding is stopped by 

ICU staff until gastric motility can return, thereby leaving the patient with no nutritional support 

in the interim.  This is termed feeding intolerance, and leads to malnutrition and worse clinical 

outcomes (Heyland et al. 2003a).  Malnutrition has incidences as high as 43% in the critically ill 

population, and this malnutrition increases length of hospitalization, incidence of complications, 

and correlates with poorer outcome (Giner et al. 1996).   Feeding intolerance has been associated 

with a 16-fold increase in the risk of death (Gatt and MacFie 2007) 
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Therefore, the harsh reality of modern ICUs is that precisely because of a feeding 

arrangement in which the majority of patients receive enteral nutrition into their stomach, sepsis-

induced delayed gastric emptying has such a significant clinical impact.  Add to this the fact that 

patients with severe sepsis commonly require life support for weeks to months, at higher than 

average nutritional needs, and the full clinical impact of sepsis-induced delayed gastric empting is 

manifested.  Maintaining adequate nutrition can become a significant clinical dilemma.   

iii) The third manner in which sepsis-induced delayed gastric emptying can impact 

morbidity and mortality in sepsis is through the impact on gut barrier function which results in 

translocation of gut bacteria, and a second wave of sepsis (Moore et al. 1992).  The GI tract is 

now recognized to play a key role in the initiation and perpetuation of the inflammatory response 

associated with sepsis.  The enterocytes not only are involved in digestion of food, but they keep 

the plethora of enteric bacteria that inhabit the gut from entering the body proper.  Unlike other 

cells, the bloodstream does not supply the entire nutrient demands of the enterocyte, but rather 

they receive some important factors directly from the intestinal lumen.  As such, the sepsis-

induced delayed gastric emptying experienced by septic patients in ICU settings prevents the 

movement of tube-fed nutrition through the lumen of both small intestine and colon, and the 

enterocytes receive inadequate nutrition.  It has been shown that under such conditions enteric 

bacteria translocate across the gut and into the blood stream.  This so called “second hit” provides 

conditions in which enteric bacteria can translocate into the bloodstream and produce second and 

further waves of sepsis, prolonging the disease process, increasing complications, and decreasing 

survival (Kudsk et al. 1996). 
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Study Objectives: 

As described above, sepsis-induced delayed gastric emptying represents an important 

clinical entity, and greatly impacts the treatment of sepsis, the most common disease in ICUs 

worldwide.  Yet despite this significant impact, there remains no treatment for this condition.  

Before a treatment can be developed the specific mechanisms which underlie sepsis-induced 

delayed gastric emptying need to be understood, and this basic foundation for the development of 

therapy has not yet been determined.  The objective of this thesis was to 1) develop a model for 

measuring gastric emptying in mice which is atraumatic and utilizes natural feeding behavior, and 

2) to use this mouse model to begin characterizing the pathophysiological mechanisms involved 

in sepsis-induced delayed gastric emptying.  This was conducted in a series of separate studies 

represented by different chapters.  These studies looked at the time of onset of delayed gastric 

emptying in sepsis, a comparison to other clinical signs of sepsis, an in vitro examination of 

isolated tissues, and the examination of specific brainstem nuclei which may be associated with 

sepsis-induced delayed gastric emptying.   

Development of a Novel Mouse Model and Validation: 

The first step in this series of studies was to develop a novel mouse model for the 

examination of gastric emptying.  Being atraumatic and involving the normal physiologic 

mechanisms of eating and swallowing, the potential confounding influences of upper GI tract 

trauma were removed, and the model was especially well suited for the accurate determination of 

time of onset.   

Following the development of the model, the next objective was the use of this model in 

a condition of simulated sepsis to determine the impact of sepsis on gastric emptying, and to 

verify that this new model was capable of measuring such effects.  This served as a validation of 

the model required prior to the commencement of more detailed studies.   
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Timing of Onset and Comparison to Clinical Signs: 

Once the novel model had been developed and was shown to be capable of accurately 

measuring sepsis-induced delayed gastric emptying, the next objective was to determine the time 

of onset of sepsis-induced delayed gastric emptying and to compare it with the onset of several 

other clinical signs of sepsis.  This comparison provided some evidence as to whether the 

mechanism of action is most likely centrally-mediated, or results from a tissue-level effect.  

Several signs of severe sepsis, specifically sickness behavior and piloerection, are known to be 

centrally-mediated and consequently occur rapidly due to the initiation through neural pathways.  

Other clinical signs of sepsis take longer to manifest owing to the slower process of gradually 

increasing cytokine levels and the subsequent tissue level effects of these cytokines.  To date 

there have been no studies that examine the onset of sepsis-induced delayed gastric emptying in 

the context of other signs and symptoms of sepsis.   

Examination of Brainstem Nuclei or Peripheral Tissue-Level Factors: 

Following the investigation of the timing of onset above, a series of studies was carried 

out determined by the outcome of the timing of onset experiments.  Because the onset of sepsis-

induced delayed gastric emptying was rapid and temporally associated with those known 

centrally-mediated signs of sepsis, it suggested a central mechanism, and further studies to 

elucidate the nature of this mechanism were carried out focusing on the central nervous system 

and the nuclei of the central nervous system.  Tissue bath experiments were also be carried out on 

isolated gastric tissue looking at intrinsic contractile responses (see below), but no further tissue-

level examinations were carried out as the focus was on a central mechanism. 

If the timing of onset had been more in keeping with a slower non-centrally mediated 

response, then further investigations focusing on the induction of local tissue-level responses 
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would have been carried out beyond the tissue-bath experiments.  Those experiments would have 

explored the role of nitric oxide in the gastric tissue using knock-out mice. 

Tissue Bath Studies: 

The final set of experiments were a series of in vitro tissue bath studies.  These studies 

utilized gastric tissue taken from those animals exposed to LPS and compared it to tissue from 

control animals.  By using the novel mouse model developed for this thesis, and incorporating the 

timing of onset information, it was possible to make in vitro comparisons of isolated tissue after 

sepsis-induced delayed gastric emptying has been proven to be occurring in the whole organism.  

Through the comparison with control animals, any tissue level effects were determined.  To date 

there are no studies which make a determination of  in vivo sepsis-induced delayed gastric 

emptying in the whole organism prior to sampling tissue for tissue bath analysis. 

In summary, sepsis-induced delayed gastric emptying is a significant clinical problem for 

human patients in ICUs worldwide, a significance brought about by two specific facts.  The first 

is that sepsis is an extremely common condition.  The second is that the technical aspects of 

feeding ICU patients mean that vast majority of patients receive their nutrition via the stomach 

and this arrangement of nutritional support results in a dependency on gastric motility to maintain 

adequate for nutrition.  To date there is an inadequate understanding of the nature and 

mechanisms of sepsis-induced delayed gastric emptying, and it was proposed that in a series of 

studies in support of this thesis this was examined by:  1) developing an atraumatic mouse model 

to examine sepsis-induced delayed gastric emptying, 2) using this model to examine gastric 

emptying with intravenous injection of LPS to simulate sepsis, 3) assessing the time of onset of 

sepsis-induced delayed gastric emptying and compare it to other signs of sepsis to attempt to 

elucidate some information with respect to mechanism, 4) examining in vitro tissue samples using 

the model to verify that sepsis-induced delayed gastric emptying is occurring before tissue 



  9

harvest, 5) using evidence supplied by time of onset results to further investigate mechanisms by 

either focusing on the central nervous system or tissue level studies. 
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Chapter 2 

Literature Review 

Sepsis: 

Epidemiology of Sepsis: 

In 1991 a panel of international experts reached a consensus definition of severe sepsis, 

that being “the presence of infection, a systemic inflammatory response, and acute organ 

dysfunction” (American College of Chest Physicians 1992).   Septic shock was subsequently 

defined as severe sepsis with hypotension.  Sepsis soon became one of the defining diseases of 

critical care medicine, and led to an explosion of research.  Great gains were made in the 

understanding of the pathophysiology of this disease process, and millions of dollars were spent 

on large multi-centred clinical trials evaluating novel agents.  Despite this focus, after more than a 

decade with sepsis at the forefront of critical care, few treatments have resulted from this myriad 

of research studies, and the incidence of severe sepsis has increased annually. 

Today sepsis remains a major health problem, with an annual incidence of 50-100 cases 

of severe sepsis per 100,000 people in developed countries, a rate which has increased by 8.7 

percent per year from 1979 to 2000 (Linde-Zwirble and Angus 2004).  Sepsis was the 13th leading 

cause of death in the U.S. in 1990’s, but increased to the 10th leading cause of death by 2003 

(Martin et al. 2003).  Sepsis plays a role in two percent of all hospital admissions, and the length 

of stay for those patients with severe sepsis is long producing enormous economic burden.  Each 

patient admitted with sepsis incurs a direct healthcare cost of $50,000 USD per patient for a total 

estimated yearly cost for treatment of sepsis in the U.S. of $16.7 billion USD (Martin et al. 2003). 
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In an intensive care unit (ICU), sepsis is one of the most common disease processes 

encountered.  It occurs in approximately 75% of all ICU admissions, and severe sepsis accounts 

for as much as 50% of all ICU bed days (Dombrovskiy et al. 2007).  Sepsis is the number one 

cause of mortality in non-cardiac ICU’s across developed nations.  Despite advancements in care 

from 1990 to present, there has been an increase in organ dysfunction associated with sepsis, 

including dysfunction of the GI tract.  Organ dysfunction associated with sepsis increased from 

26% to 44% over the period of 1993 to 2003 (Vesteinsdottir et al. 2011). 

Pathophysiology of Sepsis: 

 In the first half of the twentieth century, prior to the advent of antibiotic therapy, sepsis 

was viewed merely as the growth of micro-organisms in the host.  However, the lack of resolution 

of sepsis with the discovery of antimicrobial therapy and the elimination of infecting micro-

organisms caused a shift in the etiologic paradigm.  In the second half of the twentieth century it 

was believed that sepsis merely represented an exaggerated, hyper-inflammatory response, with 

patients dying from inflammation-induced organ injury.  However, a series of recent studies 

indicate a substantial heterogeneity in the inflammatory response, with some patients appearing 

immuno-stimulated, whereas others appear immune-suppressed (Remick 2007).  Sepsis is now 

understood to be a disorder characterized by the aberrant production of inflammatory mediators 

which in turn impose diffuse cellular changes across multiple organs.  Some cells become over 

active, such as neutrophils, which remain activated for an extended time. However other cells 

have decreased function in sepsis, such as accelerated lymphocyte apoptosis (Wesche et al.  

2005).   

One of the most important changes in the approach to sepsis came from the 1992 

consensus conference on sepsis which defined the concept of the Systemic Inflammatory 

Response Syndrome (SIRS).  This concept resulted from the observation that the lethally-altered 
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pathophysiology of sepsis could be present without blood cultures showing any microbial 

infection.  SIRS was defined as specific alterations in body temperature, heart rate, respiratory 

rate, and white blood cell count (American College of Chest Physicians 1992).   Sepsis then 

merely becomes SIRS induced by an infection, and it became understood that other non-infective 

triggers could produce SIRS such as burns, pancreatitis, and prolonged surgery (Opal and LaRosa 

2009). 

Alterations in endogenous inflammatory mediators represent the basic change that drives 

sepsis/SIRS.   An appropriate inflammatory response eliminates the invading microorganisms 

without causing damage to tissues, organs, or other systems, while an aberrant inflammatory 

response manifests as SIRS and organ dysfunction.  An important part of this aberrant response is 

the over-expression of certain key cytokines, and the first over-expressed inflammatory mediator 

which became associated with the septic response was tumor necrosis factor alpha (TNF).  It was 

shown that increased levels of TNF were correlated with a decreased survival in sepsis (Waage et 

al. 1987), and this was coupled with the observation that TNF injected into experimental animals 

produces widespread systemic changes and tissue injury similar to that found in sepsis (Tracey et 

al. 1986).   

Since those initial discoveries, excessive expression of TNF has now been shown to play 

a central role in the hyper-inflammatory response of severe sepsis, and over expression of several 

other inflammatory mediators also play a part in the septic response (Remick 2007).  Interleukin-

1 (IL-1), which induces TNF release from endothelial cells, and interleukin-6 (IL-6), which 

induces fever and an acute phase response, are also know to play a key role (Goldbach-Mansky et 

al. 2006, Remick 2007). 

 Infection at any site in the body can produce severe sepsis.  Bacteria are the most 

commonly-associated pathogens, although fungi, viruses, and parasites can also cause sepsis 
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(Hotchkiss and Karl 2003).  Severe sepsis is initiated by the immune system’s response to some 

component of the invading pathogen.  This can be the outer membrane component of gram-

negative organisms (LPS) or the similar outer component in gram-positive organisms 

(lipoteichoic acid, peptidoglycan).  Fungal, viral, and parasitic components also can initiate 

severe sepsis (Balk et al. 2001).   

These initiating components of invading pathogens initiate sepsis by signaling the over-

expression of certain key cytokines through a family of transmembrane receptors known as Toll-

like receptors.  This response takes place within a pivotal cell in the inate immune system called 

the monocyte.  On the surface of monocytes are found Toll-like receptors, transmembrane 

proteins that detect invading pathogens by binding to conserved, microbially-derived molecules.  

These molecules, called pathogen-associated molecular patterns (PAMPs), represent molecules 

from a wide range of invading pathogens including LPS of gram negative bacteria (TLR4), 

Flagellin (TLR5), bacterial DNA of gram positive bacteria (TLR9) as well as RNA from viruses 

(TLR2,4,7,9), and glycolipids and proteins from protozoa and fungi (TLR 2,6,11; West et al. 

2006).    

The Toll-like receptors activate nuclear factor-κB (NF-κB)  which leads to the production 

of proinflammatory cytokines, TNF-α, and IL-1.  TNF-α and IL-1 lead to the production of toxic 

downstream mediators, including prostaglandins, leukotrienes, platelet-activating factor, and 

phospholipase A2 (Medzhitov 2001).  These mediators cause damage to the endothelial lining 

producing capillary leakage in organs of the body.  In addition, these potent mediators lead to the 

production of specific adhesion molecules on endothelial cells and neutrophils which cause 

interaction between these cells.  This leads to further endothelial injury through the release of the 

components of the neutrophil (Nanthan 1987, Remick 2007).  And finally, the activated 

neutrophils release nitric oxide, a potent vasodilator that leads to a decrease in blood pressure 

through decreased systemic vascular resistance, and results in septic shock (LaRosa 2002).  
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Therefore, sepsis/SIRS is a hematogenously-driven process in which the interaction of the 

endothelium with the immune system is a major component. 

Organ dysfunction is the result of this propagating circulating cytokine storm.  When the 

lung is affected, it produces a condition called acute respiratory distress syndrome (ARDS, 

Umberto Meduri et al. 2011), when the kidneys are affected, acute renal failure results.  Altered 

cardiac performance is the impact of sepsis on heart, and there are even septic effects on the brain 

producing delirium and encephalopathy (Iacobone et al. 2009).  All the organs of the body can 

become affected by the circulating cytokines, and this includes the gastrointestinal tract.  One of 

the major effects impacting the gastrointestinal tract is the disturbance in motility.  In comparison 

the research done on other organs systems such as the pulmonary and cardiac, there is a much 

more limited body of literature concerning the effects of sepsis on the gastrointestinal tract. 

In research animals, the study of septic shock is carried out using models of sepsis which 

mimic the effects mentioned above.  Commonly this involves injection of purified bacterial 

lipopolysaccharide (LPS) rather than whole bacterial organisms.  It has the advantage of 

producing a reproducible sepsis-like syndrome without the potential complexities and non-

standard responses associated with whole live bacterial organisms.  LPS is the major component 

of the outer membrane of Gram-negative bacteria and a potent activator of the immune system.  

LPS injection is a standard research method for simulating sepsis as at a molecular level, as LPS 

is a major trigger that produces the physiologic changes associated with gram negative septic 

shock.   LPS is known to bind to CD14 and Toll-like receptor 4 on the surface of macrophages, 

monocytes, neutrophils and lymphocytes thereby triggering the production of inflammatory 

cytokines and bioactive molecules including TNF, interleukin-1, interleukin-6, platelet-activating 

factor, and nitric oxide (Avontuur et al. 1996, Underhill and Ozinsky 2002).  This results in a 

myriad of changes to the physiology of the animal.  These can include alterations in body 

temperature, heart rate, blood pressure, behaviour, the onset of piloerection, and an increase in 
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respiratory rate, as a sepsis-like syndrome develops.  In addition to changes in clinical signs, the 

administration of LPS in animal models also produces disturbances in GI motility, including 

altered motility of the stomach and small intestine (Cullen et al. 1995). 

 

Gastric Motility: 

Physiology of Gastric Motility: 

Anatomically, the stomach has four distinct areas, the cardia, fundus, body (corpus), and 

pyloric region made up of the antrum and pylorus.  Functionally, however, it has only two 

physiologically distinct motor areas: the proximal stomach and the distal stomach. The proximal 

stomach possesses slow, sustained contractions, and has a key role in regulating intra-gastric 

pressure and gastric emptying of liquids.  This area has been termed the gastric reservoir.  The 

distal stomach, with its peristaltic contractions, has a major role in mixing, trituration, and 

emptying of solids.  This area has been termed the gastric pump (Cullen and Kelly 1993, Rotas et 

al. 2011).  The proximal reservoir consists of the entire fundus and the proximal one third of the 

body, while the distal pump is represented by the distal two thirds of the body, and the antrum.  

The pyloric sphincter at the distal end of the stomach represents the final gate which regulates 

flow to the duodenum. 

The smooth muscle activity of the stomach is modulated by three distinct influences, 

namely myogenic, neural and hormonal (Tack and Janssen 2011).  Gastric smooth muscle 

possesses an intrinsic myogenic contractility, and this forms the fundamental basis of gastric 

motility.  These contractions occur in the absence of any other external input.  The periodic 

occurrence of grouped contractions in the stomach and small intestine has been known since the 

19th century (Wingate 1981).  In most mammalian species, smooth muscle cells of the distal two 
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thirds of the stomach, the gastric pump, show periodic oscillations of membrane potential called 

electrical control activity (ECA).   During this oscillation of membrane potential, if the 

depolarization surpasses the threshold level, the smooth muscle contracts.  This is called electrical 

response activity (ERA).  In most instances, however, the cyclical ECA is not associated with a 

smooth muscle contraction, and it requires an additional influence to occur.  This can include the 

release of a neurotransmitter from the nerves innervating the muscle layers, or the release of an 

appropriate endogenous substance such as a hormone from another source, and these additional 

factors are generally necessary to increase the amplitude of depolarization beyond the excitation 

threshold level.  Therefore, the neural and chemical control mechanisms often determine whether 

a contraction will or will not occur at a given site, and the ECA determines the point in time at 

which the contraction occurs, the maximum frequency of the contract, and the temporal 

relationship between individual contractions at adjacent sites (Sarna and Otterson 1988, Rotas et 

al. 2011). 

These gastric slow waves are paced by the interstitial cells of Cajal (ICC), which are 

specialized cells located thoughout the gastric tissue.  The ICC facilitate the coordination and 

propagation of the electrical activity within the gastric smooth muscle cells.  The propagation of 

this slow wave is slightly faster along the greater curve than the lesser curve such that the signal 

arrives at the pylorus in a synchronized fashion (Rotas et al. 2011). 

The neural regulation of gastric motility is derived primarily from the intrinsic gastric 

myenteric plexus, with parasympathetic input from vagal efferent nerves, and sympathetic input 

from splanchnic nerves.  This neural influence can produce an inhibitory or stimulatory influence 

on gastric motility.  As well, a large number of hormones known to influence gastric motility, 

including the stimulatory hormones gastrin, ghrelin, and motilin, and inhibitory hormones of 

cholecystokinin, glucagon, glucagon-like peptide 1, peptide YY, secretin, and somatostatin 

(Rostas et al. 2011). 
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Fasting and Post Prandial Gastric Motility: 

 Gastric motility has two general patterns; that which occurs during fasting, and post-

prandial motility.  The fasting gastric motility comprises cyclic myoelectric activity in the form of 

a contractile wave which occurs at regular intervals.  While, the ECA and subsequent ERA relate 

to the control of individual contractions, the term cyclic motor activity refers to overall patterns of 

groups of contractions.  Cyclic motor activity is a regularly occurring group of contractions in the 

fasted state of most non-ruminants, with its electrical counterpart known as cyclic myoelectric 

activity (Szurszewski 1969, Sarna 1988).  In the stomach, while the proximal stomach undergoes 

tonic contraction, this gastric slow wave produces coordinated peristalsis of the stomach 

sweeping distally, and for this reason is called the migrating motor complex cycle. (MMC cycle). 

The MMC cycle is divided into four well-defined phases (Szurszewski 1969, Carlson et 

al. 1972).  Phase I has little or no contractile activity and is also called the quiescent phase.  Phase 

II has irregular contractions while phase III has the greatest contractile activity.  Phase III is 

followed by a brief interval of intermittent contractions called Phase IV.   In the stomach, phase 

III has the maximal contractile activity when compared to the other phases of the MMC cycle, but 

the gastric smooth muscle generally does not contract at the maximal possible rate as determined 

by the frequency of ECA.  Phase III of the MMC cycle recurs at a regular frequency, and serves 

to clear the upper gastrointestinal tract of nondigestible material between meals (Cullen et al. 

1996).   In contrast to this, however, the pattern of gastric motility following food consumption is 

very different. 

After feeding, the fasting cycle of MMC’s is interrupted and a new pattern of 

postprandial intermittent contractions is established.   This occurs a short period after the initial 

ingestion of food, five to ten minutes in humans, and the fasting pattern of MMCs gives way to 

characteristic post-prandial pattern of gastric motility (Tack 2007).  In response to swallowing, 
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there is a relaxation of the proximal gastric smooth muscle, a reflex termed ‘receptive relaxation’.  

This leads to an expansion of the proximal gastric volume in response to food, a process referred 

to as ‘gastric accommodation’.  These processes occur via stimulatory vagal input, as well as 

intrinsic and vasovagal reflexes in response to stretch.  The result is the expansion of the proximal 

stomach to provide temporary storage for the contents of a meal, without an increase in 

intragastric pressure (Barrett 2011). 

When food reaches the stomach, the myenteric plexus releases signals which in turn 

stimulate the gastric membrane potential to undergo an absolute increase in magnitude (Tack 

2007).  Once threshold potential is reached, an action potential results in a contraction in the 

distal stomach. In the post-prandial state, neurotransmitters from extrinsic neurons act to 

modulate the amplitude of these action potentials to create motility.  Acetylcholine released from 

the vagus nerve is the excitatory neurotransmitter eventually enhancing the antral contractile 

waves through effects post-ganglionic neurons, while the inhibitory neurotransmitters like 

norepinephrine, nitric oxide, and vasoactive intestinal peptide are withheld from release from 

splanchnic neurons (Wood 2008). 

The peristaltic wave of the gastric pump begins at the mid body, at the gastric pacemaker, 

and progresses along the body toward the pylorus.  Initially, contractions are irregular in 

magnitude and frequency in the distal stomach, a pattern that is similar to phase II of the MMC.  

Even during the peak period of post-prandial antral peristalsis, only about half of the gastric slow 

wave potentials reach threshold for contraction.  With each contraction, the food content in the 

antrum lags behind the progression of the peristaltic wave as a result of the frictional forces 

against the gastric wall.  In this way, larger food particles are forced proximally to allow for 

increased exposure to these mixing forces until they are reduced to an adequate size. This effect 

produces a size-related separation in the solid component of the chyme (Tack 2007). 
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The rate of gastric emptying is influenced by the caloric content of the food consumed.  

This allows for the optimal absorption within the small intestine by regulating the rate of delivery 

of food through the pylorus.  In humans, the rate of gastric emptying is tightly controlled to allow 

the delivery of 1 to 4 kilocalories per minute to the proximal small bowel (Khoo et al. 2010).  As 

a consequence, because of caloric content fats empty slower than either carbohydrates or proteins.  

As well, in the presence of intraluminal fat and protein cholecystokinin (CCK) is released from 

the small intestine resulting in an inhibition of gastric emptying (Wood 2008).  There are a 

number of other factors that influence gastric emptying rate, and these include stress, intense 

exercise, decreased temperature of the luminal contents, pH, and hypertonic or hypotonic 

solutions (Mishima et al. 2009).  

In summary, the stomach has two distinct physiological motor areas, the proximal 

stomach which acts as a gastric reservoir, and the distal stomach which is the gastric pump.  And 

there are two generalized patterns of motility in these areas, the fasting pattern of regular MMC’s 

which serve to clear secretions and non-digested material between meals, and the post-prandial 

pattern involved with accommodation of the meal, the mixing of consumed food, and the 

controlled delivery of the consumed food to the duodenum.  These motility patterns are 

influenced by neural and hormonal factors.  

Central control of gastric motility: 

 Within the gastrointestinal tract, the small intestine and colon are capable of a large 

degree of independent neural function.  The stomach, however, is dependent upon descending 

neural input from the brainstem for overall function, much more than the small intestine or colon.  

This central nervous system control over physiologic activity, which includes gastric motility, is 

mediated by both sympathetic and parasympathetic pathways. The dorsal vagal complex (DVC) 
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of the hindbrain contains the basic neural circuitry of the central control of gastric function 

(Rogers et al. 2006).   

 The parasympathetic motor supply to the stomach is provided via the vagus nerve (vagal 

efferents) with the cell bodies for the majority of these neurons resting in the dorsal motor 

nucleus of the vagus nerve (DMV, Shapiro and Miselis 1985). The DMV is a paired structure, left 

and right, which lies adjacent to the central canal in the dorsal medulla.  It contains approximately 

20,000 efferent neurons.  These vagal efferents innervate virtually every organ within the 

abdominal cavity, but innervation of the stomach is by far the densest.  Vagal efferent fibers fan 

out throughout the entire gastric myenteric plexus such that the stomach is under coordinated 

control of the DMV, and these cell bodies represent a substantial portion of the entire DMV.  

Central control of gastric function is sufficiently significant that transection of the vagus nerve 

markedly inhibits digestive function of the stomach.  Specifically, vagotomy causes a dramatic 

reduction in secretory function, a reduction in fundic reservoir function, and depression of antral 

motility.  The impacts on motility of vagal transection result because vagal stimulation from the 

DMV leads to relaxation of the fundus and increased tone and contraction in the antrum, as 

confirmed by experiments involving electrical stimulation of the vagus nerve (Roman and 

Gonella 1987). 

 The vagal pathway originating in the DMV and innervating the stomach, which exerts an 

excitatory effect on gastric motility, has been demonstrated by several studies to be the result of 

cholinergic preganglionic neurons utilizing nicotinic receptors.  In addition, the principal 

postganglionic neurons in this pathway are also cholinergic in nature, acting on muscarinic 

receptors in the gastric smooth muscle (Roman and Gonella 1987, Rogers et al. 2006).   

Together with this excitatory pathway there is also known to be vagal inhibitory action on 

gastric motility and tone, although not on secretion.  A number of studies suggest a non-
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adrenergic, non-cholinergic pathway in this inhibition, with the leading candidates mediating this 

connection being nitric oxide and vasoactive inhibitory peptide, although adenosine and serotonin 

have also been implicated (Hermann and Rogers 2008).  In addition to this vagal inhibitory 

pathway, there are also sympathetic inhibitory effects on the stomach.  The sympathetic effect 

involves a decrease in gastric motility, but whereas sympathetic input to the intestine produces 

profound inhibition of motor function, the gastric effects are much less significant, and likely 

secondary to the vagal inhibitory pathways (Rogers et al. 2006).  A summary of the body of 

literature establishing these central pathways involving gastric motility is found in Figure 1. 

 

Sepsis and Gastric Motility:  

Background: 

 Since it was first demonstrated that the injection of endotoxin produces an alteration in 

gastric motility in 1963 by Turner and Berry of the University of Pennsylvania, several 

investigators have examined this phenomenon (Turner and Berry 1963).  The first serious work in 

the area came from the veterinary sciences where gastric stasis produced in ruminants with febrile 

illness is known to affect growth and productivity in farming.  Van Miert published a number of 

studies between 1966 and 1987 in goats and sheep (van Miert 1966, van Miert 1971, van Miert 

1977, van Miert 1987).  This work included determinations that adrenalectomy and alpha and 

beta blockade had little effect in preventing sepsis-induced delayed gastric emptying, and also 

noted the limited effect of non-steroidal anti-inflammatory drugs in reducing the delay in gastric 

motility.  Further work with sheep carried out by Duranton and Bueno in Toulouse, France 

produced the first studies attempting to seek a mechanism of sepsis-induced delayed gastric 

emptying (Duranton and Bueno 1984). 
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Figure 1:  A graphic representation the central pathways involved in gastric motility control 

created from the findings of several studies (Gross et al. 1991, Hermann et al. 2003, Rogers et al. 

2006, Hermann and Rogers 2008, Hermann and Rogers 2009) 
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The examination of sepsis-induced delayed gastric emptying received more serious 

research interest in the 1990’s with the realization of the important role that this condition plays 

in the nutrition of human patients with medical illness (Frantzides et al. 1992, Bower et al. 1995).  

The work of Cullen, and several other authors which followed, made significant contributions in 

this area (Cullen et al. 1996).  And within this body of literature several authors have undertaken 

studies to attempt to determine the physiologic mechanisms underlying sepsis- induced delayed 

gastric emptying.  Despite this work, however, currently the nature of the mechanisms involved is 

not clear.  Two different and contrasting potential etiologic mechanisms have emerged for this 

physiologic condition, with studies supporting each mechanistic hypothesis.   

The first proposed hypothesis would suggest that sepsis-induced delayed gastric 

emptying involves a central mechanism.  In this way LPS would act on macrophages and 

monocytes to produce TNF-α and other cytokines which act within the brainstem to produce 

altered gastric motility.  This centrally-mediated hypothesis had initial support from a study by 

Duranton and Bueno (1984).  These authors showed that intravenous administration of LPS 

produced inhibition of gastric contractions in sheep.  They found that intracerebroventricular 

application of nalaxone prevented this inhibition of gastric emptying, but not intravenous 

application.  This led the authors to postulate that endotoxin produced alterations in gastric 

motility through a centrally-mediated opiate receptor-linked mechanism (Duranton and Bueno 

1984).   

Using rats, Hermann et al. found further support for a centrally-mediated mechanism by 

showing that intravenous LPS administration produced a decrease in gastric contractions which 

could not be overcome using the potent centrally-acting gastrokinetic stimulant thyrotropin-

releasing hormone.  However, the decrease in gastric contractions could be countered using the 

direct acting peripheral gastrokinetic stimulant bethanechol, causing the authors to conclude that 
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LPS was demonstrating a central effect (Hermann et al. 1999).  Furthermore, when circulating 

TNF-α was suppressed post-injection by urethran anesthetic, the gastric motility effects of 

endotoxin where abolished indicating a possible involvement of TNF-α.  This group produced 

several further studies suggesting that the site of effect of this centrally-acting TNF-α may be the 

medullary DVC (Hermann et al. 2002, Hermann and Rogers 2009).    

A final study supporting a central hypothesis showed that intravenous administration of 

LPS decreased gastric myoelectric activity in the antrum, and that TNF-α mimicked these effects 

when injected intracerebroventricularly, but not intravenously (Guerrero-Lindner et al. 2003).  In 

addition, central pre-treatment with soluble recombinant TNF-α receptor or indomethacin reduced 

the LPS effect, a finding not replicated by intravenous injection.   

Together these studies build a case for a central mechanism for sepsis-induced delayed 

gastric emptying, with the afferent loop likely involving both the central detection of cytokines 

and capsaicin-sensitive vagal afferent pathways (Calatayud et al. 2001, Tracey 2007).  However, 

this collection of evidence is far from complete, and extrapolation from this heterogeneous group 

of studies must be made with caution.  There is a large variety of species used, from large 

ungulates to rats, and a wide range of methodologies and animal models.  A number of the studies 

involve anesthetized animals, with gastric function measured as the artificial construct of an 

alteration in resting tone assessed by a strain gauge sewn on the serosal gastric surface, rather 

than true measured gastric emptying.  As well, the impact of deep anesthesia required during 

these studies is a significant variable, as well as measures of motility while a portion of the skull 

is removed and the brainstem exposed.  There are few studies examining the central control 

mechanisms which examine post-prandial motility, the true motility pattern affected by sepsis-

induced delayed gastric emptying. 
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Alternatively, there is a second body of evidence supporting the hypothesis that an 

intrinsic mechanism at the level of the peripheral tissues underlies sepsis-induced delayed gastric 

emptying.  Drawn partly from the body of literature concerning the effect of LPS in the small 

intestine, it is suggested that sepsis is accompanied by increased expression of proinflammatory 

cytokines such as IL-1, IL-6 and TNF-α (Nathan 1987 Schwarz et. al. 2004), followed by 

infiltration of polymorphonuclear neutrophilic granulocytes and macrophages into the gastric 

muscularis (Mikkelsen 1995, Kaliff et al. 1998, Bauer et al. 2002, Türler et al. 2006).  Activated 

macrophages express inducible nitric oxide synthase (iNOS), whose product nitric oxide directly 

inhibits smooth muscle cell function and acts as a major suppressor of circular smooth muscle 

contractions, producing sepsis-induced delayed gastric emptying (Eskandari et al. 1999, 

Torihashi et al. 2000, Engel et al. 2010).  This theory would suggest that circulating cytokines 

produced by sepsis induce iNOS within the gastric muscularis which in turn produces nitric oxide 

(NO) to  inhibit gastric contractility and motility. 

NO synthase (NOS) synthesizes NO from L-arginine, and this occurs either by a family 

of constitutively expressed enzymes termed constitutive NO synthase or cNOS, or by inducible 

NO synthases (iNOS; Ekblad et al. 1994).  The constitutive forms of NOS are activated in 

response to a physiological stimulus that induces an intracellular calcium signal, and enzyme 

activation occurs rapidly and transiently.  As such, production of NO is equally transient and 

provides a rapid pulse-like signal in the responding cells.  There are two isoforms of cNOS, 

neuronal (type I) and endothelial (type III) (Förstermann et al. 1995).  The inducible form of 

NOS, iNOS, is termed type II and does not normally occur under physiological conditions.  It is 

induced by different stimuli, including LPS and cytokines such as TNF-α, and this induction 

occurs during tissue inflammation or injury.  In contrast to the cNOS family of enzymes, iNOS is 

a source of large NO production, which can be sustained for hours, days, or longer (Coleman 

2001). 
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The role of nitric oxide was reinforced by a study by Wirthlin et al. which found that LPS 

exposure simultaneously decreased gastric emptying in the rat stomach and increased enzymatic 

activity of iNOS (Wirthlin et al. 1996).  These authors postulated that nitric oxide plays a major 

role in sepsis-induced delayed gastric emptying.  In another study with rats, Takakura et al. found 

that LPS caused delayed gastric emptying, but that treatment with aminoguanidine, the selective 

inhibitor of iNOS, and dexamethasone, a suppressor of iNOS gene expression, lessened the delay 

(Takakura 1997).  Furthermore, they found that the addition of L-arginine, the precursor to nitric 

oxide, caused relaxation in isolated strips of gastric fundus.  These authors concluded that NO 

from the induction of iNOS is involved in the sepsis-induced delayed gastric emptying.  

Additional evidence for tissue-level effects of LPS comes from the apparent activation of primary 

afferent C-fibre nerve endings which may in turn release calcitonin gene-related peptide (CGRP), 

potentially inhibiting gastric emptying (Calatayud et al. 2001).  There is also some evidence to 

support the role of oxidative stress within the gastric tissue in the disruption of motility after LPS 

injection (de Winter et al. 2005).  Together this body of research presents compelling evidence 

for hemotogenously disseminated cytokines imparting direct gastrointestinal tissue effects to 

produce sepsis-induced delayed gastric emptying (Engel et al. 2010). 

  While there exists within the literature a controversy regarding central vs. peripheral 

mechanisms underlying sepsis-induced delayed gastric emptying, it is in part the result of the 

wide range of species and methodologies used.  Comparison across such a heterogeneous group 

of studies is difficult, and to date there has not been one study that has examined more than one 

aspect of these hypotheses in the same model.  As such, to date the exact mechanism for sepsis-

induced delayed gastric emptying remains unclear. 
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Central detection of circulating cytokines: 

 One of the more interesting anatomic findings with respect to the central control of 

gastric motility is that the centres of the brain that are capable of detecting circulating 

hematogenous chemicals such as the systemic cytokines of sepsis lie adjacent to, and share 

connections with, the centre that controls gastric motility (DMV).  The dorsal vagal complex 

(DVC), composed of the DMV, the nucleus of the solitary tract (NTS) and the area postrema 

(AP), is a unique site within the central nervous system in that it contains fenestrated capillaries 

and enlarged perivascular spaces that are outside the blood-brain diffusion barrier (Gross et al. 

1991).  This allows for a neurologic response to circulating signaling molecules, including 

cytokines (Rogers et al. 2006).  In addition to this central chemosensory feedback, the DVC also 

receives inputs from vagal afferent neurons which can detect circulating cytokines peripherally, 

providing a second pathway for detection of systemic changes in cytokines. 

 As described earlier, sepsis causes the release of a cascade of proinflammatory mediators 

including TNF-α, IL-1 and IL-6.  The most important of these is TNF-α, which is known to cross 

the blood brain barrier through a specific transport system (Gutierrez et al. 1993).  Binding sites 

for TNF-α are particularly dense within the brainstem, and microinjections of TNF into the 

central nervous system have been shown to suppress gastric motility and vago-vagal 

responsiveness (Hermann and Rogers 1995).  Peripherally-injected LPS has been shown to elicit 

a relaxation in gastric fasting contractile waves as measured by a strain gauge sewn onto the 

ventral surface of the stomach of anesthetized rats.  When these rats have their brainstems 

exposed and the brainstem is subjected to a material that adsorbs TNF-α, there is an impairment 

of gastric relaxation. (Hermann et al. 2003, Hermann and Rogers 2008, Hermann and Rogers 

2009).   This has led to the suggestion that TNF is acting centrally to alter gastric tone, although 

extrapolation from this situation of a fasted anesthetized rat with a craniectomy must be done 

with caution. 
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In essence what this group of experiments has shown is that there exists an intact 

pathway whereby circulating cytokines could be detected in the DVC and thereby influence 

gastric contractility, at least in fasted anesthetized rats.  TNF-α is most likely the predominant 

cytokine involved, although there is a paucity of research into the involvement of other cytokines 

in this process.   
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Chapter 3 

Materials and Methods 

 The different experiments that comprise this thesis are represented by chapters four 

through seven, with each chapter encompassing an introduction, a results section, and a 

discussion.  Because much of the methodology used is common between chapters, the materials 

and methods section for the entire thesis is grouped in this single chapter.  A detailed outline of 

the specific methods involved in the novel atraumatic model is found in Chapter 4 (Novel 

Atraumatic Model for Determining Gastric Emptying). 

 

Background: 

A non-invasive mouse model of measuring gastric emptying was developed specifically 

for the experiments outlined in this thesis.  The experiments that led to the development of this 

model are described in Chapter 4.  The model measured gastric emptying using the food normally 

consumed in the laboratory (Samis et al. 2004c, Samis et al. 2004d).  The model was devoid of 

intraluminal and extraluminal manipulation of the stomach and intestine, occurred without 

restraint stress, and did not involve surgery on live experimental animals.  Animals were free to 

choose the amount of food consumed, and fed, chewed and swallowed in the normal physiologic 

fashion.  This model was used in Chapter 5 to evaluate the timing of onset of sepsis-induced 

delayed gastric emptying and to compare the clinical signs of sepsis.  In the experiments 

involving c-Fos activation of brain stem nuclei found in Chapter 6, and in the tissue bath 

experiments of Chapter 7, this same novel model was used with the addition of a more detailed 

protocol following euthanasia.  In the case of Chapter 6, following euthanasia an 

immunohistochemical analysis of brainstem nuclei was carried out in preserved and sectioned 
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mouse brainstem.  In Chapter 7 this post-euthansia protocol involved the examination of isolated 

gastric tissue in a tissue bath.  Yet despite these differences, in the case of both Chapter 6 and 

Chapter 7, the basic tenets of the novel animal model were replicated. 

 This common materials and methods section is subdivided by experimental protocol 

rather than by chapter.  This is done with the understanding that although different chapters may 

employ specific experimental protocols described herein, the more common protocols can be 

grouped and reported just once. 

 

Common Methods for all Chapters: 

Chemicals:   

The endotoxin used throughout these experiments was lipopolysaccharide (LPS) from 

Escherichia coli Serotype 0111:B4 purchased from Sigma-Aldrich Co., St Louis, MO, U.S.A..  

This product is phenol extracted and purified from a crude extract derived from a private 

proprietary source which is standardized against the current USP reference.  Prior to 

administration of crystalline endotoxin, it was dissolved in a sterile normal saline by swirling 

gently in a vial in a fume hood.  Appropriate barrier precautions of gloves and a filtered 

respirator, and appropriate measures were taken to prevent laboratory contamination in 

accordance with established occupational health and safety guidelines.  When not in use 

endotoxin was stored at 4oC 

Reagent grade salts, including sodium chloride, sodium phosphate, magnesium chloride, 

calcium chloride, potassium chloride, sodium bicarbonate, and glucose for use in physiologic 

solutions were obtained from EMD Chemicals, Gibbstown NJ.   Krebs solution for use in tissue 

bath experiments was made fresh each day, discarded following experiments, and contained 126 
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mM NaCl, 2.5 mM NaH2PO4, 1.2 mM MgCl2, 2.5 mM CaCl2, 5 mM KCl, 25 mM NaHCO3 and 

11 mM glucose.  Ketamine and xylazine used for euthanasia in experiments which examined 

brain stem nuclei (Chapter 6) were as follows: 1) ketamine hydrochloride (Retaset®) 100 mg/mL 

purchased from Wyeth Animal Health, Guelph ON, and 2) xylazine (Rompun®) was 20mg/mL 

and purchased from Bayer Inc. Toronto ON. 

For the experiments in Chapter 6 examining the c-Fos activation of the brain stem nuclei, 

the following chemicals and reagents were used: 1) 30% w/w hydrogen peroxide and 10% neutral 

buffered formalin (NBF, 3.7 – 4% formadehyde, 1-1.5% methanol), Sigma-Aldrich Canada Ltd, 

Oakville ON, 2) Vectastain Elite ABC Kit, Rabbit IgG, Vector Laboratories, Burlingame, CA, 

U.S.A., and 3) Dako antibody diluent, Dako North America Inc. Carpinteria, CA, U.S.A.  The 

details regarding the use of the these reagents is found later in this chapter. 

Mice:  

All mice used in this thesis were Crl:CD1(ICR) mice weighing 20-35 g and were 

purchased from Charles River Laboratories, Montreal, P.Q. and transported to animal holding 

facilities at Queen’s University.  Animal housing and all animal experiments were approved by 

the Queen’s University Animal Care Committee and were in compliance with the guidelines of 

the Canadian Council on Animal Care.   

Novel Atraumatic Model for Measuring Gastric Emptying in Mice: 

 For a detailed outline of the model please see Chapter 4 (Novel Atraumatic Model for 

Determining Gastric Emptying).  This model involves an acclimatization period following animal 

delivery from Charles River Laboratories followed by an overnight experimental fast to empty 

residual gastric content.  At the commencement of experimentation the mice are given a 30-

minute food exposure with a weighed food pellet.  At the conclusion of the food-exposure period 
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the uneaten pellet is collected and weighed to determine the amount of food eaten, and the mice 

are injected with LPS at various doses.  This is followed by a subsequent experimental fast 

ranging between 30 minutes and 18 hours.  At the conclusion of this second fasting period 

euthanasia takes place and gastric contents are harvested to calculate percent gastric residual by 

comparison to amount of food consumed.  

Acclimatization Period:   

Mice were allowed to acclimatize to laboratory conditions for 14 to 21 days after delivery 

and prior to the initiation of experimentation.  The experiments to determine the appropriate 

duration of the acclimatization period are outlined in Chapter 4.  During the acclimatization 

period the experimental mice were housed in an animal care facility with a 12h-12h light-dark 

cycle, had access to water and commercial mouse chow (LabDiet® 5105 ) ad libitum, and were 

housed in standard laboratory cages (plastic tub) complete with shelter and bedding.   

Experimental Fasting Period:   

Fasting was initiated to minimize gastric residual prior to food exposure and establish a 

baseline prior to feeding.  It commenced with the transfer of mice from the standard laboratory 

cages used during acclimatization to experimental cages specifically designed for experimental 

fasting.  These fasting cages contained a stainless steel mesh flooring to prevent coprophagia, and 

an insulated stainless steel shelter devoid of standard bedding material.  The experiments 

demonstrating the necessity of fasting cages is outlined in Chapter 4.  The fasting period prior to 

exposure to food was 12 hours in duration. 

Food Exposure:  

At the conclusion of the fasting period, the experimental mice were exposed to a single 

large pellet of Purina Mills 5015 mouse diet which had been previously dried at 76 oC 24 hours to 
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remove atmospheric water, accurately weighed, and then cooled to room temperature.  Each 

pellet was anchored to the bottom of a plastic pan using a stainless steel wire allowing the small 

debris liberated during chewing to be collected in the pan.  Exposure to the food pellet lasted 30 

minutes for each mouse at which point the uneaten pellet al.ong with the debris was removed, 

dried for 24 hours at 76 oC to remove atmospheric water and saliva moisture, and reweighed.  In 

this way, the amount of food consumed in the 30-minute feeding period was calculated as the 

difference in dry weight before and after feeding.   A detailed description of the feeding method, 

and the studies which led to its development, are found in Chapter 4. 

Injection of LPS:   

After the pellet had been removed from the cage the mice were sedated using isoflurane, 

weighed for dose calculations, and then underwent a tail vein injection of LPS at doses of 0 

(saline), 10, 30, and 100 mg/kg.  For ten seconds prior to injection, the tail was exposed to water 

at 38 oC to induce vasodilation.  Injection was carried out using a 30-gauge needle, and following 

injection the mice were returned to the experimental cages to recover.  The total duration of the 

decreased level of consciousness secondary to isoflurane inhalation was not more than 60 

seconds.  

Euthanasia:   

After recovery from anesthetic, the mice were subjected to a subsequent fasting period of 

30 minutes, or 1, 3, 6, 9 or 18 hours depending on the experiment being conducted.  Following 

this second fast, the mice were euthanized for gastric residual collection and for subsequent 

experiments such as brainstem sectioning and immunohistochemistry (Chapter 6) or resection of 

isolated tissue strips for tissue bath studies (Chapter 7).   
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In Chapter 4 (development of the atraumatic model) and Chapter 5 (timing of onset and 

comparison to clinical signs) euthanasia was carried out by isoflurane overdose followed by 

cardiac disruption.   

In Chapter 6 (c-Fos activation of brainstem nuclei) a different method of euthanasia was 

adopted based on the need for a transcardial perfusion of cold NBF.  For these experiments 

euthanasia was carried out using an intraperitoneal injection of a mixture of ketamine (6 mg) and 

xylazine (0.4 mg) which was sufficient to extinguish all toe pinch responses, and was followed by 

sternotomy and cardiac perfusion of 10% NBF. 

In Chapter 7 (tissue bath experiments), euthanasia by a blow to the head followed by 

cardiac disruption was used rather than pharmacologic agents.  This was done to avoid potential 

impact of residual anesthetic contamination on the harvested tissue, and to minimize any period 

of hypoxia.   

Determination of Gastric Residual:   

Gastric residual harvest and small intestinal content recovery was carried out 

immediately following death.  To recover the gastric residual a gastrectomy was followed by a 

bivalving incision along the greater curve and the irrigation of all gastric contents from the rugal 

folds into a pre-weighed drying tray using distilled water.  The drying tray was dried at 76 oC for 

24 hours to determine the dry weight of gastric contents.  Gastric residual was then calculated by 

dividing the dry weight of gastric content harvested at euthanasia by the dry weight of food 

consumed during the food exposure period, and expressed as a percentage.  
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Specific Methods for Chapter 5: Timing of Onset of Sepsis and Comparison to Clinical Signs 

Overview: 

 This chapter represents a series of experiments examining the timing of onset of sepsis-

induced delayed gastric emptying and a comparison to the clinical signs of altered behavior, 

piloerection, respiratory rate, and body temperature.  A detailed diagram of the experimental 

protocol is found in Figure 2.  Mice were divided into four separate groups based on the dose of 

LPS they received following food exposure, with doses of 0 mg/kg (control), 10 mg/kg, 30 mg/kg 

or 100 mg/kg being used.  Each mouse was fasted for 12 hours then had a 30-minute food 

exposure with a pre-weighed food pellet.  At the conclusion of the food exposure the mice were 

anesthetized briefly with isoflurane, weighed to determine appropriate dose, and injected with 

LPS in the tail vein.  During this same time any uneaten food was collected from the experimental 

cages to determine weight of food consumed.   

Following LPS injection and prior to euthanasia, within each LPS exposure group the 

mice were fasted for five different durations - 30 minutes, 1 hour, 3 hours, 6 hours and 9 hours.  

Between six and eight mice were used at each of the five post-injection fast durations within each 

of the four LPS exposure groups (Figure 2).  Determination of clinical signs occurred in the 10 

minutes just prior to sacrifice.  Rectal temperature was determined immediately following 

euthanasia by isoflurane overdose.  Gastric contents were harvested following euthanasia for 

weighing to determine gastric emptying. 

Sepsis-Induced Changes in Behaviour:   

For experiments in Chapter 5 it was necessary to determine the effect of LPS-injection on 

behavior.  This assessment occurred in the 10-minute period just prior to euthanasia.   After an 

observation period of two minutes, a trained observer, blinded as to the LPS dose, recorded  
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Figure 2: An overview of the experimental design for experiments measuring timing of onset and 

comparison to clinical signs (Chapter 5)  
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mouse behavior.  The mouse behavior was rated on a five point scale as follows: 1) not active, 

hiding, timid, 2) predominant hiding, will observe environment, minimal exploration, 3) hiding 

and exploration both observed, 4) predominant exploration, limited hiding, 5) fully active, 

exploring environment.  The same observer was used throughout the experiments for all mice. 

Degree of Piloerection:   

 The same blinded observer that was used for the behavioral rating, who was familiar 

with mouse behavior and appearance, rated the degree of piloerection during the same two minute 

period.  Degree of piloerection was rated on a three point scale as follows: 1) full piloerection, all 

fur standing up, 2) partial piloerection, 3) flat fur, normal state.  The same observer was used for 

all mice used in this experiment. 

Resting Respiratory Rate:   

These experiments also required the determination of resting respiratory rate in mice 

dosed with LPS at various levels.  This was done in the 10-minute period prior to euthanasia, 

after the assessment of activity and piloerection.  A flat, black coloured sheet was placed behind 

the experimental cage to provide a visual contrast between the white thorax of the mouse and the 

background.  Using a stop watch, a trained blinded observer counted the respiratory rate over 30 

seconds by way of thoracic excursion.  This assessment was made only when the mouse was 

stationary and at rest, and not while active.  The same observer was used for all mice. 

Rectal Temperature:   

Rectal temperature was recorded for experimental mice at the time of euthanasia.  Within 

seconds of the mouse becoming unconscious secondary to isoflurane inhalation, an electronic 

temperature probe was place 1 cm inside the anus and the rectal temperature was recorded. 
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Gastric Emptying: 

 Gastric emptying was determined according the protocol developed for this thesis and 

reported above, and in Chapter 4.  By assessing the gastric residual at various time points, and 

comparing this to the clinical signs at various times, a determination of timing of onset was 

possible for each factor. 

 

Specific Methods for Chapter 6: C-Fos Activation in Brainstem Nuclei after LPS Injection: 

Pre-Euthanasia Period – Acclimatization, Food Exposure, LPS-Injection and Fast: 

As with all experiments for this thesis, gastric emptying was measured as outlined in 

detail in Chapter 4.  As such,  Crl:CD1(ICR) mice weighing 20-35 g were allowed to acclimatize 

to experimental cages for 14 to 21 days prior to experimentation, housed with a 12h-12h light-

dark cycle and allowed access to commercial mouse chow (LabDiet® 5105 ) and water ad 

libitum.  Ten experimental mice were divided into two groups of five; an LPS-exposure group 

and a control group.   All mice were fasted for 12 hours, and then allowed a food exposure of 30 

minutes in accordance with the model.  This 30-minute feeding period was immediately followed 

by a tail vein injection with either 100 mg/kg LPS or 0.9% saline to serve as a control.  A 

subsequent 30-minute fast was followed by euthanasia.  As described earlier in this chapter, this 

euthanasia differed from other experiments in this thesis as it involved an intraperitoneal injection 

of ketamine/xylazine.  The rationale for the selection of the 30-minute time period is outlined in 

the introduction to Chapter 6.  Gastric contents were collected for assessment of sepsis-induced 

delayed gastric emptying. 
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Perfusion, Dissection, Preservation and Sectioning of the Brainstem: 

Following the injection of ketamine/xylazine, depth of anesthesia was confirmed by the 

extinguishing of the toe pinch response.  Each mouse was then moved to a fume hood where a 

laparotomy and sternotomy was performed to expose the beating heart.  A transcardiac infusion 

of 10 units of heparin facilitated systemic anticoagulation, and was followed ten seconds later 

with a transcardiac perfusion of 40 mL of a 4 degree Celsius freshly mixed phosphate buffered 

saline solution (PBS).  The saline solution allowed the clearance of a proportion of the circulating 

blood from the brainstem tissue and produced systemic cooling to slow metabolic activity.  This 

was immediately followed with a slow transcardiac perfusion of 4 degree Celsius 10% neutral 

buffered formalin (NBF, 3.7 – 4% formadehyde, 1-1.5% methanol).  Confirmation of appropriate 

perfusion was represented by the blanching of the liver and the sudden rigidity of the somatic 

musculature.  This paired transcardiac perfusion of PBS followed by NBF prevents the 

introduction of trauma-related artifacts in the microscopic sections of the mouse brainstem that 

might be created during removal of tissue from the skull. 

Immediately following perfusion, and under a dissecting microscope, the brainstem was 

resected and removed from the cranial vault using a rongeur to remove the majority of the 

posterior cranium and the posterior arches of C1 and C2.  Rostral and caudal transection was 

achieved using a scalpel.  The brainstem was immediately placed in 10% NBF and maintained at 

4 oC for 14-18 hours to allow for complete preservation of the tissue.   

 Preservation was complete after 14-18 hours and the brainstem tissue was removed from 

10% NBF and was washed with three washes with freshly made PBS to remove any residual 

NBF.  At this point the brainstem tissue samples were placed in a 30% sucrose solution for 48 

hours at oC, a procedure carried out for cryoprotection prior to sectioning.  Sucrose acts as a 

cryoprotectant by partially dehydrating the neural tissue preventing the formation of ice crystal 
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artifact in frozen tissue sections.  This is especially important in the cellular grey matter which 

freezes at a different rate than the lipid-rich myelinated white matter.  As well, 30% sucrose 

freezes at approximately the same speed and to the same hardness as brain tissue fixed in only 

formalin or paraformaldehyde.  Due to the small size and high surface area to volume ratio of the 

mouse brainstems, there was no need to move through a progression of increasing concentrations 

of sucrose as simple diffusion was relatively uniform. 

After 48 hours in a 30% sucrose solution the brainstem specimens were removed from 

solution and blotted dry.  Using Optimum Cutting Temperature (OCT) medium, the specimens 

were mounted in a stainless steel mold oriented in an upright rostral to caudal fashion.  OCT 

medium was used to surround and cryoprotect the tissue prior to freezing as it becomes opaque 

and hard when cooled.  Freezing was accomplished by placing the stainless steel molds 

containing the tissue specimens in a closed container and storing at minus 80 oC .  The specimens 

were kept at minus 80 oC  between 1 to 3 weeks prior to sectioning. 

To facilitate cryo-sectioning, the brainstem specimens were mounted on the chuck of a 

cryostat ultramicrotome using OCT medium.  Sectioning was carried out in a rostal to caudal 

direction through those regions of the brainstem containing the central canal.   The central canal 

(approximately bregma minus 7.0 mm to minus 7.6 mm) is a caudal extension of the fourth 

ventricle in the region inferior and caudal to the floor of the fourth ventricle.  It serves as a 

neuroanatomic landmark for those sections which contain the DMV, NTS, and AP (Dong 2008; 

Figure 3).  The frozen brainstem specimens were cryo-sectioned in 10 micron cuts, with every 

fourth section thaw-mounted onto coated glass slides (Fisherbrand Superfrost Plus, Fisher 

Scientific Inc.).   As such, there were 40 microns between each mounted section.  The glass slides 

with the thaw-mounted sections were labeled and stored at minus 80 oC for up to one week prior 

to immunohistochemical staining, which was done in batches to facilitate an economical use of 

resources. 
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Avidin Horseradish Peroxidase Immunohistochemical Staining of c-Fos 

Immunohistochemistry was performed to visualize patterns of neuronal activation within 

the DMV, AP and NTS in the sections of brainstem using staining for c-Fos.  On the day on 

which staining was to take place the slides were removed from the minus 80 degree freezer and 

left to defrost for one minute at room temperature.  This was followed by three gentle washes of 

PBS to remove any residual OCT and then blotted dry.   

C-Fos was visualized according to the manufacturer's protocol (ABC Elite kit from 

Vectastain, Burlingame, CA).  The slides were incubated with 0.3% hydrogen peroxide for 30 

minutes which was accomplished by applying 50 µL of 0.3% hydrogen peroxide on each section 

followed by three washes of PBS, each 2 to 3 minutes apart.  This was done in order to block the 

endogenous peroxidase activity which can result in high levels of non-specific background 

staining as the immunohistochemical staining process involves a conjugated horseradish 

peroxidase that converts a chromogenic enzyme substrate.     

Following the hydrogen peroxide wash the sections were then incubated for twenty 

minutes with a mixture of 50 µL of 10% goat serum (Vector Laboratories, Burlingame, CA) and 

10 mL of PBS.  The goat serum acted as a blocking agent to suppress the non-specific binding of 

the secondary biotinylated immunoglobulin which is a goat anti-rabbit antibody which will be 

applied later in the process.   

The next step in the process involved blocking endogenous biotin, carried out because the 

specimens were from the central nervous system.  Unlike some other tissues of the body, brain 

tissue tends to have high concentrations of intrinsic biotin, a co-enzyme in the vitamin B-complex 

and an integral process of the horseradish peroxidase immunohistochemical staining technique.  
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Figure 3: A schematic diagram of a sagittal view of the mouse brainstem in the region of the 

fourth ventricle and central canal.  Shown are the area postrema (AP), nucleus of the solitary tract 

(NTS), and dorsal motor nucleus of the vagus nerve (DMV) which are paired structures on either 

side of the central canal and as such shown as dashed lines as they would be deep to the cut 

surface of a midline sagittal cut.  Image adapted from Dong 2008 and photomicrographs from 

results of experiments in Chapter 6.
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The Vectastain technique use an avidin-biotinylated horseradish peroxidase (ABC) complex to 

convert or 3,3'-diaminobenzidine (DAB) to a brown precipitate allowing visualization.  Avidin, 

an egg white glycoprotein, has an extraordinaryly high affinity for biotin, over one million times 

higher than most antigen/antibody affinities, and therefore the binding of avidin to biotin is 

essentially irreversible (Hsu et al. 1981).   However, the high levels of intrinsic biotin found in 

mouse brainstem tissue would produce a significant degree of background staining as the ABC 

complex would bind to endogenous biotin along with the biotinylated secondary antibody.  As 

such, a blocking step was carried out to isolate endogenous biotin and involved incubating the 

sections with 50 µl of avidin for 15 minutes followed by a brief was with PBS and then a further 

15-minute incubation with biotin.  

Now that blocking of endogenous peroxidase, nonspecific secondary immunoglobulin 

binding, and endogenous biotin was complete, the mounted sections were ready for incubation 

with primary immunoglobulin.  This was accomplished by diluting rabbit anti-c-Fos IgG Ab-5 

(1:10,000; Calbiochem, San Diego CA) with Dako antibody diluent (Dako North American Inc, 

Carpinteria, CA) to a 1:1000 concentration and then incubating overnight at 4 oC in a humidity 

chamber.  This facilitated the binding of the primary immunoglobulin with intrinsic c-Fos. 

 On the second day of the staining process the primary antibody was washed from the 

mounted specimens using three washes of PBS, each with a duration of three minutes.  The 

secondary antibody mixture, which was created by mixing a 50 µL volume of biotinylated goat 

anti-rabbit IgG (1:200; Vector Laboratories, Burlingame, CA) with 10 mL PBS and 150 µL of 

goat serum, was then applied.  This was added to each slide and allowed to incubate for 30 

minutes at room temperature. An incubation of 30 minutes allowed the binding of the secondary 

biotinylated antibody to the primary antibody bound to c-Fos. 
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It was during this incubation period of the secondary antibody that the avidin and 

biotinylated horseradish peroxidase macromolecular complex was prepared (ABC reagent, 

Vectastain, Burlingame, CA).  This was done by adding 100 µL of avidin DH (reagent A) to 5 ml 

of PBS and 100 µL of biotinylated horseradish peroxidase (reagent B).  This mixture was allowed 

to stabilize at room temperature for 30 minutes before use, which allowed for the formation of the 

macromolecular complexes between the avidin and the biotinylated enzyme.  

The slides underwent a 3-minute wash with PBS three times to clear the secondary 

antibody, and then incubation with the avidin and biotinylated horseradish peroxidase solution 

was carried out for a subsequent 30 minutes.  During this time, the avidin DH component of the 

complex bound to the biotinylated secondary antibody in accordance with the Hsu technique (Hsu 

et al. 1981).  While this 30-minute incubation was progressing, the DAB solution was prepared 

by dissolving 5 mg DAB in 10 mL PBS along with 0.3 mL of 0.1% hydrogen peroxide.   

After completion of the incubation with the avidin and biotinylated horseradish 

peroxidase solution, the sections were again washed with PBS three times.  This was followed by 

a 10-minute incubation period in the DAB solution during which time the horseradish peroxidase 

bound to the secondary antibody converted DAB to a brown precipitate staining those areas with 

c-Fos.  Appropriate handling precautions were taken, including protective gloves, for the 

handling of the DAB solution.  The development of the brown color was checked under light 

microscopy at the conclusion of 10 minutes, and if further intensification of staining was needed 

the slides were returned to DAB solution for a further 2 minutes.  Once microscopy confirmed the 

degree of staining was appropriate, the slides were rinsed with PBS and cover slips (Fisherfinest 

premium, Fisher Scientific Germany) were applied using 50% glycerol.  The slides were then 

examined under light microscopy to determine the degree of c-Fos activation. 
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Analysis of c-Fos Activated Neurons Using Light Microscopy:  

The number of c-Fos activated neurons in the DMV, AP, and NTS were counted using a 

light microscope fitted with an Olympus 10x10 reticule.  This was done in a blinded fashion.  To 

ensure rigorous standardization, an anatomic template representing each nuclei in question was 

mapped out on the surface area of each axial section using the reticule (Figure 4).  The number of 

activated neurons contained in each of the standardized regional templates was counted bilaterally 

from the central canal and then a mean taken to represent the section number which was recorded.  

C-Fos activated neurons were represented by dark brown staining from the conversion of DAB to 

a coloured precipitate by the avidin and biotinylated horseradish peroxidase macromolecular 

complex. 

The area of the DMV was standardized as a rectangular region measuring 0.48 mm x 2.4 

mm and oriented with the superiomedial corner of the rectangle at the junction of the superior 

aspect of the central canal and the midline (Figure 4).   The area of the NTS was standardized to a 

polygon 2.4 mm at its base, extending laterally from the intersection of the superior aspect of the 

central canal and the midline (Figure 4).  A second side, at right angles to the base, extended 1.2 

mm superiorly.  The remainder of the polygon is completed with a stepwise margin of three 

0.24mm steps followed by a 0.48 mm step and a 1.68 mm superior margin.  The standardized 

template for the area postrema (AP) is represented by a polygon approximating the AP with a 

0.72 mm side at right angle to a second 0.72 mm side each oriented along the midline and the 

dorsal margin of the brainstem respectively, with a stepwise margin of three 0.24 mm steps 

completing the polygon (Figure 4).   

Each experimental animal had six non-contiguous sections analyzed, with each section 

being at least 40 microns distance from any subsequent sections.  The mean of the activated 

neurons recorded from each side combined was used as the representation from each section.   
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Figure 4: Schematic representation of the standardized templates used to count c-Fos activated 

neurons in the brainstem of mice using a reticule under light microscopy.  The number of c-Fos stained 

neurons was counted as an indication of neuronal activity.  The standardized template for the area postrema 

(AP) is represented by a polygon with a 0.72 mm side at right angle to a second 0.72 mm side each oriented 

along the midline and the dorsal margin of the brainstem respectively, with a stepwise margin of three 0.24 

mm steps completing the polygon. The template for the nucleus of the solitary tract (NTS) is represented by 

a polygon 2.4 mm at its base, extending laterally from the intersection of the superior aspect of the central 

canal and the midline.  A second side, at right angles to the base, extends 1.2 mm superiorly.  The 

remainder of the polygon is completed with a stepwise margin of three 0.24mm steps followed by a 0.48 

step and a 2.4 mm superior margin.  The standardized template for the dorsal motor nucleus of the vagus 

(DMV) is a rectangle with sides of 2.4 mm and 0.48 mm with the superiomedial corner aligned with the 

intersection of the superior aspect of the central canal and the midline.
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 Specific Methods for Chapter 7: Tissue Bath Experiments  

Prior to commencement of the study,Crl:CD1(ICR) mice were divided into two LPS 

exposure groups.  One group received LPS at either 100 mg/kg or 30 mg/kg, while the second 

group received 0 mg/kg LPS and represented the control (Figure 5).  Within each of the two LPS-

dosing groups, two different post-injection time points were selected for animal euthanasia; 6 

hours and 18 hours.  At the 6 hour post-injection time point the control group was compared to a 

group of animals receiving 100 mg/kg LPS.  This dose was selected as it was the highest dose 

used in the time of onset studies (Chapter 5) and consequently gave the greatest chance to elicit a 

tissue response.  At the 18 hour post-injection time point the control group was compared to a 30 

mg/kg LPS exposure group.   This lower LPS dose was selected for the 18 hour euthanasia time 

point because of concerns for potential mortality if a higher dose was used. 

Prior to euthanasia, all mice in the two exposure groups underwent those protocols 

associated with the novel model for measure gastric emptying mentioned previously.  It was only 

after euthanasia and the harvest of gastric contents, the final steps of the atraumatic model, that 

isolated gastric smooth muscle strips were harvested.  As such, for all smooth muscle strips in 

which tissue bath contractility was determined, a measure of in vivo gastric emptying at the time 

of euthanasia was calculated.  This is the first study in which such comparisons have been made.  

The procedure for the mounting of the isolated tissue strips began immediately following 

euthanasia.  A midline incision was made through the linea alba and the gastric contents were 

harvested and placed in pre-weighed drying pans as part of the model for measuring gastric 

emptying.  As soon as this was complete the stomach was surgically isolated and four full- 

thickness strips were resected under a dissecting microscope.  Each tissue strip had its 
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Figure 5: Experimental Protocol for the tissue bath experiments (Chapter 7) 
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long axis oriented parallel to the circular axis of the antrum and included both circular and 

longitudinal muscle.   Once resected, each strip measured 3 mm x 10 mm and was immediately 

placed in one of four 7 mL tissue bath chambers.  Following suspension in the chamber each strip 

was placed under an initial load of 500 mg for equilibration. This initial load was established and 

maintained by adjustment of a tension wheel.  Rotating the tension wheel raised or lowered the 

inferior tissue anchor by fractions of a millimeter, and this in turn altered the baseline stretch on 

the smooth muscle preparations as measured by the force transducer (Figure 6).   

The tissue bath apparatus was built specifically for this study, and was comprised of four 

tissue bath chambers mounted in series, each with a continuous flow-through of balanced Kreb’s 

solution pumped using a peristaltic pump.  The Kreb’s solution contained 126 mM NaCl, 25 mM 

NaHCO3, 11mM glucose, 5 mM KCl, 2.5 mM CaCl2, 1.2 MgCl2, and 2.5 mM NaH2PO4, and was 

continually gassed with mixture of 95% O2 and 5% CO2 in a reservoir prior to being pumped to 

the chambers.  The Kreb’s solution was not recycled following a passage through the chamber, 

and was discarded following a single pass.  The temperature of the tissue bath chamber, and that 

of the bathing Krebs solution pumped through the chambers, was maintained at 37 +/- 0.5 oC. 

This was facilitated by placing the flow-through tubing and the oxygenated reservoir of Kreb’s 

solution in a series of heated water baths (Figure 6).  

To measure contractility of the antral strips, the superior aspect of the strip was tethered 

to a force displacement transducer.  Any contraction of the suspended strip was then recorded 

isometrically with a Grass FT03 force displacement transducer (Grass Instruments, Quincy, Mass. 

U.S.A.) coupled with a Gould amplifier (Gould Instrument Systems, Valley View Ohio, U.S.A) 

and an Axotape recording system (Axon Instruments Inc.).  The superior pole of the strip was 

anchored to the measuring post of the force transducer using a modified fish hook at the 
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Figure 6: Apparatus for tissue bath experiments in Chapter 7. 
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end of a 3-O silk suture which pierced the tissue one millimeter from the superior resection line.  

The inferior pole was pierced using a modified human femoral arterial catheter needle (Arrow 

Inc.) one millimeter from the resection line.  This curved needle was anchored at its other end 

using stainless steel screws to the tension adjusting wheel, which was a modified microscope 

stage control.  By turning the adjusting wheel, the lower hook moved up or down in fractions of a 

millimeter applying stretch or inducing slackness in the muscle strip.  

The strips were allowed to equilibrate for 30 minutes in a constant flow of fresh 

oxygenated Krebs solution at approximately 30 mL per minute (Figure 6).  This equilibration 

time is important to allow the strips to achieve a constant baseline of contraction.  Throughout the 

equilibration period the baseline load was continually readjusted to 500 mg.     

Electrical field stimulation was then performed using two parallel platinum electrodes 

that were connected to a Grass Stimulator (Figure 6; Grass Instruments, Quincy, Mass. U.S.A.).  

The stimulation parameters were voltage 90V, pulse duration 1 ms, stimulation time 5 s.  

Incremental stimulation frequencies of  1, 5, 10, 20, 30, 40, 50, and 60 Hz were used, with 3 

minute intervals between each stimulation.  Throughout the electrical stimulation period the bath 

had continuous flow-through of fresh oxygenated Kreb’s solution.  Following EFS stimulation 

the bath was then washed by completely draining the 7 mL volume and refilling which was 

followed by a subsequent equilibration period of 15 minutes (Figure 7).  

 The EFS phase of stimulation was followed by stimulation using the choline ester 

carbachol.  Carbachol was added to the chamber of the tissue bath in a cumulative manner, with 

concentrations of 10-8 M, 10-7 M, 10-6 M, 10-5 M, 10-4 M, and 10-3 M (Figure 4).  Following each 

exposure to carbachol the tissue bath was washed by emptying the 7 mL content through a 

specially constructed drain in the bottom of the chamber and refilling using fresh Kreb’s solution 

pumped in from the heated oxygenated reservoir. 
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Following the final carbachol stimulation of 10-3 mM, the tissue bath was washed and 

allowed to equilibrate for 5 minutes.  This was followed by the administration of tetrodotoxin, 

used as confirmation of neural stimulation rather than direct muscular stimulation during the EFS 

phase of stimulation.  This was determined using a subset of five muscle strips in each LPS dose / 

post-injection-time subset.   The tissue strip was stimulated with EFS at stimulation frequencies 

of 1, 5, 10, 20, 30, 40, 50, and 60 Hz to confirm tissue responsiveness and then 1 µM tetrodotoxin 

was added to the tissue bath.  The tissue was then restimulated at all frequency rates.  This was 

followed by a 5-minute wash out (complete emptying of the chamber and then 30 ml/min 

balanced Kreb’s solution) and a restimulation to assess for return of contractility. At the end of 

each experiment, muscle strips were blotted dry and weighed. Contractions were calculated in 

grams of contraction per gram of tissue weight. The cross-sectional area of each strip was 

calculated from length and weight data by assuming that the density of smooth muscle was 1.05 

g/cm3.   All active contractile force was normalized to the cross-sectional area and was expressed 

as grams of force per gram of tissue per cm2 (g/gram of tissue/cm2).   

 

Data Analysis:   

Data are expressed as mean +/- SEM.  Statistical analysis was performed using Prism 

version 5.03 by Graphpad (La Jolla, CA, USA).   Two way ANOVA with Bonferroni post-tests 

and two-tailed unpaired t-tests were used where appropriate. The non-parametric ordinal variables 

such as activity level and degree of piloerection were analyzed using a Kruskal-Wallis and 

Dunn’s multiple comparison tests.   
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Figure 7: Stimulation of isolated full thickness strips of mouse antrum held in a tissue bath 

chamber.  Each strip measured 3 mm x 10 mm and included both circular and longitudinal 

muscle.  By orienting the strips parallel to the circular axis of the antrum, responses were 

recorded from the circular muscle layer.   Response was measured by isometric contractions 

recorded by a force displacement transducer.  After each increasing dose of carbachol the tissue 

bath chamber was washed by completely emptying the 7 mL of Kreb’s solution and refilling. 

 

 



  54

Chapter 4 

Novel Atraumatic Model for Determining Gastric Emptying 

 

Introduction: 

The development of a novel model for the measurement of gastric emptying represented 

one of the foundations of the project outlined in this thesis.  This novel model involved the 

normal feeding behavior, including food seeking with olfactory and other sensory cues, and the 

normal mastication and swallowing mechanisms.  The role of the normal sensory stimuli that are 

part of the initiation of the feeding response cannot be discounted as they are with traditional 

models of gastric emptying.  The neural complexity of the feeding response, the impact of this 

feedback on post-prandial gastric motility, as well as the subtlety of the responses are well suited 

to a whole animal model.   

Models such as those which employ an anesthetized animal with the brain exposed 

through a craniectomy and a strain gauge sewn to the gastric mucosa are extremely important in 

determining neural relationships (eg. Hermann et al. 2003).  However, making extrapolations to 

the normal feeding response must be done with caution given the artificial conditions and 

endocrine and humoral factor changes associated with deep anesthesia and surgical trauma.  As 

well, the tone of an isolated segment of gastric muscle does not always represent overall organ 

function.  To this end, the series of initial experiments conducted as part of this thesis relate to the 

development of a novel model of measuring gastric emptying, and are reported in this chapter.  

The initial experiments were small pilot studies to establish procedural details and the final 

experiment will represent a validation of this model by determining if it is capable of measuring 

sepsis-induced delayed gastric emptying. 
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The first step in the process involved the selection of an appropriate experimental animal.  

A review of the literature involving experiments relating to sepsis-induced delayed gastric 

emptying show that a number of experimental animals have been used, including goats, sheep, 

dogs, rabbits, rats and mice (van Miert 1987, Guerrero-Lindner et al. 2003, Cullen et al. 1996, 

Rebollar et al. 2002, Hermann et al. 1999, de Winter 2004, respectively).  Larger animals incur 

extra cost and are much less appealing in terms of handling.  Of the smaller animals, the most 

common animal in use in gastric emptying studies is the rat.  However, the capability of using 

transgenic animals in the future made the mouse a much more attractive choice as a research 

species for this project, despite the fact that tissue manipulation can be more technically 

challenging with a smaller animal.  As such, the mouse was felt to represent the best species to 

use for this novel model, and among the mouse strains, the Crl:CD1(ICR) strain was selected as a 

good general purpose model with long history of use in research.  Mice of a size of 20-35 g were 

chosen as it represented mice that were of an appropriate size for technical aspects of post-

mortem laparotomy and gastric content removal, yet small enough to avoid the costs of prolonged 

animal housing.   

The most important aspect of this novel model involved determining the exact method of 

measuring gastric emptying.  The traditional approach to measuring gastric emptying in rats and 

mice was developed in the late 1970’s and involves the placement of a stainless steel gavage 

catheter through the mouth and esophagus to deliver a specified marker compound directly into 

the stomach, usually in an unsedated animal (Scarpignato et al. 1980).  Despite the potential for 

handling-stress and direct trauma to the esophagus and stomach, this method is widely used due 

to its simplicity, reproducibility, and ease of measurement (Cingi et al. 2002, Gupta and 

Chaudhary 2003).  There are, however, several important concerns with the traditional model.    

The first is the potential for the normal upper GI tract motility to be disrupted by restraint 

stress, which has been demonstrated to cause altered motility (Tsukada et al. 2002).  As well, the 



  56

upper GI trauma associated with the insertion of the relatively large stainless steel gavage 

catheter, and the associated esophageal and gastric manipulation, may well also cause alterations 

in motility (Bielefeldt et al. 1990, Lucky et al. 2003).  In fact, the effect of upper GI trauma on 

motility immediately following the delivery of a marker solution to the stomach has led some 

authors to develop less stressful means of measuring gastric emptying (Whited et al. 2004).  But 

even in this case, the animals experience the stress of being restrained, and the method is 

complicated by the use of a radioactive marker. 

The purpose of the experiments outlined in this chapter is to develop a novel mouse 

model to measure gastric emptying in mice using a non-invasive process.  At the outset the model 

had to incorporate several features.  The first was to use a common mouse food source such as a 

standardized commercial mouse feed rather than a non-nutritional chemical or radioactive 

marker.  This was to ensure that the model incorporated the complex central mechanisms 

involved with voluntary food identification, selection, the normal sensory feedback associated 

with eating and voluntary swallowing.  Cephalic responses that arise from the taste, smell or sight 

food, including chemoreceptors and mechanoreceptors activated by chewing and swallowing play 

an important role in the initiation of post-prandial motility (Giduck et al. 1987) 

The second important feature in the design of this model was to avoid restraint stress.  

The catecholamine response to restraint is known to alter motility and can potentially affect the 

interpretation of results (Tsukada et al. 2002).   As well, restraint stress also impairs the ability to 

correlate changes in clinical signs with sepsis-induced delayed gastric emptying, because 

handling stress produces its own alteration in behaviour and respiratory rate.  By avoiding 

restraint stress the model has one less confounding variable. 

To measure sepsis-induced delayed gastric emptying, there is a need to simulate sepsis.  

Traditionally there are three methods which can be utilized to simulate sepsis: 1) laparotomy 
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followed by cecal ligation and puncture (CLP; Rittirsch et al. 2008),  2) intraperitonal injection of 

purified bacterial lipopolysaccharide (LPS, Miyazaki et al. 2004) , or 3) direct intravenous 

injection of LPS (Cullen 1996).  CLP involves performing a laparotomy on anesthetized animals 

followed by the ligation of the cecum distal to the ileocecal valve so that obstruction does not 

occur.  The ligated portion is then pierced several times with a needle, the feces are spread over 

the cecum, and then the cecum is replaced in the abdomen and the incision closed (Singer et al. 

2007).  A subsequent sepsis-like syndrome develops as the multi-floral enteric peritoneal soiling 

produces an immune response, but the animal does not die because the region of the perforation is 

ligated and not in continuity with the GI tract proper avoiding a persistent leak.  

The other two techniques involve the use of commercially concentrated LPS, usually 

from E. coli, which is known stimulate the macrophages of the innate immune system to initiate 

the pro-inflammatory cascade of cytokines.  As noted above, LPS can be administered in two 

ways to experimental animals, either in an intraperitoneal fashion or intravenously.  In 

intraperitoneal LPS, administration a specific dose of LPS is injected through the animal’s 

abdominal wall and blindly into the peritoneal space using a syringe.  This produces a systemic 

sepsis-like syndrome after interaction of the LPS with the vasoactive peritoneum.  The other 

technique involves the direct intravenous administration of LPS, where it interacts with 

hemotogenously circulating macrophages to produces a sepsis-like syndrome through the 

elucidation of cytokines within the bloodstream.    

For the purposes of this novel model, intravenous LPS injection will be selected as the 

means to simulate sepsis because it has several advantages over CLP or intraperitoneal LPS in the 

proposed investigations.   The first relates to the fact that the model is designed to be atraumatic, 

and consequently it is important to avoid any significant abdominal cavity manipulations or 

effects.  CLP involves a laparotomy and manipulation of the bowel, and intraperitoneal injection 

of LPS could predispose to local effects on motility from the repository of injected LPS in the 
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peritoneal space as well as the risk of blind needle perforation of the bowel.   It has been shown 

that this physical manipulation of the intestines can alter motility through the liberation of 

cytokines from the intrinsic population of macrophages resident within the intestinal wall 

(Livingston and Passaro 1990, Luck et al. 2003).  By using intravenous injection of LPS and by 

using the tail vein as the injection site, it is possible to avoid the coelomic cavity altogether.  This 

ensures that any sepsis-related alterations in motility are the result of a hematogenously-initiated 

septic-like cytokine storm and not direct manipulations.  Such direct manipulations are not part of 

true sepsis, and relate more to pathophysiological phenomena such as post-operative ileus.    

In addition, when the initiating focus of sepsis arising from outside the abdominal cavity, 

as it does with intravenous tail vein injection but not with CLP and intraperitoneal injection, it 

better simulates septic episodes seen in the ICU.  Ninety-one percent of patients with severe 

sepsis in ICUs have an extra-abdominal source for the sepsis.  So the presumed mechanism for 

altered gastric motility is hemotogenously-circulating cytokines, which are best modeled by 

intravenous injection (Angus et al. 2001). 

The second advantage to intravenous application of LPS is that since one of the proposed 

group of studies involves timing of onset (Chapter 5), it is important to select a method of 

simulating sepsis that is quickly and easily administered with a rapid time of onset.  Slow time of 

onset would have an impact on the accuracy and sensitivity of measurements at the early time 

points.  Of the three methods for simulating sepsis, intravenous injection of LPS has the fastest 

application time and most rapid time of onset and therefore allows for very early time-sensitive 

measurements to be carried out.   

Therefore, the pre-existing requirements of this novel model were established.  They are:  

1) the use of the Crl:CD1(ICR) strain of mice, 2) the use of a normal commercial mouse food 

source rather than chemical or radioactive markers, 3) the use of normal feeding activity, with 
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food identification, sensory stimulation, chewing and natural swallowing making it atraumatic, 4)  

the absence of restraint stress, and 5) the use of intravenous tail vein injection of bacterial LPS to 

simulate sepsis in a manner that avoids any manipulation of the GI tract.  With this in mind, a 

series of experiments were conducted to determine if such a mouse model could be developed, 

and then validated. 

 

Development of Methodology and Results:  

Food Source:  

The first step in development of the mouse model was to select a food source.  This 

model differs from the traditional models for measuring gastric emptying in that it uses a food 

source rather than a methylcellulose solution containing phenol red, or radioactive tracers, as 

markers.  Food provides a more physiologic motility response to feeding.  After review of 

commercial mouse diets, LabDiet® 5105 Mouse Diet was selected (Purina Mills Incorporated).  

This diet is formulated from ground wheat, dehulled soybean meal, ground corn, wheat germ, 

brewers dried yeast, and porcine animal fat, and is 52.2% carbohydrate, 18.9% fat and 11.0% 

protein with the remainder made up of fiber and mineral content (ash).  This diet was selected 

because the 11% fat content was not sufficiently high to produce a significant decrease in gastric 

motility through a cholecystokinin effect (Little et al. 2007), yet high enough to provide a 

balanced diet.  The detailed chemical composition of this food source can be found at Appendix 

1. 
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Feeding Method:  

The determination of gastric emptying required a very accurate measurement of food 

consumed during the feeding period, and comparing that to food harvested from the stomach after 

euthanasia.  The calculation of food consumed involved determining the difference between the 

weight of food prior to and after a feeding exposure.  All crumbs and food debris spilled from the 

chewing action of the mouse needed to be accounted for.  Multiple attempts were made to derive 

a system in which the experimental mice would be allowed free access to the pre-weighed food 

pellets, but that any debris and uneaten crumbs could be collected and weighed, along with the 

uneaten portion of the pellet.  This problem was confounded by a number of issues demonstrated 

in different pilot studies. 

The first issue was that mice tend to move pellets to various locations in the cage as they 

eat, often to a more sheltered or protected location.  This is often in areas where crumbs and 

debris would get mixed with urine and/or lost to collection.  The second issue was that 

commercial food pellets are designed to be suspended through a gap in cage bars held rigidly by 

the weight of food pellets above.  If the pellets are not securely anchored, it presented a challenge 

for mice to properly gnaw food from them, which limits food consumption in terms of mg per 

minute. 

In an experiment comparing mice with a restrained food pellet and mice with a food 

pellet presented unrestrained, the mice with the restrained food pellet consumed  5.99 mg/min +/- 

0.66 in a thirty minute food exposure, while mice with an unrestrained food pellet consumed 3.67 

+/- 0.24 mg/min (n=10 for each group).  Additionally, if smaller food pellets were used, they 

tended to crumble and break into pieces that were difficult for mice to eat.  The most efficient 

food consumption rates came from gnawing on a large solid piece.   



  61

After multiple attempts, a standardized method was developed for the use of LabDiet® 

5015 pellets.  Larger food pellets of an unbroken size measuring 12 x 20 x 30-60 mm and a dry 

weight 2100–6100 mg were selected, and prior to exposure to experimental mice, had a small 

hole drilled through the centre using a commercial drill.  A thin stainless steel wire was then 

passed through the hole which anchored the pellet to the bottom of a plastic collection dish (petri 

dish) with 1 cm sides.  This collection dish was in turn anchored to the stainless steel mesh 

flooring of the experimental cage.  In this way the mouse could have free access to the food 

during the feeding period, yet the food would remain attached in one place in the centre of the 

dish which served to collect the crumbs and feeding debris.  The wire prevented the mouse from 

moving the food pellet, and anchored it firmly in an upright manner to facilitate gnawing so that 

the rate of food consumption was optimized.  Following the food exposure, the wire was removed 

using a surgical needle driver, and the uneaten food pellet was recovered along with the food 

debris from the bottom of the dish using a small paint brush to collect crumbs.  The uneaten food 

could then be weighed. 

Dry Weight and Drying Method:  

 To standardize the weights of food before and after feeding, dry weights were used.  

Without standardizing to dry weights, the impact of saliva and of the occasional urine 

contamination in the debris after food exposure artificially increased the weight of the uneaten 

portion of the food.  A large drying oven was used to dry the food, and a temperature of 76 oC 

was selected as this represented a temperature high enough to quickly dry the food, but low 

enough as to not cause oxidation of the lipids in the food pellet thus affecting the weight (AOAC 

1995). 

Weighing experiments with LabDiet® 5015 pellets showed that not only is drying 

important for uneaten food after food exposure in experimental mice, but that it is important in to 
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standardize the weight of a food pellet prior to exposure.  The weight of a given food pellet varies 

with the atmospheric humidity, and a series of drying experiments showed that up to 10% of the 

weight of a pellet being made up of moisture when atmospheric humidity is high.  Therefore, to 

standardize the weight of the food pellet prior to exposure, and to allow for the accurate 

determination of uneaten food after exposure, the food was dried for 24 hours at 76 degrees both 

before and after feeding.   

The technique involves the placement of a preselected food pellet on a pre-weighed 

drying dish.  The food pellet is selected to be of the appropriate size, and has a hole through the 

centre for the passing of the affixing wire.  The dish and pellet are dried for 24 hours and then 

weighed immediately on removal from the drying oven.  The pellet is then allowed to cool to 

room temperature prior to exposure to mice.  Twenty-four hours drying time was chosen because 

a series of drying experiments showed that the dry weight of food pellets and left over debris 

changed by less than 0.5% if dried for 48 hours rather than 24 hours. 

Fasting: Gastric Content, Cage Selection and Fasting Duration:  

 The methods developed in the previous section describe a means by which the amount of 

food consumed by an experimental mouse can be accurately determined through careful 

measuring of the weight of food consumed before and after a food exposure.  To calculate gastric 

emptying, this value is compared with gastric residual in a euthanized mouse after a specific time 

period after food consumption.  However, this assumption that the post-mortem gastric residual 

represents the food eaten by the mouse during food exposure is predicated on the premise that the 

stomach of the Crl:CD1(ICR) mouse was empty, or near empty, prior to food exposure.  

Otherwise, any measurement of gastric residual at euthanasia will be confounded by the pre-

existing gastric residual.  It is important, therefore, to conduct experiments to confirm that fasting 

prior to food exposure can reduce gastric contents to near zero. 
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 A series of experiments were conducted to examine the gastric residual in Crl:CD1(ICR) 

mice under various cage types with food ad libitum,  during fasting, and after a fast followed by a 

food exposure of a fixed duration (Table 1).   Mice allowed free access to LabDiet® 5015 diet 

and euthanized near the midpoint of the day/night cycle showed a gastric residual of  47.4 +/- 

11.8 (mg dry wt +/- SEM; Table 1).   In other experiments not reported, the maximum gastric 

content in mice this size (20-35 gram) following a prolonged period of feeding (1.5-2.0 hours) 

after a 12 hr fast was 400-600 mg, which appears to be the maximum gastric capacity for mice of 

this size.  Therefore, mice allowed free access to food will on average have 8-12 percent of their 

maximum gastric residual present in the form of food through intermittent bouts of feeding. 

 Mice fasted in a normal (plastic tub) laboratory cage, complete with bedding, showed a 

gastric residual of 20.7 +/- 3.5 (mg dry wt +/- SEM; Table 1).  By physical appearance this gastric 

content was consistent with chewed bedding material and indicates that in the absence of food, 

the mice will consume the natural fiber-based bedding material in their cage.  If this bedding is 

removed, the fasting mice will engage in coprophagia and showed a gastric residual of 13.1 +/- 

1.5 of stool and fur.  Therefore, in the absence of both food and bedding, mice consume their own 

stool which could potentially confound the measurement of gastric emptying.   

This propensity for coprophagia in the experimental mice led to the use of special 

experimental cages for fasting.  When mice were placed in these cages with stainless steel mesh 

flooring to prevent access to stool pellets, and with a stainless steel insulated shelter instead of 

bedding, and were fasted for 6 and 12 hours, it was found that the gastric residual was  6.4 +/- 0.9 

and 5.0 +/- 0.6 respectively (mg dry wt +/- SEM, Table 1).  This residual, which represents 

approximately one percent of the total maximum gastric content, was comprised of fur from 

grooming.  These results validate the need for special experimental cages for use during fasting to 

minimize the consumption of bedding and stool, and to allow near complete emptying of the 

stomach prior to experimental food exposure. 
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Table 1:  Analysis of gastric residual in six groups of Crl:CD1(ICR) mice (20-35 g) at different 

fasting conditions and cage types.  Gastric residual was calculated after euthanasia, laparotomy 

and harvest of gastric contents.  All results expressed as mg dry weight +/- S.E.M. after drying at 

76 oC for 24 hours ( n=10 at each point, *** = significantly different from 12 hr fast, mesh floor 

using Kruskal-Wallis and Dunn’s multiple comparison tests p<0.0001) .   

Group                    

(n=10 for each group) 

Gastric Residual                

(mg dry weight +/- S.E.M.) 

Visual Description of Gastric 

Content after Euthanasia      

and Harvest 

Free Access To Food, 

Regular Cage 

47.4 +/- 11.8 mg*** undigested chewed food 

12 hrs Fast, Regular Cage 20.7 +/- 3.5 mg*** chewed and swallowed bedding 

12 hr Fast, No bedding 13.1 +/- 1.5 mg*** stool with some fur (grooming) 

12 hr Fast, Mesh Floor 5.0 +/- 0.6 mg fur (grooming) 

6 hr Fast, Mesh Floor 6.4 +/- 0.9 mg fur (grooming) 

12 hr Fast followed by  

30-minute food exposure 

182.9 mg +/- 19.7 mg*** undigested chewed food 
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 Acclimatization Period  

The stress associated with the travel of mice from the commercial supplier (Charles River 

Laboratories) to Queen’s University had the potential to affect appetite and feeding rate.  

However, the minimum duration of acclimatization following delivery was important to establish 

given the daily costs incurred for animal housing.  A fundamental part of this novel model of 

measuring gastric emptying is experimental mice displaying vigorous food consumption during a 

30-minute food exposure following a fast.  Mice not acclimatized following transfer from the 

commercial supplier would be at risk of disrupted feeding behavior and lower feeding rate.  

Consequently, a small study was carried out comparing the amount of food consumed by mice 

during a 30-minute food exposure for mice acclimatized under standard animal housing 

conditions (regular cages, bedding and shelter, free access to food and water) for 7 to 10 days 

following arrival from commercial supplier, and comparing this to mice acclimatized for 14 to 21 

days. 

The amount of food consumed during a 30-minute food exposure for mice acclimatized 

for 7-10 days (78.1mg  +/- 30.7, n=10) was significantly different than mice acclimatized for 14-

21 days (188 mg +/- 23.8,  n=10, p<0.01).  Those mice from the 7-10 day acclimatization group 

showed a marked dichotomy in food consumed, with four mice consuming more than 170 mg of 

food in the 30 minutes, and six mice consuming less than 50 mg.  Presumably the six mice 

consuming less than 50 mg in 30 minutes were showing the effects of the recent transportation 

from the commercial supplier on appetite, food selection and feeding.   It was therefore concluded 

from this small study, that mice would be acclimatized for 14-21 days prior to initiation of the 

experimental protocol. 
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Experimental Protocol for Measuring Gastric Emptying 

 After incorporating the results of the series of studies outlined above, a standard protocol 

was formulated for this new model to allow the measurement of gastric emptying.  This protocol 

consisted of the following steps (Figure 8): 

i. Acclimation Period:  an initial acclimation period of 14 to 21 days followed 

arrival of the Crl:CD1(ICR) mice from the commercial supplier, with mice 

housed in regular solid-bottomed laboratory cages with shelter, bedding and free 

access to water.  Mice also had free access to LabDiet® 5015 feed to allow 

acclimatization of the food source used during experimentation. 

ii. 12-hour Fasting Period:  the commencement of the experimentation with a 12-

hour fasting period initiated by transferring the experimental mice from standard 

laboratory cages to special-purpose experimental cages with an insulated 

stainless steel shelter to obviate the need for bedding, and stainless steel mesh 

flooring to prevent consumption of bedding and coprophagia.  Free access to 

water was available throughout the fasting period (Figure 8). 

iii. 30-minute Food Exposure:  At the conclusion of the fasting period the mice were 

subjected to a 30-minute food exposure.  Prior to the food exposure, a LabDiet® 

5015 food pellet of size 2100–6100 mg had a hole drilled in the centre, was dried 

at 76 degrees C for 24 hours, weighed, and then allowed to cool to room 

temperature.  At the beginning of the food exposure the pre-weighed food pellet 

was anchored to the bottom of a dish in the experimental cage using a stainless 

steel wire.  The mouse was then allowed a 30-minutes exposure to the pellet.  

The environment for food exposure was devoid of activity or noise to allow for 

maximum feeding.  The pilot studies showed that Crl:CD1(ICR) that are 

acclimatized for more than 14 days will eat voraciously from the food pellet after 



  67

a 12-hour fast, with a mean food consumption of approximately 6 mg per minute 

for the 30-minute food exposure (Figure 8). 

iv. Recovery of Uneaten Food:  After the 30-minute food exposure, the recovery of 

the uneaten portion of the food pellet and the collection of feeding debris took 

place.  The food pellet was removed from the feeding dish by detaching the 

stainless steel wire using a surgical needle driver.  The debris that has fallen from 

the gnawing action of the mouse was collected from the feeding dish by 

sweeping with a small paint brush.  The uneaten food pellet and debris were 

dried for 24 hours at 76 oC  and weighed.  The dry weight of food consumed 

during the food exposure period was calculated by subtracting the dry weight of 

the food pellet prior to the 30-minute food exposure with the dry weight of the 

food pellet and feeding debris following food exposure. 

v. Anesthesia and Tail Vein Injection: Immediately following removal of the food 

pellet and debris the mouse was removed from the experimental cage and lightly 

anesthetized with isoflurane.  Anesthesia was induced to a level whereby 

spontaneous motor activity was absent but foot pinch still elicited a response and 

respirations were maintained, and this generally required 10 to 15 seconds of 

isoflurane exposure.  The mouse was then weighed to calculate LPS dose, and a 

tail vein injection with LPS or saline was carried out.  Following injection the 

mouse was then returned to the experimental cage and regained consciousness.  

The total duration of anesthesia was never more than 60 seconds, and averaged 

30-40 seconds.  Isoflurane anesthesia minimized the stress and pain associated 

with tail vein injection, and the transient vasodilatory effect of isoflurane added 

to the effect of the warm water in facilitated cannulation of the tail vein. 

vi. Post-Injection Fasting Period:   Following tail vein injection the mice were 

returned to the experimental cage where they recover from anesthetic in seconds.  



  68

A second fasting period commenced which had various durations depending on 

experimental groupings.  Durations of 30 minutes, 1, 3, 6, 9, or 18 hours were 

used . 

vii. Euthanasia and Recovery of Gastric Contents:  Following the post-injection 

fasting period, experimental mice were euthanized and a post-mortem 

laparotomy and gastrotomy were performed.  The entire gastric residual was 

recovered manually followed by irrigation of the stomach with distilled water to 

remove all contents adherent between the rugal folds.  The gastric contents were 

then dried at 76 oC for 24 hours and weighed.  Gastric emptying over the duration 

of the post-injection fasting period is determined by comparing the dry weight of 

food eaten with the gastric residual. 

 

 

Validation of Experimental Protocol 

 The injection of LPS is known to affect gastric motility in other animal models (Cullen 

1996).  However, once this new protocol was developed it became necessary to test the model to 

determine if it could reliably measure gastric emptying in mice, and that it possessed the 

sensitivity to detect changes in gastric emptying associated with LPS injection and simulated 

sepsis.  To this end, a study was designed using two groups of twelve experimental mice.  One 

experimental group would receive an injection of saline and would serve as a control group, while 

the second group would receive a tail vein injection of 100 mg/kg of LPS.  Experimentally, this 

dose of LPS was a relatively high dose, selected because it represents a dose with sufficient 

magnitude to impart a reasonable chance of causing an effect on gastric motility.  The 2 hour  
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Figure 8: Diagrammatic representation of the method for measuring gastric emptying in of 

Crl:CD1(ICR) mice.  The experimental period commences with a 12-hr fast in experimental 

cages with stainless steel mesh flooring.  After fasting, mice are exposed to a pre-weighed food 

pellet for 30 minutes.  After food exposure, the food and eating debris are removed and mice are 

sedated with isoflurane, weighed, injected via the tail vein with LPS or saline, and returned to the 

cage.  The mice are fasted again after the feeding exposure for durations of 30 minutes, 1 hour, 3 

hours, 6 hours 9 hours or 18 hours and then euthanized.  A post mortem laparotomy and 

gastrectomy are carried out to harvest gastric content.  Gastric emptying is calculated by 

comparing dry weight of food eaten with dry weight of gastric residual. 
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LD50 of LPS in mice is approximately 212 mg/kg, and this dose represents approximately half 

the 2 hour LD50 (Prancan and Nakano 1973). 

Within each dosage group of twelve mice, six mice were fasted for three hours following 

food exposure and LPS injection and then euthanized, and six mice were fasted for six hours.  As 

was done in with the selection of the dose level of LPS, these durations were selected to be 

sufficiently long as to have a high likelihood of showing a difference in gastric emptying between 

those dosed with LPS and the control group. 

 

Results: 

 Mice that were allowed a 30-minute food exposure and then injected with 100 mg/kg 

LPS showed a significant difference in gastric residual at 3 and 6 hours after injection than 

control mice.  At the 3-hour time point post injection, mice injected with 100 mg/kg LPS showed 

a mean gastric residual of 45.8% +/- 5.3 (n=6) of food consumed during the food exposure, which 

was significantly different from the control value of 8.4% +/- 1.1 (p<0.001, n=6, Figure 9).  A 

similar finding occurred at the 6-hour time point, with those mice receiving LPS showing a 

gastric residual of 49.4% +/- 3.1 (n=6) of the food consumed, which was significantly different 

from the control value of 9.5% +/- 1.8 (n=6, p<0.001, Figure 9). 

  

Discussion:  

A novel model for the measurement of gastric emptying was successfully developed 

using the Crl:CD1(ICR) strain of mice as the experimental species.  This general purpose strain is 

inexpensive and has a stable 50-year record of use as an experimental animal.  Unique to this  
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Figure 9:  Gastric residual for Crl:CD1(ICR) mice injected with 100 mg/kg of E. coli 

lipopolysaccharide or 0 mg/kg (control) at 3 and 6 hours post-injection.  Gastric residual is 

calculated as the percent of food eaten (dry weight) during a food exposure occurring over the 30 

minutes preceding the zero time point.  For each time point and dose, n=6.  ** indicates statistical 

difference from control p<0.001 
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model is the use of a standard food source instead of the traditional chemical or radioactive 

markers, and it was demonstrated that such a food source can be used effectively provided that 

careful attention is given to drying food specimens and accurate assessment of weights.  The use 

of a standard food source removes any trauma associated with gavage or the use of indwelling 

gastric cannulae and better represents the normal physiologic response to feeding. A standard 

food source demands that the experimental animal find, chew, and swallow of their own volition, 

and do so with a reasonable rate of food consumption during the relatively short 30-minute food 

exposure.   A brief period of isoflurane anesthesia is used for tail vein injection to avoid restraint 

stress during injection, and no restraint is required to infuse gastric marker into the stomach as the 

mice feed freely of the food source.  Intravenous injection of LPS into the tail vein is used to 

simulate sepsis, as unlike CLP or intraperitoneal injection of LPS, it avoids surgery or 

manipulation of the abdominal cavity which can affect motility. 

The majority of the existing models developed to measure gastric emptying use either a 

non-nutritive semi-solid solution such as methylcellulose to which a chemical or radioactive 

marker has been added, or a liquid marker which is artificially forced into the stomach (Gupta 

and Chaudhary 2003, de-A.A.Gondim et al. 1999).  These non-nutritive markers have the 

potential to impact the measurement of the ensuing gastric motility in several ways.  The first is 

the fact that the anticipatory or cephalic phase responses play a role in the establishment of the 

post-prandial pattern of gastric motility (Power and Schulkin 2008).   The sight, smell, taste, and 

chewing of food that has an appetizing effect which increases antral motility in anticipation of 

feeding (Katchinski 2000 ). Gustatory and other visceral afferent inputs project into different 

subnuclei of the NTS, and descending projections from more rostral centres of olfaction and 

vision are known to project to the DVC (Powley 2000).  These responses are all part of the 

natural cycle of the establishment of post-prandial gastric motility, and are not present in more 



  73

traditional models measuring gastric emptying.  In addition, the emptying of a liquid marker 

differs from the emptying of a solid marker and may not accurately reflect motility associated 

with foodstuffs (Powley 2000).      

In the traditional models of measuring gastric emptying, the act of placing a gavage 

catheter down the esophagus of a restrained and conscious animal may have an impact on gastric 

motility and influence results, as the dilatation of the esosphagus can predispose to transient 

motility disorders (Triadafilopoulos 2012).  By allowing mice to feed ad libitum, this model 

avoids such influences.  The model is also devoid of conscious restraint, a factor known to alter 

motility (Tsukada et al. 2002).  No restraint is required to establish a bolus of food in the 

stomach, as the mice feed normally, and a short exposure to isoflurane allows for weighing and 

tail vein injection without restraint.  And finally, by selecting intravenous tail vein injection for 

LPS administration, iatrogenic manipulation of the coelomic cavity in the form of either 

laparotomy or intraperitoneal injection is avoided, which may have direct negative effects on 

gastric motility (Livingston and Passaro 1990, Luck et al. 2003). 

As mentioned above, there are numerous benefits of this new model, but there are also 

some limitations which make it not suitable in all situations.  Because this model involves 

following a bolus of self-ingested food over a period of time, the gastric residual represents a 

picture of the gastric emptying over the entire time course from food consumption to euthanasia.  

It does not allow an assessment of gastric empting over a specific shorter period of time starting 

after the cessation of feeding.  In other words, it is not possible to get a “snapshot’ of gastric 

emptying at a discrete time point several hours after feeding.  As well, unlike some models which 

use a tracer, it does not allow for real time assessment of gastric emptying.  For experiments 

requiring that type of assessment, more traditional models involving the gavage of a tracer 

compound are required.   
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One potential criticism of this model may relate to the use of isoflurane used to facilitate 

weighing and tail vein injection, and raises the question regarding any potential impact on gastric 

motility of residual isoflurane.  However, this method for tail vein injection was selected because 

studies suggest that isoflurane has little effect on post-prandial gastric motility.  Hall et al. (1995) 

found that dogs anesthetized with 1.3 minimum alveolar concentration (MAC) isoflurane for 4.5 

hours showed no effect of isoflurane on gastric electrical and contractile activities in the fed state 

for the entire 18 hours after anesthesia for which they made recordings.   It has been shown, 

though, that exposure to isoflurane in rats can alter whole gastrointestinal tract transit time, but 

there is not specific mention of gastric motility and these effects may relate more to small 

intestine or colon (Torjman et. al. 2005).   To minimize any potential concerns regarding the 

isoflurane, the duration of anesthetic was extremely short (less than one minute), and both the 

experimental and control groups received this agent. 

So in conclusion, the experiments in this chapter have shown that a novel atraumatic 

model for measuring gastric emptying was successfully developed, and that it is capable of 

measuring gastric emptying.  This is the first and only model to encompass all the factors of 

natural food source, absence of restraint stress, absence of upper gastrointestinal manipulation, 

and absence of abdominal cavity surgery.   
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Chapter 5 

Timing of Onset of Sepsis and Comparison to Clinical Signs 

 

Introduction:  

Background: 

 As discussed previously in Chapter 2, there exist two schools of limited evidence 

surrounding the mechanisms associated with sepsis-induced delayed gastric emptying.  There are 

those authors suggesting a centrally-mediated mechanism (Duranton and Bueno 1984, Calatayud 

et al. 200, Hermann and Rogers 2009), and those who propose an intrinsic tissue-level cause 

(Wirthlin et al. 1996, Takakura 1997, Engel et al. 2010).   This apparent lack of mechanistic 

consensus points to the need for further evaluation of this pathophysiological phenomenon.  Part 

of this dichotomy in evidence results because of the wide range of species, methodologies, and 

models used.  In fact, thus far eight different experimental species have been used.  Such 

heterogeneity makes comparison between studies difficult, and extrapolation regarding some 

common underlying evolved mammalian mechanism extremely challenging.   

There are three other features which make mechanistic interpretation difficult.  The first 

is that few authors have examined more than one physiological feature of sepsis-induced delayed 

gastric emptying using their specific model.  As such, any comparison across different features of 

this pathological condition, or the effects of different pharmacologic agents, are confounded by a 

difference in methods.  The second factor is the lack of whole animal evaluation.  Several studies 

use strain gauges sewn on gastric mucosa, or anesthetized animals, or non-nutritive marker 

compounds, or isolated tissue strips alone without whole animal verification, all of which are 

surrogate measures of motility (Cullen et al. 1996, de Winter et al. 2004, Hermann and Rogers 

2008). The third feature making mechanistic interpretation difficult is that a comparison of sepsis-
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induced delayed gastric emptying in the context of other physiologic changes has not been 

conducted, and work on sepsis-induced delayed gastric emptying has been done in isolation of the 

septic cascade.  There exist a number of other physiological changes that manifest from sepsis, 

which have been studied at some length as to their mechanistic roots.  These include those 

features that would be described as clinical signs of sepsis. 

Clinical Signs of Sepsis: 

 One approach when examining sepsis-induced delayed gastric emptying would be to 

compare it to other physiological changes associated with sepsis.  Sepsis-induced delayed gastric 

emptying is one of a myriad of physiological alterations which occur during sepsis in mice (Bian 

et al. 2001), and human patients (Li et al. 2011), and among this constellation of 

pathophysiologic derangements are a group of factors termed ‘clinical signs’.  Clinical signs are 

overt physiologic changes that lend themselves to simple evaluation and measure, and 

consequently are used frequently in both experimental animals and human patients as a metric of 

alterations in the internal state.  Simple to measure, the clinical signs of sepsis represent a well-

established method of assessment and monitoring of the progression of the cytokine storm 

associated with sepsis.  And importantly, the pathophysiological mechanisms underlying a 

number of clinical signs have been elucidated, with some shown to be centrally-mediated while 

others result from intrinsic tissue-level changes. 

 An example of one such clinical sign whose mechanisms have been elucidated is the 

alteration in behaviour with septic illness.  LPS injection produces a number of well-established 

behavioural changes in mice including decreased food-motivated behaviour, decreased social 

investigation, and overall behavioural depression.  This has been termed “sickness behaviour” 

(Hart 1988, Dantzer 2004).   



  77

Experimentally, the mechanism for sickness behaviour is initiated with a peripheral LPS 

injection that acts on macrophages and monocytes to elicit systemic cytokines.  The most 

important cytokines from the point of view of causing altered behaviour are TNF-α, interleukin 

1β, and interleukin-6 (Dantzer and Kelly 2007).  In non-central nervous system infections, these 

cytokines signal the brain through the traditional endocrine route, along with more rapid neural 

transmission through vagal afferent nerves (Dunn 1992, Bret-Dibat et al. 1995, Fishkin and 

Winslow 1997).  In the brainstem, cytokines increase neurotransmitter turnover and activate 

corticotropin releasing factor containing neurons in the paraventricular nucleus of the 

hypothalamus.  This leads to the manifestation of patterns of behaviour termed sickness 

behaviour (Berkenbosch et al. 1987).  Because this is a rapid centrally-mediated neural response, 

it is one of the earliest changes seen in mice associated with LPS injection taking place only a few 

minutes after injection.    

Piloerection is another very early clinical sign after LPS injection, and occurs through a 

similar mechanism.  LPS causes the release of cytokines from macrophages and monocytes, 

which in turn act centrally to activate the hypothalamic-pituitary-adrenal axis causing piloerection 

via the autonomic nervous system (Masuda et al. 1999, Hennessy et al. 2007).  The endogenous 

cytokine interleukin-1β appears to have a primary role in this pathway (Hennessy et al. 2007).  

Again, because this is primarily a centrally-mediated neural response, it occurs rapidly after 

injection.  Piloerective responses have been demonstrated after only minutes in Crl:CD1(ICR) 

mice (McKinney et al. 1994). 

Another clinical sign associated with sepsis is an increase in respiratory rate.  Sepsis 

increases the resting respiratory rate in experimental animals, but this clinical sign is not felt to 

have a primary centrally-mediated mechanism.  LPS injection raises the resting respiratory rate 

through a pathway which involves peripheral activation of iNOS and eventual NO production at 

the tissue level, although none of this work has been done with mice (Celik et al. 2002, Oikawa 
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and Yamaoka 2003).  The induction of iNOS leads to blockade of mitochondrial respiration, 

increased lactate production, and the activation of the sympathetic nervous system which in turn 

leads to an increase in respiratory rate (Strunk et al. 2001, Vayssettes-Courchay et al. 2002).  

Because this pathway involves an intrinsic tissue-level response, it is postulated that the time of 

onset occurs more slowly than that of behavioural alteration or piloerection, although no studies 

exist which demonstrate the time of onset of increased respiratory rate after LPS administration 

using mice as the experimental animal. 

Another commonly measured clinical sign of sepsis, perhaps the commonest measured in 

patients, is body temperature.  The normal body temperature in Crl:CD1(ICR) mice has a daily 

fluctuation associated with food availability.  All small mammals including laboratory mice will 

reduce their body temperature as an energy saving measure when food supplies are less readily 

available, a process called daily topor (Hudson and Scott 1979).  For Crl:CD1(ICR) the daily 

body temperature ranges from 34.0 to 39.5 depending on food availability (Schubert et al. 2009).  

With the development of sepsis, body temperature in mice will drop approximately 0.5 degrees 

over several hours, but then fall precipitously to well below 34 oC if severe sepsis develops, and 

can go as low as ambient temperature if severe sepsis becomes life threatening (Kadioglu et al. 

2011).  This alteration in temperature is related to increasing levels of hemotogenous cytokines 

that produce tissue level changes similar to those which drive the increase in respiratory rate.  As 

with measures of increased respiratory rate, a decrease in body temperature associated with sepsis 

is slow to develop in mice as they are not the product of a rapid centrally-mediated response as 

seen with behavioural changes and piloerection.  It can be hours, and even days, before the 

significant sepsis-related decrease in body temperature manifests in Crl:CD1(ICR) mice 

(Kadioglu et al. 2011).  
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Proposed Experiments: 

 Those clinical signs which are centrally-mediated such as sickness behaviour and 

piloerection have a rapid time of onset based on the fact that they are neurologically-detected 

phenomena with neural afferent loops that take advantage of the physiologic speed of neural 

conduction.  The time of onset can be less than an hour following injection of LPS in mice.  In 

fact, these two aforementioned clinical signs represent some of the most rapid responses 

associated with sepsis.   

On the other hand, those responses which are dependent on intrinsic tissue-level 

responses, like increased respiratory rate and decreased temperature, take a longer time to 

manifest.  The induction of iNOS takes place in a variety of cells including macrophages and 

smooth muscle cells from agents such as LPS and the cytokines associated with sepsis (Morris 

and Billiar 1994).  But this enzymatic induction requires hours to manifest, making this process 

slower (Weisbrodt et al. 1996). 

 It then follows that the time of onset of sepsis-induced delayed gastric emptying, when 

compared to the time of onset of the aforementioned clinical signs, would provide valuable 

information as to a potential mechanism.  Should sepsis-induced delayed gastric emptying occur 

rapidly, with a similar time course to behavioural changes and piloerection, this would be highly 

suggestive of a central mechanism.  Should it take a longer time course to manifest, similar to 

changes in respiratory rate and decreases in body temperature, an intrinsic tissue level response 

would be more likely.   

To date there has been no experimental examination of the timing of onset of sepsis-

induced delayed gastric emptying, and there exists no comparison with other clinical signs of 

sepsis.   The lack of any comparison occurs in part because traditional models of measuring 



  80

gastric emptying impart restraint stress and awake gavage, which alter the clinical signs and 

would obscure any changes associated with sepsis, especially at the early time points.  

The novel model of measuring gastric emptying developed for this thesis is especially 

well suited to conduct a study comparing the time of onset of clinical signs and sepsis-induced 

delayed gastric emptying.  The atraumatic nature of the protocol will not alter the early time-

points measurements, and the model is well-suited to measure both sepsis-induced delayed gastric 

emptying and the clinical signs of sepsis simultaneously.  Such a study would incorporate the 

complexities of a whole animal experiment, which is especially important given that a number of 

mechanistic studies that looked at more specific tissue level responses have produced equivocal 

results in terms of a central versus intrinsic mechanism.  

Therefore, the objective of the experiments outlined in this chapter was to conduct a 

series of studies to examine the time of onset of sepsis-induced delayed gastric emptying, and 

compare it to the time of onset of sepsis-related clinical signs of sickness behaviour, piloerection, 

respiratory rate, and body temperature using the novel atraumatic model which had been 

developed to measure gastric emptying. 

 

Results: 

 For a detailed description of the methodology please see Chapter 3, and specifically 

Figure 2.  A total of 142 experimental mice were divided into four groups based on LPS dose, 0 

mg/kg (control), 10 mg/kg, 30 mg/kg and 100 mg/kg.  After 30-minute food exposure mice were 

injected with LPS and then different subsets of mice were allowed to fast for 30 minutes, 1 hour, 

3 hours, 6 hours and 9 hours prior to sacrifice.  The sample size was 6 or 8 mice at each post-

injection time point for each LPS dose (Figure 2).  Determination of clinical signs occurred in the 

10 minutes immediately prior to euthanasia.    
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Gastric Emptying 

The gastric residual at 30 minutes post-injection for all LPS dosage groups (10, 30, and 

100 mg/kg), determined as a percentage of food consumed during the 30-minute food exposure 

and represented as a dry weight, was not significantly different from control (Figure 10).  At 1 

hour post injection, however, gastric residual for the LPS dosage groups was significantly 

different than the control value of 18.9%, with values of 48.2%, 48.0% and 55.0% (for 10, 30 and 

100 mg/kg LPS respectively, p< 0.0001 for each time point, Figure 10).  At 3 hours post injection 

the gastric residual in the control group decreased from the 18.9% at 1 hour to 8.2%, and 

remained at approximately that level through the 6 and 9 hour time points post injection (Figure 

10).  Gastric residual for each of the three LPS dose levels remained significantly different from 

control group through 3, 6 and 9 hrs post-injection in a dose-related fashion, levelling at a plateau 

level of approximately the 3-hour values of 28.9%, 33.1% and 45.8% for 10, 30 and 100 mg/kg 

LPS respectively (Figure 10).  Each of these plateaus was significantly different than the control 

value (p<0.0001 for 3, 6 and 9 hour time points for doses of 30 and 100 mg/kg LPS, and p<0.001 

for the 10 mg/kg dose at 3 hours post injection, and p<0.01 for 6 and 9 hour time points, Figure 

10). 

Activity Level: 

The activity level of mice receiving the 100 mg/kg LPS dose, rated on a five point scale 

by a blinded observer, differed significantly from control mice at every measured time point from 

30 minutes post-injection of LPS to 9 hours post-injection (Figure 5, p<0.0001 at each time 

point).  The activity level for mice receiving 10 and 30 mg/kg LPS showed a trend towards being 

less than that of the control mice but did not achieve statistical significance (Figure 11). 



  82

 

 

 

 

 

Figure 10: Gastric residual for Crl:CD1(ICR) mice at four different LPS doses (0 [control], 10, 

30, and 100 mg/kg) at 30 minutes, and 1, 3, 6, and 9 hours post-injection of E. coli 

lipopolysaccharide.  Gastric residual is calculated as the percent of food eaten (dry weight) during 

a food exposure occurring over the 30 minutes preceding the zero time point.  Sample size 6-8 

mice per data point.  Statistical significance calculated in comparison to control using two way 

ANOVA with Bonferroni post-tests .  (*=p<0.01, **=p<0.001, ***=p<0.0001) 
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Figure 11:  Activity Level for Crl:CD1(ICR) mice at four different LPS doses, 0 [control], 10, 30, 

and 100 mg/kg at 30 minutes, at 1, 3, 6, and 9 hours post-injection of E. coli lipopolysaccharide.  

The activity level is based on recording from a blinded observer, who rated mice according to 

following scale: 1) not active, hiding, timid, 2) predominant hiding, will observe environment, 

minimal exploration, 3) hiding and exploration both observed, 4) predominant exploration, 

limited hiding, 5) fully active, exploring environment .  Statistical significance calculated in 

comparison to control using Kruskal-Wallis with Dunn’s post-tests (* = p<0.01). 
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Degree of Piloerection: 

The degree of piloerection was measured by a blinded observer on a scale from one to 

three: 1) full piloerection, all fur standing up, 2) partial piloerection, 3) flat fur, normal state.  

Mice receiving LPS at the two highest dose levels (30 and 100 mg/kg) differed significantly from 

control mice at all time points, while the degree of piloerection for mice at the lowest LPS dose 

(10 mg/kg) was not significantly different although did show a non-significant trend towards an 

increased degree of piloerection (Figure 12).   

Resting Respiratory Rate: 

The resting respiratory rate for the control mice remained unchanged at each of the time 

points from 30 minutes to 9 hours post injection with mean values ranging from 138 +/- 5.3 to 

147 +/- 4.7 (mean +/- SEM, Figure 13).  For mice receiving the highest dose of LPS (100 mg/kg 

LPS), the resting respiratory rate was not significantly different from the control value at 30 

minutes or 1 hour post injection.  However at three hours the resting respiratory rate had 

increased to 175 +/- 8.6, a value that was significantly different from control.  This significant 

elevation in respiratory rate persisted at the 6 and 9 hour time points (Figure 13).  Mice in the 

intermediate LPS dose range (10 and 30 mg/kg LPS) were significantly different from control at 

9 hrs post-injection, but not at 30 min, 1 hr, 3 hrs or 6 hours (Figure 13).  

Rectal Temperature: 

 The rectal temperature of control mice was not different than rectal temperature of LPS-

dosed mice across all time points (Figure 14).  In all cases the rectal temperature showed a 

gradual increase from values of 36.1 +/- 0.2 (degress Celsius +/- SEM) and 35.4 +/- 0.4 at 30 

minutes and 1 hour post-injection respectively, to values of 37.1 +/- 0.4 at six hours post-

injection.  Following the six hour time point the temperature was decreased, with a mean of 35.6 

+/- 1.2 at nine hours.   
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Figure 12:  Degree of piloerection for Crl:CD1(ICR) mice at four different LPS doses, 0 

[control], 10, 30, and 100 mg/kg at 30 minutes, at 1, 3, 6, and 9 hours post-injection of E. coli 

lipopolysaccharide.  A blinded observer rated the degree of piloerection on a scale from one to 

three: 1) flat fur, normal state, 2) partial piloerection, 3) full piloerection, all fur standing up. 

Statistical significance calculated in comparison to control using Kruskal-Wallis with Dunn’s 

post-tests (* = p<0.01).  
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Figure 13:  Resting respiratory rate in breaths per minute for Crl:CD1(ICR) mice at four different 

LPS doses, 0 [control], 10, 30, and 100 mg/kg at 30 minutes, at 1, 3, 6, and 9 hours post-injection 

of E. coli lipopolysaccharide.  Statistical significance calculated in comparision to control using 

using two way ANOVA with Bonferroni post-tests (* = p<0.01, ** = p<0.001). 
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Figure 14:  Rectal temperature for Crl:CD1(ICR) mice at four different LPS doses, 0 [control], 

10, 30, and 100 mg/kg at 30 minutes, at 1, 3, 6, and 9 hours post-injection of E. coli 

lipopolysaccharide.  No statistical significance at a given time point using two way ANOVA with 

Bonferroni post-tests). 
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Discussion:  

 This study provides the first demonstration in a single model of the measurement of both 

gastric emptying and clinical signs during an episode of simulated sepsis.   As such, it not only 

allows for the assessment of each parameter across time and dose, including the assessment of 

time of onset, but facilitates the comparison between those parameters. 

 The administration of LPS produced a delay in gastric emptying (Figure 10), a finding 

which is consistent with other studies (de Winter 2004).  This sepsis-induced delayed gastric 

emptying was dose dependent, with those mice receiving a greater dose of LPS showing a higher 

gastric residual.  The plot of gastric residual over time for the control group demonstrated that 

food consumed over the 30-minute feeding period was essentially gone from the stomach by 3 

hours (Figure 10).  The remaining small gastric residual persisting at the 3, 6 and 9 hour time 

points was visually consistent with gastric secretions and fur from grooming.  Interestingly, the 

animals in the groups receiving LPS also reached a consistent gastric residual by three hours.  

This residual, which was visually consistent with consumed chewed food, showed a dose-

dependent effect so that the higher the dose of LPS, the greater the residual (Figure 10).  The fact 

that the gastric residual remained constant at each of the time periods from 3 to 9 hours is 

consistent with the sepsis-induced delayed gastric emptying being persistent for at least 9 hours 

following LPS injection. 

 At 30 minutes post-injection, the gastric residual in those mice receiving LPS was not 

significantly different than control.  However at one hour post-injection, and every time point 

thereafter, there was a significant difference between the LPS group and the control group 

indicating that the time of onset of sepsis-induced delayed gastric emptying occurs prior to one 

hour post injection (Figure 10).  This statistically significant difference in gastric residual at the 

one hour time point is dependent on two factors in this model.  The first is that LPS produces the 

onset of an alteration in post-prandial gastric motility at some time point between zero and one 
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hour post-injection.  The second factor is that sufficient time passes with a differential in gastric 

emptying between LPS-dosed and control mice such that a statistical difference in the remaining 

gastric residual between the two groups is manifested.  Consequently, given that a statistically 

significant difference is detected at one hour post-injection, one would deduce that the actual time 

of onset would be some time period prior to one hour to allow the differential in motility to 

produce a difference in gastric residual.  This would make the time of onset of sepsis-induced 

delayed gastric emptying a very early effect post-injection of LPS.   

 As well, there was no measured decrease in the time of onset of sepsis-induced delayed 

gastric emptying with increasing dose of LPS (Figure 10).  This may have resulted because the 

time of onset is rapid in all cases but mechanistically unchanged by increasing dose, or because 

this model is not powered to detect such a change given there is only two early time points (30 

minutes and one hour) and that a certain amount of time must past with altered motility before a 

detectable difference in gastric residual is measured.  

A change in activity level following LPS injection, as scored by a blinded observer, had a 

rapid onset in the highest LPS dose, with statistically significant changes noted prior to 30 

minutes post injection (Figure 11).  This represents a very short time of onset, and such altered 

behaviour persisted for at least 9 hours.  At the lesser two LPS doses, the scored behaviour failed 

to reach statistical significance, although there was a trend towards a decrease in activity 

throughout all time points measured (Figure 11).  These differences observed in behaviour at the 

10 and 30 mg/kg LPS may not have achieved statistical significance due to the artificial nature of 

the numeric scoring system and the number of assessment levels, or insufficient sample size.   

Despite the lack of statistical significance with the lower LPS doses, at the higher dose 

there is clearly a change in behaviour which manifests itself early after injection with LPS.  This 

finding of a very early time of onset is consistent with the literature in models that only looked at 
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altered behaviour in mice, and is consistent with the known central mechanism of sepsis-induced 

sickness behaviour (Watanabe et al. 2004).  This central mechanism produces extremely rapid 

responses because it involves detection of sepsis via vagal afferent conduction, and central 

detection in the paraventricular nucleus of the hypothalamus, and these in turn mediate centrally 

driven changes in behaviour (Berkenbosch et al. 1987 Winslow 1997).  The rapid nature of neural 

conduction accounts for the rapid time of onset, a feature which was clearly demonstrated in this 

model (Figure 11). 

Piloerection is another response to sepsis which is known to have a rapid centrally-

mediated response (Hennessy et al. 2007).  In this series of studies it was found that in the two 

highest doses of LPS, 30 and 100 mg/kg, the degree of piloerection was significantly different 

from control animals at every time point measured (Figure 12).  This is consistent with a time of 

onset for a piloerective response prior to 30 minutes, and is consistent with the literature 

regarding this rapid neutrally-mediated response.   

The injection of LPS produced an increase in the resting respiratory rate, but this increase 

was not measured until the 3-hour time point post-injection (Figure 13).  This elevation in 

respiratory rate in the LPS-dosed mice persisted through the 9-hour time point.  Such findings are 

consistent with the time of onset of elevated respiratory rate manifesting somewhere between one 

and three hours post-injection, which is significantly longer that the rapid time of onset of 

behavioural changes and piloerection.  These differences in time of onset highlight the 

mechanistic difference between the clinical signs.  While altered behaviour and piloerection are 

rapid, central, neurally-mediated responses, an increased respiratory rate depends upon intrinsic 

tissue level changes associated with circulating cytokines (Vayssettes-Courchay et al. 2002, 

Oikawa and Yamaoka 2003).  These changes involved the induction of iNOS and the alteration of 

cellular metabolism as oxygen delivery to the tissues is altered.  Respiratory rate increases based 

on physiologic need, and is a marker reflecting diffuse metabolic and hemodynamic changes 
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associated with sepsis.  However, because such increases are dependent on tissue level changes 

which require the induction of enzymes, there is a slower time of onset relative to the neurally-

mediated changes in behaviour or piloerection. 

Rectal temperature did not show a difference between control mice and those receiving 

LPS (Figure 14).  In all cases the temperature showed a non-significant increase to the 6-hour 

time point before decreasing again at the 9-hour time point.  What is observed in these results, 

rather than any specific LPS related effect, is the daily topor associated with the food exposure.  

Mice, including Crl:CD1(ICR) mice, undergo a daily fluctuation associated with food availability 

(Schubert et al. 2009).  Body temperature will decrease as the time since food consumption 

increases as an evolved energy saving measure in these mammals with low volume to surface 

area ratio.   Following the fast which preceded the food exposure, the experimental mice would 

have had a decreased body temperature in response to the lack of nutrient intake.  Following the 

food exposure which preceded the injection, body temperature would increase gradually in 

response to the food exposure, a trend which is seen in the 6 hours following food exposure 

(Figure 14).  Since the post-injection time points in this model represent a second fasting period, 

the decline in body temperature at nine hours likely represents the effect of decreased nutrient 

exposure and daily topor. 

In studies looking at sepsis in C57BL/6 mice, a significant decrease in body temperature 

to below 34 oC was associated with severe sepsis (Kadioglu et al. 2011).  However, these authors 

did not demonstrate this precipitous drop in body temperature until time points between 24 and 

48 hours after the induction of sepsis.  It might well be that LPS-injected experimental mice used 

in this study would have manifested this change at a later time than the nine hours in which 

measurements were recorded.  However, given that the post-injection time period in this model is 

a fasting period, there are limitations with respect to the duration of a fast imposed by animal care 

guidelines, and a 48 hour timeline was not possible in this model.   
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In conclusion, the findings of this chapter represent the first direct temporal comparison 

of sepsis-induced delayed gastric emptying and clinical signs of sepsis.  Furthermore, these 

results were done in the same experimental animals using a novel model designed to allow such 

measurements to be possible due to the atraumatic nature of the measurement of gastric 

emptying.  This atraumatic nature produces minimal alteration of clinical signs.  These results 

show clearly that sepsis-induced delayed gastric emptying occurs very early in the time course of 

developing sepsis, and is temporally clustered with those signs of sepsis that are known to be 

centrally mediated. 

Because of the rapid nature of neural conduction, centrally-mediated septic changes occur 

rapidly in the time course of developing sepsis.  In the debate in the literature as to whether 

sepsis-induced delayed gastric emptying is a central or an intrinsic mechanism, the time of onset 

results of this chapter represent indirect, but strong evidence for sepsis-induced delayed gastric 

emptying being a centrally-mediated response.  
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Chapter 6 

C-Fos Activation in Brainstem Nuclei after LPS Injection 

 

Introduction: 

Background: 

 In the experiments described thus far in this thesis, it has been shown that the delayed 

gastric emptying resulting from LPS exposure onsets within the first hour after injection.  This 

sepsis-induced delayed gastric emptying was found to occur in the same time frame as the central 

neuronally-mediated LPS responses of altered behaviour and piloerection, and the temporal 

association with known centrally-mediated responses suggests a central mechanism for sepsis-

induced delayed gastric emptying.   

The experiments described in this chapter focus on the 30-minute post-injection time 

period with a view to exploring the concept of a centrally-mediated mechanism.  If it were the 

case that sepsis-induced delayed gastric emptying is centrally-mediated, it would involve two 

distinct mechanisms:  1) the detection of either LPS or circulating cytokines by the brain, and 2) 

the subsequent inhibition of the centres which control gastric motility or activation of inhibitory 

centres.   

As discussed in Chapter 2, the dorsal vagal complex (DVC) of the brainstem is the centre 

for visceral autonomic control of the stomach, including the reflex control of motility, tone, and 

acid secretion (Hermann and Rogers 2008).  Arising from the floor of the fourth ventricle, this 

dorsal hindbrain structure contains the dorsal motor nucleus of the vagus nerve (DMV) which is 
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the nucleus of central secretomotor control of gastric function.  If sepsis-induced delayed gastric 

emptying was to have a centrally-mediated mechanism, then inhibition of DMV is the 

pathophysiological method through which it would occur. 

Adjacent to the DMV are two nuclei known to have inhibitory connections to the DMV, 

the visceral sensory nucleus of the solitary tract (NTS) and the area postrema (AP, Hermann and 

Rogers 2009).  These nuclei are located adjacent to each other in the floor of the fourth ventricle 

(Rogers et al. 2006).  Not only do these two nuclei have inhibitory DMV function, but the NTS 

and AP possess the characteristics of circumventricular organs in that they have fenestrated 

capillaries and enlarged perivascular spaces producing an incomplete blood-brain barrier 

(Hermann and Rogers 2009).  As well, dentrites from neurons from these nuclei penetrate the 

ependymal layer and enter the floor of the fourth ventricle (Rogers and McCann 1993).  This 

makes the NTS and AP capable of monitoring blood and cerebrospinal fluid for such 

biomolecules as the cytokines associated with sepsis.  As well, the NTS receives input from vagal 

afferent nerves, allowing for responses to inflammation distant from the central nervous system 

(Tracey 2007, Boeckxstaens and de Jonge 2009).  Therefore, if a central mechanism requires the 

detection of either LPS or circulating cytokines within the brain and the inhibition of the DMV, it 

would be these two nuclei which would the strongest candidates to carry out that function.  

To date there is some limited work examining the NTS and DMV with respect to a 

potential role in sepsis-induced delayed gastric emptying.  Hermann and Rogers found that TNF 

injected directly into the DVC of anesthetized rats through an open craniotomy causes a reduction 

in background gastric tone (Hermann and Rogers 1995).  They also noted that TNF receptors are 

highly concentrated on vagal afferents and terminals in the NTS making this nucleus capable of 

sensing circulating TNF levels (Hermann and Rogers 2009).  Together this information 

demonstrates that one of the cytokines known to be produced by sepsis, TNF, can be detected by 

the NTS and can effect a change in gastric tone when applied centrally.  To date there have been 
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no studies examining the role of the AP in sepsis-induced delayed gastric emptying, and no 

correlation with changes in gastric tone and actual motility.   

C-Fos Expression: 

C-fos is a cellular proto-oncogene belonging to the immediate early gene family of 

transcription factors, originally described in the field of growth regulation.  The c-fos gene 

encodes for the protein c-Fos, also called the c-Fos gene product, which is a 380-amino-acid 

protein (Curran and Morgan 1995) .  The upregulation of c-Fos transcription occurs in response to 

many extracellular signals or stimuli and encode for proteins required for the subsequent chain of 

events in a cell (Curran and Morgan 1995). C-Fos participates with products of the related Jun 

family as a component of the protein complex that binds to the activator-protein-1 (AP-1) binding 

site of DNA to regulate transcription from specific target genes (Shen and Greenburg 1990).  

Genes that contain the AP-1 complex are activated by the Fos/Jun complex, thereby allowing the 

expression of the so-called late-onset genes that encode for neuronal products such as 

neurotransmitters.   

As a measure of neuronal activation, immediate-early genes such as c-Fos have 

advantages over the older histochemical localization techniques measuring levels of cytochrome 

oxidase and hexokinase.  Both cytochrome oxidase and hexokinase require much longer periods 

of stimulus application to produce sufficient intracellular changes, so their use is limited to 

chronic experiments in which stimulus application is applied for several days (Krukoff 1999).   

Immediate-early genes, however, are activated with much shorter duration stimuli, sometimes 

only minutes, and are much more versatile as measures of neuronal activation. 

  Transcription of c-Fos occurs within minutes of application of a stimulus, with amounts 

of mRNA peaking at 30-45 minutes and the Fos protein being detectable by 

immunohistochemistry within 15-30 minutes.  The half-life of the Fos protein is about two hours 
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(Muller et al. 1984).  In most neurons, the basal expression of c-Fos is low, and it can be rapidly 

induced by a broad range of stimuli making it ideal for use as a marker (Krukoff and Khalili 

1997). The most popular method of visualizing Fos protein within the nuclei of the cells is using 

immunohistochemistry, although mRNA levels for the gene can be measured with in situ 

hybridization or northern blots. 

Immunohistochemistry for the Detection of c-Fos Gene Product: 

Using immunohistochemistry, the c-Fos oncoprotein can be identified in histological 

sections providing a measure of neuronal function while maintaining anatomic distribution.  One 

common technique utilizes an avidin-biotin-horseradish peroxidase, and was first proposed by 

Hsu in 1981 and has been commonly used since (Hsu et al. 1981).  This highly sensitive 

immunoenzymatic technique involves a series of sequential steps:  1) the blocking of those 

processes which could produce background staining, 2) the use of a primary antibody raised 

against the c-Fos gene produce, 3) the use of a biotin-labeled secondary antibody against the 

species from which the primary antibody was derived, 4) an avidin-biotin-peroxidase complex, 

and 5) the addition of a chromogen such as DAB.  This process is represented in a diagrammatic 

fashion in Figure 15.   

The first step in the process involves the blocking of those factors which could produce 

background staining by reacting with the avidin-biotin-peroxidase complex.  This usually 

involves washing with hydrogen peroxide to block endogenous peroxidase and followed with the 

serum from the species from which the secondary antibody was raised to suppress non-specific 

binding of the secondary biotinylated immunoglobulin (Figure 15).  

The second step involves the incubation of the specimens with primary antibody, which 

is an anti-c-Fos oncoprotein IgG of a different species than the secondary antibody.  This is then 

followed by a third step, the addition of a secondary antibody raised against the species from  
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Figure 15: Schematic representation of the process for visualization of c-Fos protein in brainstem 

neurons using an immunoperoxidase staining system .  This immunohistochemical technique 

gives an anatomic representation of functional neuronal activity (Hsu et al. 1981). 
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which the primary antibody was derived.  This secondary antibody is incubated with biotin, a co-

enzyme in the vitamin B-complex (Figure 15). 

The fourth step in the process involves the addition of an avidin-biotinylated horseradish 

peroxidase complex.  Avidin, an egg white glycoprotein, is commercially purified by SDS-

polyacrylamide gel electrophoresis, has four binding sites for the low-molecular-weight vitamin 

biotin.  As such it has an extremely high affinity for biotin and binds almost irreversibly (Hsu et 

al. 1981).  Many moieties of biotin can be coupled to the horseradish peroxidase molecule, an 

enzyme that can convert colourless chromogen molecules like DAB to coloured precipitates.  

Therefore, when a relatively large amount of avidin is incubated with biotin-labeled peroxidase, 

avidin serves as a link between biotin-peroxidase molecules and a large lattice-like complex with 

biotin-binding capability and peroxidase activity is created.   This complex is attracted to the sites 

of biotin-labeled antibody by way of the avidin component of the complex (Figure 15).  The final 

step in the process is the addition of a chromogen such as DAB, which is converted to a brown 

precipitate allowing visualization of those areas containing c-Fos oncoprotein   

Proposed Experiments: 

 An examination of c-Fos activation in neurons of the DMV, NTS and AP of 

Crl:CD1(ICR) mice was undertaken at 30 minutes post-injection.   Prior to injection the mice 

were fasted for 12 hours and then given a 30-minute exposure to food; the format used in the 

novel mouse model developed for this manuscript for measuring gastric emptying.  The 30-

minute time point was selected based on the timing of onset data determined in previous 

experiments (Chapter 5), and the time required for activation of c-Fos.   

In the studies conducted earlier in this thesis, sepsis-induced delayed gastric emptying 

was clearly established at the one-hour post-injection time point, when measured as a difference 

in gastric residual compared to controls (Figure 10).  This difference in gastric residual between 
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LPS exposed mice and control mice results because of two factors.  The first is the onset of a 

decrease in gastric motility in the LPS-exposed mice while the regular post-prandial motility 

pattern is initiated and maintained in the control mice.  The second factor is the passage of 

sufficient time as to allow the differential motility between LPS-exposed and control mice to 

produce a significant difference in the mass of food in the stomach.  Therefore, the actual point of 

onset of a decrease in motility would precede the one-hour time point demonstrated by the 

experiments of Chapter 5 to allow for sufficient time for the differential motility to produce a 

measurable difference when gastric content is weighed.  As such, the post-LPS injection time 

point for examination of c-Fos activation of brainstem nuclei involved with gastric motility 

should be selected prior to one hour. 

It has been shown in studies using c-Fos immunohistochemistry that although c-fos 

mRNA can be activated within minutes of stimulation, the expression of the c-Fos oncoprotein is 

only detectable at 15-30 minutes, peaking at 1-2 hours, and returning to baseline at 8–24 hours 

(Gao and Ji 2009).  Therefore, in selecting a time point after LPS injection to examine activation 

of the nuclei of the DVC, 30 minutes was selected as it represents a time period less than the one 

hour point at which it was shown that sepsis-induced delayed gastric emptying is already manifest 

(Chapter 5), but after the minimum 15 minutes required for the c-Fos oncoprotein to form and be 

detectable following stimulus application. 

It was the objective of these studies to examine the expression of the protein product c-

Fos as a marker of functional activity in the dorsal motor nucleus of the vagus (DMV), the 

nucleus of the solitary tract (NTS), and area postrema (AP) in the brainstem of experimental mice 

30 minutes following LPS injection, and comparing injection with a saline injection (control).  A 

dose of 100 mg/kg of LPS will be used as it represents the highest dose used in the experiments 

of Chapter 5 and will provide the greatest chance of producing a difference in neuronal activation 

given the very early time point post-injection.  
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Results: 

 
There were a total of six mice in the LPS exposure group (100 mg/kg), and six mice in 

the control group (saline).  The brainstem of one mouse from the LPS group did not produce 

adequate sections due to an air bubble adjacent to the tissue in the OCT mounting media causing 

the microtome to fragment the tissue.  The brainstems of two mice, one in each exposure group, 

suffered ice crystal artifact and the sections did not have sufficient histological structure for use.  

This left five mice in the control group and four mice in the LPS group.  

 As determined by an observer, blinded to LPS dose, the brainstem sections of the mice in 

the LPS exposure group showed significantly more activated neurons in the AP, with a mean of 

19.29 +/- 3.7 activated neurons within the unilateral standardized template, than did the control 

group with a mean of 2.07  +/- 0.41 (p<0.001, Figure 16, Figure 17).   The similar finding was 

noted in the NTS where the LPS exposure group had a mean of 50.54 +/- 7.35, which was 

significantly higher than the sections from the control mice with a mean of 15.93 +/- 0.68 

(p<0.001, Figure 16, Figure 17).   In the DMV the situation was reversed with the LPS group 

showing significantly less c-Fos activated neurons (9.25   +/- 2.22 ) than the control group (28.47 

+/- 3.42; p<0.001, Figure 16, Figure 17). 

 

Discussion: 

When the DVC of the mouse brainstem was examined at this 30-minute time point after 

injection, comparing an injection of 100 mg/kg to control, some very interesting findings were 

demonstrated (Figure 16).  The first is that the AP, along with the NTS, showed a significant  
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Figure 16:  Representative mirrored sections of the brainstem of two Crl:CD1(ICR) mice under 

light microscopy comparing c-Fos activated neurons in the area postrema (AP), nucleus of the 

solitary tract (NTS) and dorsal motor nucleus of the vagus (DMV).  After a 30-minute food 

exposure, the mice were injected with LPS or control via the tail vein and allowed to fast for 30 

minutes prior to euthanasia.  Panel A: control mice injected with 0 mg/kg LPS (saline).  Panel B: 

mice injected 100 mg/kg LPS.  The central canal is designated by CC.   
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Figure 17:  A comparison of c-Fos activated neurons in the Area Postrema (AP), Nucleus of the 

Solitary Tract (NTS) and Dorsal Motor Nucleus of the Vagus (DMV) in two groups of 

Crl:CD1(ICR) mice 30 minutes after the conclusion of a 30-minute feeding period, and 30 

minutes following injection of either saline (control) or 100 mg/kg LPS (LPS).  The number of c-

Fos-positive cells was determined in six non-contiguous rostral-caudal sections per mouse, each 

section separated by 40 microns.  The sections were counted by a blinded observer bilaterally 

then averaged to report unilateral number.  The area of the DMV was standardized as a 

rectangular region of 1.152 mm2, the NTS to a polygon measuring 2.3616 mm2, and AP a triangle 

measuring 0.3456 mm2.  Statistical significance calculated in comparison to control using two 

way ANOVA with Bonferroni post-tests (**=p<0.001).  For control group n=5, for LPS group 

n=4.   
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increase in c-Fos activation with LPS exposure.  The DMV, on the other hand, showed 

significantly less activation with LPS exposure than did the control. 

As mentioned in Chapter 2, the pathways relating the interaction between the stomach, 

the DMV, AP, and NTS have been elucidated to some degree in the literature.  It is known that 

the DMV contains the majority of the efferent motor neurons which drive gastric motility 

(Shapiro and Miselis 1985).  This vagal pathway from the DMV that exerts an excitatory effect 

on gastric motility has been demonstrated by most studies to be the result of cholinergic 

preganglionic neurons utilizing nicotinic receptors, with the principal postganglionic neurons also 

being cholinergic acting on muscarinic receptors in the gastric smooth muscle (Rogers et al. 

2006).  In the control animals, 30 minutes after a 30-minute exposure to food, vagal afferent and 

other signaling would have initiated post-prandial gastric motility in response to a number of 

factors including the food within the stomach.  The abundance of c-Fos activated neurons noted 

in the DMV of the control animals is consistent with the excitatory tonically active neurons which 

increase motility within the gastric antrum following food ingestion (Figure 16, 17).  However, 

the finding of significantly less c-Fos activated neurons in the DMV of the LPS group suggests an 

inhibition of this response.  This differential in c-Fos activation in the DMV is strong evidence 

for a central mechanism given that the DMV is the primary centre for central control of gastric 

motility, and the fact that the 30 minute time point is close to the point at which previous 

experiments suggested sepsis-induced delayed gastric emptying onsets. 

The finding of a decrease in c-Fos positive neurons in the DMV is unique, and has not 

been demonstrated in other studies.  Hermann et al. (2001) showed a very slight increase in c-Fos 

activation in the DMV in rats after exposure, but the absolute numbers were very small, and the 

results were measured ninety minutes after LPS exposure.  In this study the measurements are 

taken much earlier, 30 minutes post LPS injection, which is relatively a very early time point and 

may account for the differences.  As well, what may actually be demonstrated in this study is not 
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a decrease in c-Fos activation in the LPS-exposure group, but rather the relative increase in c-Fos 

positive neurons in the control group, as at 30 minutes following food ingestion the experimental 

animals would be sampled during the gastric phase of digestion.  Finally, there is a suggestion 

that there would be an increase in c-Fos activation of those neurons innervating the spleen related 

to an LPS activation of the cholinergic anti-inflammatory pathway, but the absolute number of 

these neurons is small in the DMV (Buijs et al. 2008), especially when compared to the number 

of neurons innervating the stomach.  

But more compelling evidence for a central mechanism for sepsis-induced delayed 

gastric emptying relates to the differences in c-Fos activation in the AP and NTS.  LPS exposure 

produces a significant increase in c-Fos activation in both these nuclei when compared to control 

mice (Figure 16, 17).  This may demonstrate a possible mechanism for the functioning of such a 

central mechanism within the DVC. 

Work done by Rogers helped establish that the NTS has neurons demonstrated to inhibit 

excitatory gastric vagal efferent neurons within the DMV (Rogers et al. 2005).  It has also been 

shown that TNF-α, a pre-eminent cytokine in sepsis, may play a role in the activation of the NTS 

(Hermann and Rogers 1995, Hermann and Rogers 2007).  However, these experiments were 

conducted in anesthetized fasted rats that underwent craniectomy and brainstem exposure.  In 

these rats, there is minimal baseline gastric tone as a consequence of the surgical manipulation, 

and in fact there is no effect on baseline after injection of LPS for that reason.  As such, this 

represents a very artificial situation designed to demonstrate neuroanatomic functional 

connectivity.  The relaxation of the gastric tone in a fasted anesthetized animal, or reduction of 

thyrotropin-releasing hormone stimulated contraction waves does not definitely show that this is 

the mechanism of sepsis-induced delayed gastric emptying.  Rather, it only demonstrates that 

such a mechanism could exist by demonstrating the functional connections.  The results of this 

chapter, and that of Chapter 5, add to this evidence by pinpointing the time at which sepsis-
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induced delayed gastric emptying onsets, and then examining c-Fos activation in those nuclei that 

have been shown to inhibit the DMV at that time. 

And when the results of the experiments in this chapter are taken into context with the 

results of Chapter 5, it has been shown that LPS exposure causes increased c-Fos activity in a 

known inhibitory centre of gastric motility (NTS) and a decrease in activity in the major central 

nucleus which exerts central control of gastric motility (DMV) coincident with the onset of 

sepsis-induced delayed gastric emptying.  This is strong, albeit indirect, evidence that the NTS is 

inhibiting DMV function and causing sepsis-induced delayed gastric emptying. 

One unexpected result is that a similar finding to the NTS is also present within the AP.  

To date there are no studies within the literature which implicate the AP in sepsis-induced 

delayed gastric emptying, so this is a novel finding.  The AP is the most caudal of the 

circumventricular organs, and has a very dense ramifying vascular network consisting of 

fenestrated blood vessels with an absence of tight junctions making it lack a blood-brain diffusion 

barrier to large polar molecules (Miller and Leslie 1994).  It has been implicated as a 

chemoreceptor trigger zone for emesis for over 60 years (Borison and Brizzee 1951).  In recent 

years, however, the distinction between the AP and the NTS has been blurred.  The AP makes 

essentially the same afferent connections as the NTS and contains many of the same neuronal 

phenotypes (McKinley et al. 2003).  Dendrites from vagal motor neurons in the DMV penetrate 

the NTS and the boundary with the AP.   

It is entirely possible that the c-Fos activation of the AP seen in these results is simply the 

AP fulfilling its role as a circumventricular organ, and the c-Fos activation is more related to the 

role of the AP in detection of blood borne effects of LPS injection than in sepsis-induced delayed 

gastric emptying.  However, with the similarity of roles, and shared neuronal phenotypes and 

connectivity, it may be that the AP and NTS together are the brain centres for detection of sepsis 
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and subsequent DMV inhibition, which in turn produces sepsis-induced delayed gastric emptying.  

Given the role of the AP within the organism, it is an ideal candidate as an initiating nucleus in 

the onset of sepsis-induced delayed gastric emptying. 

The experiments outlined in this chapter, together with those experiments conducted 

previously, strongly suggest a central mechanism for sepsis-induced delayed gastric emptying, 

and give evidence that this central mechanism involves the AP and NTS detecting circulating 

levels of cytokines through fenestrated capillaries in which the integrity of the blood-brain barrier 

is not complete, and then inhibiting the vagal efferent neurons within the DMV.  All this occurs 

shortly after the onset of sepsis, and is one of the earliest signs occurring within 30 minutes of the 

onset of simulated systemic infection.  
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Chapter 7 

Intrinsic Contractility of Gastric Circular Smooth Muscle - Tissue Bath 

Experiments 

  

Introduction: 

Background: 

Isolated strips of the gastric antrum from experimental animals can be surgically removed 

from the abdomen just prior to euthanasia and placed in a tissue bath.  If perfused with an 

oxygenated solution that is physiologically balanced for major electrolytes, these isolates will 

maintain viability for several hours.  This allows for direct measurement of contractility, and 

allows for pharmacological manipulation through the addition of compounds into the tissue bath 

solution.  Typically these strips are small in size, 5-10 mm in length and 2-3 mm in width, 

depending on the species, and are anchored to an isometric force transducer at the top and bottom.  

Strips can be taken of circular muscle, longitudinal muscle, or intact rings.  When mounted, and 

when the tissue is allowed to acclimatize under a constant isotonic load, a baseline tone will be 

established that is interrupted periodically by the intrinsic contractile activity of the antrum 

(Kitazawa et al. 1994).  This intrinsic contractile activity occurs in the absence of nerve input, 

and is regulated by spontaneous rhythmic depolarization and repolarization of the membrane 

potential termed ‘slow waves’ (Szurszewski 1978).   

One method of assessing smooth muscle activity is to make measurements of contraction 

or relaxation of the baseline tone that is established between the intrinsic contractile events with 

antral tissue strips.  A second method is to assess the rate and nature of these intrinsic 

contractions, but often these intrinsic contractions are small and irregular and difficult to assess, 
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especially in mice.  Manipulations can be made using pharmacologic agents added to the tissue 

bath, or electrical stimulation of intrinsic nerves can be used to elicit contraction.  In species with 

a rapid intrinsic contraction rate, the water bath temperature can be reduced several degrees 

below body temperature to decrease the frequency of this activity.  Isolated segments of the 

murine gastric antrum will remain viable up to two hours under this experimental arrangement 

(Ceregrzyn et al. 1998). 

Segments of antrum isolated in a tissue bath as described above will produce tonic 

contractions in response to acetylcholine when added to the tissue bath, and to choline esters such 

as bethanechol, carbamylcholine (carbachol) or methacholine.  This is a response mediated 

through the M3 muscarinic receptor and is a dose-dependent phenomenon (Jankovic et al. 1998).  

On a tracing of isotonic force, choline esters produce a steep uprising curve and plateau which 

returns to baseline once the choline ester is washed from the tissue bath (Jankovic et al. 1998).  

Contractile responses can also be elicited to electrical field stimulation (EFS), a stimulating 

electric field from a point current source that activates the intramural nerves found within the 

isolated preparation.  EFS induces a steeply uprising phasic contraction when the stimulus is 

applied, the peak increasing with increasing stimulation frequency.  This curve then drops 

transiently below baseline with rebound relaxation when the stimulus is discontinued, only to 

slowly rise back to baseline over a time period of approximately a minute.  The magnitude of the 

EFS-evoked reaction depends on pulse frequency, and confirmation that signal conduction is via 

neural propagation rather than direct smooth muscle electrical stimulation is demonstrated by 

showing elimination of the response using the potent neurotoxin tetrodotoxin (Van Vlem et al. 

2002). 

The injection of LPS into experimental animals has been previously shown to alter the 

intrinsic contractile response of small intestine (Eskandari et al. 1999) and to alter the response of 

isolated gastric smooth muscle segments to EFS (Arab et al. 2008).  This is part of a body of 
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research which examines the role of nitric oxide, induced by LPS and by circulating cytokines, as 

a potential mechanism for sepsis-induced delayed gastric emptying. 

Nitric oxide (NO) is produced by nitric oxide synthase (NOS) from L-arginine, and is 

known to produce many physiological and pathological processes.  Two major isoforms of NOS 

been identified, a constituative enzyme known as cNOS and an inducible form of the enzyme 

termed iNOS.  The isoform cNOS is mainly localized to endothelium and peripheral and central 

nerves, and depends on cytosolic calcium for activation.  The inducible form iNOS, on the other 

hand, requires induction prior to action.  This induction can occur from agents such as LPS and 

the cytokines associated with sepsis, and takes place in a variety of cells including macrophages 

and smooth muscle cells (Morris and Billiar 1994).   

It has been demonstrated that LPS pre-treatment will induce iNOS leading to relaxation 

of isolated gastric smooth muscle cells, and that the addition of the substrate L-arginine produces 

a decrease in the baseline tone while adding the selective iNOS inhibitor aminoguanidine returns 

tone to normal or supranormal (Takakura et al. 1997).  This has lead the authors to suggest that 

LPS and cytokine induction of iNOS produces NO production in the gastric smooth muscle cells 

which then is the cause of sepsis-induced delayed gastric emptying.  However, one of the 

shortcomings of this study, and the one other study examining the role of NO in sepsis-induced 

delayed gastric emptying (Arab et al. 2008), is that at no point was delayed gastric emptying 

evaluated, only tissue level contractility.  As well, at no point was the time of onset of sepsis-

induced delayed gastric emptying considered and correlated with any tissue level effect of iNOS 

induction.  Consequently, the small amount of evidence suggesting a role for nitric oxide 

production in gastric tissue through iNOS induction as a mechanism of action for sepsis-induced 

delayed gastric emptying fails to measure actual gastric emptying, and fails to correlate an effect 

with any time course for the development of delayed gastric emptying in sepsis.  As such, any 

conclusions reached regarding this potential mechanism should be made with caution.  
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Objectives and Proposed Experiments: 

Currently there are no studies that look at contractile response of smooth muscle of 

isolated gastric antrum to either choline esters or EFS in the face of systemic LPS administration.  

Such a study would provide the most direct assessment of the intrinsic effect of sepsis on gastric 

emptying.  Previous studies have examined intestine, and some limited studies have looked at 

gastric fundus, but it is the antral muscle of the gastric pump which would provide the best 

assessment of any impact on gastric emptying of solid food in the face of sepsis, especially if 

muscle strips are oriented parallel to the circular axis of the antrum so as to measure the circular 

smooth muscle contraction. 

It was the objective of this chapter to conduct studies of contractility of isolated segments 

of gastric antrum harvested immediately following euthanasia in mice treated with either LPS or 

placebo.  Gastric emptying was measured concurrently, so that direct correlation can be made 

between LPS-induced gastroparesis and intrinsic antral contractility.  After the harvest of gastric 

contents for analysis of gastric emptying following euthanasia, isolated antral strips were 

surgically dissected free and placed into a tissue bath for measurements of contractility to a EFS 

and the choline ester carbachol.  These two methods were used together to examine both pre and 

post synaptic stimulation.  The only other change was the manner of euthanasia, whereby 

isoflurane overdose was replaced in the atraumatic model to a blow to the head followed by 

cardiac disruption so that death happens rapidly without a period of hypoxia, and that there are no 

confounding variables of isoflurane effects on tissues.   

Experimental mice were assessed at two time points post-LPS injection, 6 hours and 18 

hours.  Six hours was selected as a time point which is relatively early, but one in which delayed 

gastric emptying was clearly established by previous studies in this manuscript (Chapter 5).  

Eighteen hours post LPS injection was selected as it represents a time which the literature would 
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suggest an LPS injection would produce alterations in gastric function from induction of iNOS 

(de Winter et al. 2002). 

This represented the first experiments to analyze intrinsic in vitro antral tissue 

contractility in the face of systemic LPS administration, and the first experiments that examined it 

concomitantly with a calculation of gastric emptying ongoing in the whole animal from which the 

tissue strips are derived. 

 

Results: 

  Following suspension in the tissue bath chamber, the spontaneous activity of the mouse 

antral tissue was small and irregular, with relatively long periods of uniform tone between.  EFS 

produced a rapid transient contraction with a short-lived rebound relaxation before the tissue 

returned to a baseline tone (Figure 18).  The magnitude of contraction depended on the frequency 

of the EFS stimulation, with maximal contraction occurring at higher frequencies.  

 Carbachol induced concentration-dependent tonic contractions of the isolated mouse 

antrum, with the greatest contraction occurring at the dose of 10-3 M (Figure 18).  The baseline 

tone returned to normal following a washout of the tissue bath chamber. 

 At a time point six hours after injection of 100 mg/kg LPS, there was no demonstrable 

contractile difference to EFS in the isolated tissue from the antrum when compared to the control 

animals (Figure 19A).  Both tissue samples show a similar increase in tonic contraction with 

increasing stimulus frequency.  At 18 hours following injection of 30 mg/kg of LPS, those  
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.

 

 

Figure 18: Representative traces showing basal activity and contractile response of 3x10 mm full 

thickness mouse antral tissue strips (oriented parallel to the circular axis of the antrum at harvest) 

in a tissue bath exposed to EFS or carbachol.  Contractile responses are recorded as values above 

the baseline of 500 mg.  A: Electrical field stimulation contractile responses.  Parameters were 

voltage 90V, pulse duration 1 ms, stimulation time 5 s.  B: Contractile responses to six different 

molar concentrations of carbachol (carbamyl choline). 
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Figure 19: Contractile response of full thickness mouse antral strips in a tissue bath exposed to EFS at 

frequencies of 1, 5, 10, 20, 30, 40, 50 and 60 Hx.  A: Tissue strips harvested 6 hours after exposure to 100 

mg/kg of LPS or control (n=7 for LPS-exposed mice and n=8 for control).  B: Tissue strips harvested after 

18 hours exposure to 30 mg/kg LPS or control (n=6 for LPS-exposed mice and control).  All active 

contractile force was normalized to the cross-sectional area and was expressed as grams of force per gram 

of tissue per cm2 (g/gram of tissue/cm2).  Statistical significance calculated in comparison to control using 

two way ANOVA with Bonferroni post-tests .  (*=p<0.01, **=p<0.001, ***=p<0.0001) 
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animals exposed to LPS had a significantly reduced contractile response to EFS compared to 

controls (Figure 19B). 

 A similar effect is seen with exposure to carbachol.  Six hours following injection there is 

no difference in the tonic contraction produced by carbachol in tissue from mice exposed to 100 

mg/kg compared to controls (Figure 20A).  However, at 18 hours after injection mice that 

received 30 mg/kg of LPS had a significantly decreased contractile response (Figure 20B). 

 When the gastric residual was examined from mice from both the 6 hour and 18 hour 

post-injection time point, there was a significant difference between those mice receiving LPS 

and controls at both time points (Figure 21).  Six hours after receiving 100 mg/kg of LPS via a 

tail vein injection, the gastric residual was 42.2% +/- 3.0, while the control animals had a gastric 

residual of 8.7% +/- 1.5.  Eighteen hours after the injection of 30 mg/kg of LPS the gastric 

residual was 36.8% +/- 3.6 while the control value was 1.5% +/- 0.3.  The contractile responses to 

EFS in the isolated tissue strips were reversibly inhibited by the subsequent addition of 1 µM 

tetrodotoxin.  The data for these results are not shown. 

 

  Discussion: 

This is the first set of experiments that examined the in vitro function of gastric tissue in 

the face of LPS administration that was also paired with a measurement of gastric emptying 

occurring at the time of tissue resection.  As well, this is the first study to examine 
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Figure 20: Contractile response of full thickness mouse antral strips in a tissue bath exposed to carbachol at 

concentrations of 10-8 to 10-3 M.  A: Tissue strips harvested 6 hours after exposure to 100 mg/kg of LPS or 

control (n=7 for LPS-exposed mice and n=8 for control).  B: Tissue strips harvested after 18 hours 

exposure to 30 mg/kg LPS or control (n=6 for LPS-exposed mice and control)  All active contractile force 

was normalized to the cross-sectional area and was expressed as grams of force per gram of tissue per cm2 

(g/gram of tissue/cm2).  Statistical significance calculated in comparison to control using two way ANOVA 

with Bonferroni post-tests .  (***=p<0.0001)  
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Figure 21: Gastric residual for mice just prior to the harvest of gastric tissue strips for tissue bath 

analysis.  At 6 hours after LPS injection n=7 for LPS-exposed mice and n=8 for control, and 18 

hours after LPS injection n=6 for both LPS-exposed mice and control.  *** =  p < 0.0001 
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circumferentially oriented strips of gastric antrum and LPS exposure, a tissue and orientation that 

would best represent the function of the gastric pump and therefore gastric emptying.   

The results of this experiment clearly demonstrate that intrinsic changes in antral smooth 

muscle contractility do occur following LPS exposure, and this is demonstrated by a decrease in 

tonic contractile response to both EFS and carbachol exposure (Figure 19, 20).  These alterations 

in contractility of gastric antral smooth muscle were manifest by 18 hours after LPS injection, but 

were not measureable at 6 hours following injection.  This finding alone is not surprising, and 

many would have predicted such results based on the work of Arab et al. (2008) looking at gastric 

fundus.  However, by concomitantly measuring gastric emptying, an absence of measurable 

change in antral muscle contractility was demonstrated at a time when LPS-induced delayed 

gastric emptying was well established.  This is a new and important finding. 

The fact that sepsis-induced delayed gastric emptying is already occurring at the six hour 

time point (Figure 21) is consistent with the timing of onset experiments of this manuscript 

(Chapter 5).  In those studies, using the same model, it was demonstrated that the onset of delayed 

gastric emptying manifests within the first hour after injection.  Consequently, the sepsis-induced 

delayed gastric emptying demonstrated to be occurring in the gastric tissue of those mice from 

which the muscle strips were harvested at six hours was likely occurring for five hours prior to 

that point. 

As mentioned previously in this manuscript, there is a body of literature which supports a 

theory that sepsis-induced delayed gastric emptying is related to cytokine-evoked induction of 

iNOS with consequent nitric oxide production, which in turn inhibits gastric muscle contractility 

(Takakura et al. 1997, Arab et al. 2008).  However, what is missing from the body of work 

implicating NO as the primary causative agent for sepsis-induced delayed gastric emptying is the 
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lack of understanding of the time of onset, and the measurement of gastric emptying concurrent 

with those studies examining the role of NO. 

 It is known that the development of decreased contractility, or changes in isolated 

intestinal and gastric fundus smooth muscle following LPS administration, takes a finite time 

period to occur.  This protracted time line, postulated to be required for the manifestation of iNOS 

induction and subsequent NO production, is borne out in the literature.  In studies by de Winter et 

al. (2002), gastric emptying was measured 17 hours after LPS injection.  Eskandari et al. (1999) 

found changes in contractility 12 hours after LPS injection, and Ceregrzyn et al. (1998) also 

measured changes in contractility 12 hours after LPS exposure.   

Although it is not clearly stated why such long post-exposure time points are chosen in 

these studies, the results of the experiments in this chapter would indicate that it results from the 

fact that intrinsic tissue-level changes in contractility are not occurring at earlier time points.  In 

fact there is some evidence for this concept.  Takagura (1997) saw an inhibition in relaxation 

response to EFS in isolated strips of gastric fundus in LPS-exposed rats when compared to 

controls after pre-treatment with L-arginine, a substrate for nitric oxide.  They theorized that the 

addition of substrate for NO increased NO levels and led to the effect.  However, they also noted 

that there was no difference in baseline relaxation response between LPS-treated and control mice 

at 6 hours without the addition of L-arginine.  This lack of primary response is interesting in that 

other researchers have shown a primary effect of LPS on isolated gastric fundus relaxation 

response at later time points (Arab et al. 2008), and strongly suggests that measureable 

differences in intrinsic tonic contractility in the face of LPS exposure requires more than 6 hours 

to occur. 

It is clearly demonstrated in Chapter 5 of this manuscript that sepsis-induced delayed 

gastric emptying is present by one hour.  This is inconsistent with there being any primary role 
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for iNOS induction and NO production in the very early stages of sepsis-induced delayed gastric 

emptying.   In studies looking at the impact of LPS pre-exposure on contractility of gastric or 

intestinal tissue, it is commonplace to examine the effects after 8 to 18 hours after LPS 

administration.  However, delayed gastric emptying has likely been present for 6 hours prior to 

this point, and the current studies demonstrate that at the six hour time point no such intrinsic 

effect on contractility to EFS or carbachol is noted (Figure 19 and 20).  Consequently it can be 

concluded that intrinsic alteration in gastric smooth muscle contraction after LPS exposure, likely 

a result of NO, is not detectable at 6 hours, at least 5 hours after delayed gastric emptying has 

been present.  This fact calls into question the primary role of NO as a causative agent in very 

early sepsis-induced delayed gastric emptying, although it may be an important entity as the time 

course progresses. 

There is no doubt that LPS causes an NO-related alteration in gastric smooth muscle 

function, as there is sufficient evidence based on previous studies.  However, when these results 

are interpreted with the information shown in Figures 19 and 20, it speaks to a biphasic response 

of the stomach to systemic LPS.  Initially there is a rapid, centrally-mediated response to LPS as 

described in the timing of onset experiments (Chapter 5).  This is followed, hours later, by a 

second phase, manifested through the induction of iNOS in the intrinsic gastric smooth muscle 

leading to an increased NO production in the tissue.  This process of iNOS induction takes 

several hours to manifest prior to causing intrinsic changes.   

In fact, at the tissue level, the time course for iNOS induction has been known for over a 

decade.  In a variety of gastrointestinal smooth muscle cells in rats, intraperitioneal injection of 

LPS is shown to increase mRNA for iNOS by one hour, peaking at 4 hours after endotoxin 

exposure (Chen et al. 1996).  This increase in mRNA has been shown to cause an associated 

increase in iNOS activity at 5 hours in gastrointestinal tissue (Weisbrodt et al. 1996).  This is 

clear evidence that the pathway of iNOS induction, NO production, and alteration of gastric 
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smooth muscle function is a slow process, certainly much slower than the one hour onset of 

delayed gastric emptying demonstrated in this manuscript (Chapter 5). 

Therefore, the results of the studies in this chapter, taken together with those of the 

previous chapters, are suggestive of a new paradigm for the evaluation of sepsis-induced delayed 

gastric emptying, one that ties together the two groups of evidence in the literature.  There is a 

biphasic response to sepsis with respect to gastric function, with an initial rapid, centrally-

mediated response, which is then later combined with a tissue-level response, likely through the 

induction of iNOS and NO production, several hours later. 
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Summary 

Sepsis-induced delayed gastric emptying is a significant clinical problem for human 

patients in ICUs worldwide, an importance related mainly to two factors.  The first is that sepsis 

is an extremely common condition, the leading cause of death in non-cardiac ICUs.  The second 

is that the technical aspects of feeding ICU patients mean the vast majority are fed nutritional 

solutions into their stomach and are therefore dependent on gastric motility for nutrition.  To date 

the nature and mechanisms of sepsis-induced delayed gastric emptying have not been determined.  

A series of studies were carried out in this thesis to examine the nature and mechanisms of sepsis-

induced delayed gastric emptying using the mouse as a model. 

 The first step was the development of a new mouse model to measure gastric emptying, a 

model that from the outset was designed to be atraumatic from the point of view of upper 

gastrointestinal tract manipulations, restraint, and surgery, and which used a nutritive food source 

consumed in the normal physiologic fashion.  This was achieved using the Crl:CD1(ICR) strain 

of mice with a standard laboratory food source instead of the traditional chemical or radioactive 

markers.   

This model was then used to examine the timing of onset of sepsis-induced delayed 

gastric emptying, and compare it to the onset of four clinical signs of sepsis – altered behavior, 

piloerection, resting respiratory rate, and body temperature.  The administration of LPS produced 

a delay in gastric emptying which was dose dependent, and onset by one hour post-injection.  

This was temporally associated with the centrally-mediated clinical signs suggesting a possible 

mechanism, and represents the first time that sepsis-induced delayed gastric emptying has been 

compared to clinical signs of sepsis.   
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Using this information regarding the time of onset, c-Fos activation of the three nuclei of 

the DVC, the AP, NTS and DMV, was examined at 30 minutes after injection, a point when the 

time of onset studies predicted that sepsis-induced delayed gastric emptying would onset.  The 

AP, along with the NTS, showed a significant increase in c-Fos activation with LPS exposure 

while the DMV showed significantly less activation.  These findings are indirect but strong 

evidence that that the NTS, and perhaps the AP, are inhibiting DMV function and causing sepsis-

induced delayed gastric emptying.  To date there are no studies within the literature which 

implicate the AP in sepsis-induced delayed gastric emptying.  

In the final set of experiments, gastric circular smooth muscle was examined in a tissue 

bath and gastric emptying was measured just prior to resection.  It represents the first study to 

conduct an in vitro examination of strips of gastric antrum with simultaneous assessment of 

whole-animal gastric emptying.  At six hours after LPS injection there was clear evidence of 

delayed gastric emptying but no change in contractile response was noted to EFS or carbachol, 

which was detected at 18 hours.  This suggests that sepsis-induced delayed gastric emptying 

precedes any changes in contractile response of isolated tissue.    

Based on all of the above evidence, it is proposed that mechanistically sepsis-induced 

delayed gastric emptying occurs as a two-phase response.  Initially, and rapidly within the first 

hour, there is a centrally-mediated response initiated by the AP and NTS inhibiting the DMV.  

Then hours later, after the centrally-mediated process has been ongoing, a tissue-level response 

mediated through of iNOS and the production of NO in the gastric tissues gradually increases and 

becomes significant as NO levels rise. 

This novel finding of a biphasic response was identified because, for the first time, a 

study of potential mechanisms was done in the context of the time of onset.  The two distinct 

potential mechanisms, central and intrinsic, appear separated in time of onset.  Prior to this, all 
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studies had inferred a single mechanism, be it central or peripheral.   As well, these current results 

suggest that previous studies implicating tissue-level changes were all conducted at a time when 

sepsis-induced delayed gastric emptying had been occurring for many hours.   

One example is the study by Takakura which concluded that NO played a significant role 

in the development of sepsis-induced delayed gastric emptying in rats (Takakura et al. 1997).  

These authors examined gastric emptying six hours after LPS administration, and did not examine 

any early time points prior to three hours.  At six hours these authors were able to demonstrate a 

partial effect on delayed gastric emptying of selectively inhibiting iNOS when compared to 

controls, but only a partial effect.  They argued that this demonstrated that sepsis-induced delayed 

gastric emptying was increasing over time as the induction of iNOS produced increasing levels of 

NO in the gastric tissue.  They fail to explain why there is only a partial effect of blocking iNOS. 

In light of the findings of this thesis, however, a different explanation of their results can 

be considered.  It could be proposed that sepsis-induced delayed gastric emptying onset within 

the first hour in the rats used by Takakura et al. through a central  response mediated by the DVC.  

This was followed by a second tissue level response as level of NO increased with iNOS 

production.  In this way, at six hours, Takakura et al. were able to show only a partial effect of 

blocking iNOS as the centrally-mediated mechanism was ongoing as well.  It could also be 

postulated that if the experiments had been conducted at two hours post-injection, they would 

have demonstrated a delay in gastric emptying unaffected by iNOS inhibition.  In fact, although 

the authors state “It takes around 3-6 h to gain the maximal induction of the iNOS after 

administration of LPS”, the study never examines sepsis-induced delayed gastric prior to 3 hours 

post-injection.  By failing to measure gastric emptying less than three hours after injection, they 

missed the opportunity to demonstrate the central mechanism.   
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In another example, De Winter demonstrated a role for tissue level oxidative stress and 

iNOS induction in sepsis-induced delayed gastric emptying (De Winter et al. 2005).  However, 

these authors examined mice 18 hours after LPS injection.  This is a time at which the intrinsic 

tissue-level mechanism would clearly be in effect, and iNOS related effects were demonstrated.  

Again, however, one would doubt that such results would be achieved at two hours post-injection, 

even though the results of this study would suggest that delayed gastric emptying should be 

occuring. 

This is the first time in which it has been proposed that both of the two potential 

mechanisms involved in sepsis-induced delayed gastric emptying are occurring, thus unifying the 

mechanistic research in this field.  The initial, rapid, DVC-mediated response is followed several 

hours later by a tissue-level change brought about through the induction of iNOS by cytokines 

and oxidative stress. 

From an evolutionary point of view, one could postulate a selective advantage for the 

development of a rapid central mechanism in addition to the pathological inflammatory tissue-

level response.  It could logically be assumed that a proportion of the sepsis seen by organisms 

would be the result of the ingestion of microbe laden food.  As such, a rapid cessation of gastric 

emptying would prevent the passage of the pathogens deeper into the GI tract, and would 

facilitate the expulsion of meal via the process of emesis in those animals which experience 

emesis.  It is interesting to note that the AP, the centre for the emesis response through its role as 

a circumventricular organ, may also be involved in the rapid onset of delayed gastric emptying 

(Miller and Leslie 1994). 

 Within the literature there are two afferent pathways described for the detection of SIRS 

in the DVC-mediated central response.  One involves the detection of circulating cytokines by the 

AP and NTS (Hermann and Roger 2009), while a second involves vagal afferent neurons 
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terminating at the NTS (Boeckxstaens and de Jonge 2009).  It is likely that both are involved in 

the response.  It is interesting to note that Calatayud et al. found that ablation of the primary 

afferent neurons by systemic administration of high doses of capsaicin prevented the delay in 

gastric emptying by LPS at 4 hours (Calatayud et al. 2001).  This suggests a diminished role for 

central TNF-α detection.  However, in these studies, sepsis is simulated by intra-peritoneal 

injection and it is unclear what degree of SIRS response was achieved versus local abdominal-

cavity effects.  As well, the authors do not measure any markers of SIRS.  It may well be that 

intra-peritoneal injection of LPS has more primary vagal afferent signaling. 

And finally, it is known that ICU patients with delayed gastric emptying and feeding 

intolerance benefit from post-pyloric feeding (Niv et al. 2009).  This is indicative of a condition 

whereby the small intestinal motility is preserved while gastroparesis is present.  A second less 

common condition can occur where an ileus occurs in conjunction with gastroparesis, and 

patients are intolerant to both gastric and post-pyloric feeding  (Heyland et al. 2003b).  One could 

postulate that the former condition is the result of a centrally-mediated process given that the 

small intestine and colon are capable of a large degree of independent neural function, while the 

stomach is much more dependent on descending neural input from the brainstem for overall 

function (Rogers et al. 2006).  And the latter condition may be the result of intrinsic, tissue-level 

responses because studies involving iNOS induction have shown that both the stomach and small 

intestine appear to be equally affected by increased levels of NO (Eskandari et al. 1999).   More 

research would be required to determine this mechanistic possibility. 

.   
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Appendix 1:  Nutritional Information Purina Mills Mouse Diet 5015  

 source: labdiet.com, PMI international nutrition 


